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increased PER?2 levels and inhibited FceRI signaling in mast cells
or basophils (Figs 1 and 5 and see Fig E7) also suggested the pre-
dominant role of CK13 in the mast cell/basophil clockwork. How-
ever, the precise roles of CKI13 in the mast cell/basophil
clockwork remain to be determined.

The current findings also suggest that the antiallergic effects of
glucocorticoids (and possibly also aminophylline) on mast cells
depend on the functional mast cell clock, specifically PER2
upregulation by glucocorticoids. Previous studies have shown
that treatment of BMMCs with glucocorticoids for long periods
(eg, 6-24 hours) downregulated FceRI expression and signaling,
although the mechanisms are still unclear.’***

In addition, in patients with nocturnal asthma, the optimal
timing of steroid treatment was reported to be the early evening.>®
Thus it would be attractive to speculate that these antiallergic ac-
tions of glucocorticoids were mediated through its effects on the
mast cell clock, which requires several hours to increase PER2
levels. Consistent with this idea, a recent study showed that
DEX inhibited proinflammatory chemokine expression in airway
epithelial cells, depending on intact epithelial clock function.*®
However, it remains to be determined to what extent the circadian
clock function contributes to the antiallergic actions of glucocor-
ticoids because glucocorticoids influence many key molecules
and pathways involved in allergic inflammation.

Chronic administration (daily injections) of PF670462 restored
circadian behavior in mice rendered behaviorally arrhythmic by
genetic or functional disruption of the circadian timing system."
The daily enhancement of PER2 levels mediated by CK18/¢ inhi-
bition could synchronize weak circadian oscillations in this
case.”” Thus we speculate that acute injection of PF670462 might
have some influence (although statistically not significant) on
PER?2 expression and PCA reactions in mast cell-specific
Clock-mutated mice, as well as in control mice, which could be
attributed to the variability of the data in PF670462-treated,
mast cell-specific Clock-mutated mice (Fig 2). Therefore it will
be interesting to investigate whether repeated injections of
PF670462 restore PER2 levels and suppress PCA reactions in
mast cell-specific Clock-mutated mice.

To minimize systemic adverse effects on the circadian clock, it
would be most appropriate to administer “clock modifiers”
locally. Indeed, we found that local administration of PF670462
successfully suppressed OVA-induced nasal rubbing and sneez-
ing in a mouse model of allergic rhinitis without affecting daily
rhythms in locomoter activity in mice (Fig 4 and data not shown).
Given the strong influence of circadian rhythms on allergic dis-
eases®” and well-developed local treatment strategies (eg, intra-
nasal, inhaled, or topical treatment), allergic diseases might be
suitable targets for testing the therapeutic potential of clock mod-
ifiers. However, one of the limitations of this strategy is that
particular clock modifiers, such as PF670462 or DEX, require
several hours to alter the phase of the circadian clock (eg,
increasing PER2 levels), and therefore the optimal timing of
such treatment should be pursued to maximize their antiallergic
effects.

In summary, this proof-of-concept study demonstrates that
pharmacologically resetting (resynchronizing or phase shifting)
the molecular clock in mast cells or basophils can suppress IgE-
mediated allergic reactions. Thus we propose that manipulation
of the clock selectively in mast cells or basophils might become a
new approach to inhibit allergy. Additionally, this study suggests
a novel mechanism underlying the antiallergic actions of

glucocorticoids (and possibly also aminophylline) that relies on
the circadian clock, which might provide novel insight into the
pharmacology of the drugs (eg, steroid resistance) in allergy.

We thank Kazuko Nakamura, Tomoko Tohno, Drs Katsuyo Doi and
Mutsuko Hara, and Professors Shinji Shimada and Shuichiro Maeda for their
valuable assistance.

Clinical implications: Manipulation of the molecular clock

selectively in mast cells or basophils might become a new strat-
egy for controlling IgE-mediated allergic diseases.:
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Hematopoietic stem cells (HSCs) depend on the bone marrow (BM) niche for their maintenance, proliferation, and differenti-
ation. The BM niche is composed of nonhematopoietic and mature hematopoietic cells, including megakaryocytes (Mks).
Thrombopoietin (Thpo) is a crucial cytokine produced by BM niche cells. However, the cellular source of Thpo, upon which HSCs
primarily depend, is unclear. Moreover, no specific molecular pathway for the regulation of Thpo production in the BM has
been identified. Here, we demonstrate that the membrane protein C~type lectin-like receptor-2 (CLEC-2) mediates the pro-
duction of Thpo and other factors in Mks. Mice conditionally deleted for CLEC-2 in Mks (Clec2"/%) produced lower levels of
Thpo in Mks. CLEC-2-deficient Mks showed down-regulation of CLEC-2-related signaling molecules Syk, Lep2, and Pleg2.
Knockdown of these molecules in cultured Mks decreased expression of Thpo. Clec2 ** mice exhibited reduced BM HSC
quiescence and repopulation potential, along with extramedullary hematopoiesis. The low level of Thpo production may ac-
count for the decline in HSC potential in Clec2™®* mice, as administration of recombinant Thpo to Clec2*% mice restored
stem cell potential. Our study identifies CLEC-2 signaling as a novel molecular mechanism mediating the production of Thpo

Article

and other factors for the maintenance of HSCs.

Maintenance of hematopoietic stem cells (HSCs) within
the adult BM is crucial for the healthy production of he-
matopoietic cells (Orkin and Zon, 2008). HSCs reside in a
specialized microenvironment in the BM called the niche
(Schofield, 1978). Along with cell-intrinsic programs, the
niche influences the cell fate of HSCs, which in turn gov-
ern the homeostasis of the hematopoietic system (Nakamu-
ra-Ishizu et al., 2014a). The HSC niche is chiefly composed
of nonhematopoietic cells, including immature osteoblasts
(OBLs; Arai and Suda, 2007), endothelial cells (ECs; Butler
et al., 2010; Ding et al.. 2012), perivascular cells (Sugiyama et
al., 2006; Ding et al., 2012), mesenchymal stem cells (MSCs;
Méndez-Ferrer et al., 2010), sympathetic nervous cells (Ka-
tayama et al., 2006), adipocytes (Naveiras et al., 2009), and
nonmyelinating Schwann cells (Yamazaki et al., 2011). None-
theless, mature hematopoietic cells such as macrophages/
monocytes (Chow et al., 2011), osteoclasts (Kollet et al.,
2006), and regulatory T cells (Fujisaki et al., 2011) also regu-
late HSCs, albeit mainly in an indirect manner, through the
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modulation of nonhematopoietic niche cells. Recently, ma-
ture megakaryocytes (Mks) were described as hematopoietic
progeny that directly regulate HSC quiescence (Heazlewood
et al., 2013; Bruns et al., 2014; Zhao et al., 2014; Nakamu-
ra-Ishizu et al., 2014b): one of the mechanisms underying
Mk niche function is the production of the cytokine throm-.
bopoietin (Thpo) by Mks themselves (Nakamura-Ishizu et
al., 2014b). However, among the Mk-related niche factors
reported to date, no molecular mechanism that is specific to
Mks has been identified.

Thpo is a crucial cytokine for both the maturation of
Mks and the maintenance of quiescent HSCs (Zucker-Frank-
lin and Kaushansky, 1996; Qian et al., 2007; Yoshihara et al.,
2007). Thpo is produced in multiple organs, including the
liver, kidney, spleen, and muscle (Nomura et al., 1997). Base-
line production of serum Thpo is thought to be maintained
by the liver and regulated in response to inflammatory stress
or changes in glycosylation of aged platelets (Kaser et al., 2001;
Stone et al., 2012; Grozovsky et al., 2015). Serum Thpo levels
also fluctuate according to circulating platelet number: platelets
sequester Thpo via the myeloproliferative leukemia virus on-
cogene (c-Mpl), the receptor for Thpo (Kuter and Rosenberg,
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1995; de Graaf et al., 2010}, thereby lowering Thpo levels. Thus,
platelet number is not as tightly regulated by Thpo production
as erythrocyte number is by erythropoietin production (Fan-
drey and Bunn, 1993). It is likely that BM HSCs depend on
Thpo, which is produced in the BM by niche cells. Depletion
of circulating platelets by neuraminidase does not affect HSCs
(Bruns et al., 2014}, indicating that serum Thpo up-regulation
through thrombocytopenia does not affect HSC maintenance.
Moreover, HSCs reside near bone-lining OBLs and mature
Mks, which both support HSCs by producing Thpo (Yoshi-
hara et al., 2007; Nakamura-Ishizu et al., 2014b). However, the
main cellular source of Thpo, upon which BM HSCs depend,
and the molecular signaling pathway that mediates BM Thpo
production remain elusive.

Recent studies showed that signals mediated through
C-type lectin-like domain-containing receptors (CLEC-4H1
and CLEC-4H2; also known as Ashwell-Morell receptor)
stimulate Thpo production in hepatocytes through recogni-
tion of desialylated platelets (Grozovsky et al., 2015). Platelets
and Mks express CLEC-2 (Suzuki-Inoue et al., 2006, 2007),
which is among the top 25 genes specifically expressed on Mks
(Senis et al., 2007). Activation of platelet CLEC-2 through
binding to sialylated podoplanin is essential for the segre-
gation of lymphatic and blood vessels during development
(Bertozzi et al., 2010; Suzuki-Inoue et al., 2010). CLEC-2~
podoplanin signaling also functions in maintenance of lym-
phocyte- and dendritic cell-related responses in the stroma of
lymph nodes {Acton et al., 2012, 2014; Herzog et al., 2013).

The significance of CLEC-2 expression on Mks in BM
hematopoiesis, and whether it is involved in Thpo production
in Mks, has not been previously explored. Here, we demon-
strate that Mk-specific deficiency of CLEC-2 disrupts HSC
quiescence and alters HSC potential as a result of defective

.~ Mk niche function. Moreover, we demonstrate that CLEC-2
signaling is involved in various molecular pathways for pro-
duction of niche factors, including Thpo in Mks. Through
the identification of CLEC-2, a novel Mk-specific factor, our
data elucidate the organ-dependent production and function
of Thpo and reinforce the idea that Mks contribute to a niche
that regulates HSC quiescence.

RESULTS

CLEC-2 is highly expressed on BM Mks

CLEC-2 expression was detected in platelets, dendritic cells,and
liver sinusoidal endothelia (Suzuki-Inoue et al., 201 1); however,
the expression of CLEC-2 in BM has not been previously in-
vestigated. Using immunohistochemistry (IHC), we observed
expression of CLEC-2 protein on the surface of Mks and ECs
in the BM (Fig. 1 A). Hematopoietic stem and progenitor cell
(HSPC) fractions also expressed Clec2 transcripts (Fig. 1 B).
Flow cytometry analysis confirmed surface CLEC-2 expres-
sion on HSPCs (Fig. 1 C). CLEC-2 protein expression was also
compared in various hematopotetic (Fig. 1 D) and niche cells
(Fig. 1 E). Among the hematopoietic and niche cells, CLEC-2
expression on CD41* Mks and ECs was significantly high.
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We investigated mice deficient in CLEC-2 specifically
in the Mk lineage (PF4-Cre:ClecZ™* mice [Clec2"™*)),
which are born and survive through adulthood (Osada et
al., 2012). PCR. analysis confirmed that Clec2 deletion was
specific to Mk lineages: deletion was detected in genomic
DNA from CD41' (glycoprotein 1Ib") cells, but not
LSK (Lineage negative, Sca-1*, c-Kit") cells, in the BM
of ClecZ"™* mice (Fig. 1 F). CLEC-2 protein level was
significantly reduced in platelets from Clec2"** mice but
retained in their long-term HSCs (LT-HSCs; Fig. 1 G).
Deletion of CLEC-2 from Mks was also confirmed with IHC
{Fig. 1 H). Clec2"™* mice exhibited mild thrombocytopenia
along with anemia (Fig. 1 1).

CLEC-~2-~deficient mice have impaired Mk cell population
Because CLEC-2 is highly expressed in Mk lineages, we
asked whether CLEC-2 deficiency altered the frequency and
BM functions of Mk lineage cells. The frequencies and num-
bers of mature Mks and Mk progenitors (MkP and Pre MegE
cells) were unaltered in Clec2"™* mice (Fig. 2, A-D), and
total CD41% Mk cell number was unaltered in Clec2"¥4%
mice (Fig. 2 E). However, ploidy analysis revealed a reduced
frequency of mature polyploid Mks with CLEC-2 deficiency
(Fig. 2, F and G). IHC revealed a significant reduction in
the number of Mks in the metaphyseal region of the BM in
Clec2™™* mice (Fig. 2 H). These observations indicate that
CLEC-2 deficiency modestly affects the maturation of Mks
but drastically alters the distribution of Mks within the BM.

CLEC-2-deficient Mks exhibit impaired Thpo

production and niche function

Mks can support HSC expansion in vitro, chiefly through the
production of Thpo (Nakamura-Ishizu et al., 2014b). Hence,
we asked whether CLEC-2 deficiency would alter the capac-
ity of Mks to support HSCs in vitro. Addition of Mks to HSC
cultures resulted in a Thpo-dependent increase in HSC num-
ber (Nakamura-Ishizu et al., 2014b). Accordingly, addition of
Clec2™* Mks to cultured HSCs promoted proliferation, as
indicated by expansion of LSK cells and IT-HSCs (Fig. 3,
A and B). Clec2-deficient Mks exhibited a reduced capacity
to stimulate HSPC proliferation and could not maintain LT-
HSC populations (Fig. 3 B).

Next, we assessed whether Clec2-deficient Mks ex-
hibited changes i the production of various niche factors.
Clec2-deficient Mks exhibited a broad range of decrease
in the gene expression of various niche factors, including
Angptl, Cxcl12, IL-7, Spp1, TnC, and P4 (Fig. 3 C). Char-
acteristically, Clec2-deficient Mks secreted less Thpo and
altered Mk niche function. Clec2-deficient Mks exhibited
significantly lower Thpo expression than Mks from Clec2™™
mice (Fig. 3 C). Furthermore, wild-type Mks treated with
CLEC-2-stimulating  antibodies expressed  significantly
higher levels of Thpo transcripts (Fig. 3 D). The decrease of
Thpo protein expression in CLEC-2-deficient Mks was con-
firmed by IHC (Fig. 3 E).

CLEC-2 in the HSC niche | Nakamura-Ishizu et al
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Figure 1. CLEC-2 is expressed in Mks and
is specifically deleted in Mks of Clec2"4%
mice. (A} HC of BM of 10-wk-old wild-type
mice. CLEC-2 stains for VE-cadherin-positive
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for CD41-positive Mks {bottom right). (B} Rel-
ative expression of CLEC-2 (Clec7b) transcripts
in various hematopoietic cells. (C) Calcula-
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Transcript expression of CLEC-2 signaling pathway
genes were decreased in CLEC-2—deficient Mks (Fig. 3 F).To
confirm that CLEC-2 signaling affected Thpo production in
Mks, we used inducible shRINAs to knock down three down-
stream molecules involved in CLEC-2 signaling: Syk, Lep2,
and Pleg2 (Suzuki-Inoue et al., 2011). Cultured LT-HSCs
were transduced with lentiviral clones that inducibly express
each shRNA and then cultured to obtain CD41" Ter1197
Mks. Knockdown of Syk, Lep2, and Pleg2 was highly ef-
ficient: transcripts of the targeted genes were nearly absent
in sorted Mks (not depicted). Knockdown of Syk, Lep2, or
Plcg2 significantly decreased the expression of Thpo in the
sorted Mks (Fig. 3 G). These data confirmed that CLEC-2
signaling is indeed critical for Thpo production in Mks.

CLEC-2 deficiency in Mks directly

affects HSC cycle quiescence

Because CLEC-2—deficient Mks exhibited diminished Thpo
production and could not support cultured I1SCs, we next
assessed whether [ISCs in Clec2™ mice were affected
in vivo. Lincage and HSPC differentiation were unchanged
in the BM of Clec2" mice (Fig. 4, A-C). Functionally,
HSPCs from Clec2¥** mice displayed a significant eleva-
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tion in colony-forming capacity, indicating an increase in the
proliferation capacity of HSPCs (Fig. 4, D and E). Cell cycle
analysis of HSCs, as assessed by Pyronin'Y staining, indicated
loss of HSC quiescence (Pyromn Y-negative CD347 LSK
cells) in Clec2Y¥4 mice (Fig. 4, F and G). c-Mpl expression
was significantly up-regulated in IT-HSCs from Clec2k44
mice, suggestive of deficient Thpo signaling (Fig. 4 H). Loss
of nonhematopoietic niche cells (ECs, MSCs, and OBTs) was
not observed in BM of Clec2*™* mice (Fig. 4, and J).
Although CLEC-2is also expressed on ECs, EC-specific
CLEC-2 deletion did not alter hematopoiesis: VE-cadherin-
Cre:Clec2?wd/8ed mice exhibited no change in peripheral
blood (PB) parameters (not depicted), IHSPC numbers, IISC
quiescence, or repopulation potential (not depicted). These
observations indicate that Mk-specific Clec2 deficiency
stimulates HSCs to exit the G, phase of the cell cycle.

HSCs from Clec2*# mice exhibit

reduced stem cell potential

To further investigate the stem cell potential of I1SCs from
Clec2"4 iice, we performed a competitive repopulation
assay, using BM transplantation (BMT) of LT-HSCs from
Clec2* or Clec2"* mice (Ly5.2) into C57BL/6-Ly5.1
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recipients. HSCs from Clec2™* mice had lower engraft-
ment rates, as assessed by chimerisi in PB and BM of vari-
ous HSPC fractions 4 mo after primary and secondary BMT
(Thg. 5, A-D). No significant difference was noted in the
lineage differentiation of engrafted I1SCs from Clec2™” or
Clec2M mice (Fig. 5 F). Limiting dilution analysis revealed
a significantly lower frequency of repopulating HSCs in the
BM of Clec2™#* mice (Fig. 5 F). HSCs from Clec2M&*
mice did not exhibit defective homing to the BM (Fig. 5 G).
In addition, HSCs from Clec2M% mice did not exhibit
higher rates of apoptosis, as assessed by Annexin V staining
(Fig. 5 H). Gene set enrichment analysis of LT-HISCs from
Clec2 4 mice revealed altered HSC-related gene expres-
sion profiles, notably an enrichment in progenitor cell-related

genes, relative to LTT-HSCs from Clec2™™ mice, suggesting

21386

8N

MegE (D), and CD41' Mks (E} in AJA and +/+ mice.
Means + SD. n = 5; two independent experiments.
ns, P = 046 for C, P = 0.24 for D, and P = 0.24 for
E by Student's ¢ test. (F and G) Representative flow
cytometric plot showing Mks {F] and Mk frequency
within the total Mk population (G}, based on ploidy
analysis of +{+ and AJA mice. Means + SD. n = 4;
two independent experiments. ¥, P < 0.05 by Tukey's
test. (H) IHC of BM, staining for ECs {VE-cadherin), Mks
(CD41), and DAP! in the metaphysis and diaphysis of
+/+ and AJA mice. Bar, 100 um.

16N 32N

enhanced differentiation and a loss of stem cell character of
HSCs from Clec2Y mice (Fig. 5 1). These results indicate
a loss of stem cell potential in Clec2"H74

Clec2 mice have major developmental vascular de-
fects, chiefly in the lymphatic system (Suzuki-Inoue et al,
2010; Finney ct al., 2012). To verify that the loss of stem cell
potential resulted specifically from Clec2 deletion in BM Mk
lineages, we transplanted BM mononuclear cells (MNCs)
from Clec2™ or Clec2M* mice (Ly5.2) along with BM
MNCs from Ly5.1 mice at a 4:1 ratio into lethally irradi-
ated Ly5.1 wild-type mice to test the effect of Clec2-deleted
Mks on wild-type HSCs (Fig. 6 A). We observed a high fre-
quency of Ly5.2" Mks in recipient BM (Fig. 6 B). The num-
ber of engrafted Ly5.1 IT-HSCs (CD34 Fle-3" HSCs and
CD150"CD48CD41™ [SLAM] HSCs) was significantly lower

mice.

CLEC-2 in the HSC niche | Nakarrure-Ishizu etal.
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in transplants from Clec22 mouse donors (Fig. 6 C).

Furthermore, the percentage of 1¥5.17 Pyronin Y-ncga-
tive HSCs was significantly lower when Clec2*™ mice
served as donors (Fig. 6, D and E). Also, both Ly5.17 and
Ly5.2" HSCs in the recipient of Clec2"* mouse donors
stained higher levels of Ki67 (Fig. ¢ F), indicating loss of cell
cycle quiescence. These data suggest that the IISC defects
exhibited by Clec2"¥ mice are a dircct consequence of
Clec2 depletion in Mks.

Mk-specific CLEC-2 depletion results in

extramedullary hematopoiesis

We next asked whether CLEC-2 deficiency affected T1SC
retention in the BM. Clec2™** mice exhibited massive sple-
nomegaly (Fig. 7, A and B). Both HSC and HSPC number
and frequency were elevated in Clec2"™* mice (Fig. 7. C-F),
indicating that the splenomegaly was caused by extramedul-
lary hematopoiesis. PB of HSC Clec2*#” mice exhibited
increased numbers of LSKs and LT-HSCs (Fig. 7 F). Further-
more, a significant increase in CI'U-C and HPC-CIC was
observed in the PB of Clec2 mice (Fig. 7, G and 1),
and the distance between I'T-HSCs and Mks was significantly
higher in Clec2"*™ mice than in Clec2™” mice (Fig. 7 ).
These data show that chronic loss of CLEC-2—-expressing

CEVI Vel 212, No. 12

Pleg2KD () 1 2 3 4

Mks decreased HSC retention in BM and induced extramed-
ullary hematopoiesis in the spleen.

Administration of Thpo rescues HSC

phenotypes in Clec2¥/ mice

Te determine whether the functional defects in HSCs from
Clec2¥¥4 mice could be attributed to reduced Thpo lev-
cls, we administered recombinant Thpo (PEG-+HuMGDE)
to both Clec2™" and Clec2™* mice. Intravenous Thpo in-
jection for four consecutive days restored the number and
frequency of polyploid Mks in Clec2** mice (Fig. 8 A). In
agreement with a previous study (Walter et al., 2015). admin-
istration of Thpo stimulated proliferation of F1SCs, as shown
by the increased the percentage of BrdU-positive IISCs and
the percentage of Pyronin Y—negative cells in CD34-1.SK
cells in both Clec2™* and Clec2"™™ mice (Fig. 8, B and
C). However, as Thpo administration instigates self-renewal
ot HSCs, the absolute number and frequency of CD34™ Py-
ronin’Y—negative HSCs within the BM were restored (Fig. 8.
D and E). Thpo administration also significantly increased the
number of Mks within the BM in both Clec2** and Clec2
K2 mice (Fig. 8 F). The repopulation potential of HSCs from
Clec2™ mice significantly increased with Thpo injection,
as confirmed by competitive BMT (Fig. 8, G and H). Thus,
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the loss of HSC potential in Clec2"®4 mice depended on
the defective Thpo production of Mks.

DISCUSSION

In this study, we characterized the niche funcdon ofa C-type lec-
tin-like family member, CLEC-2, in Mks. Mks from Clec2M4
mice exhibited reduced Thpo expression at both the gene
and protein level. Knockdown of the CLEC-2 downstreamn
pathway affected the expression of a broad range of niche
factors in Mks, characteristically one being Thpo. Mk-specific
deletion of CLEC-2 caused a subtle reduction in Mk number
but significandy affected HSC quiescence and repopulation
potentials. Administration of recombinant Thpo rescued HSC
defects in Clec2"42 mice, indicating that defective Thpo
production impaired HSC function in Clec2"*4 mice. Thus,
we demonstrated that CLEC-2 is an upstream factor essential
tor Mk-mediated maintenance of HSCs.

Qur results identify Mk CLEC-2 signaling as a novel
signaling pathway involved in the production of Thpo in the
BM. Systemic Thpo levels depend on sequestration of Thpo
by myveloproliferative leukemia protein (c-Mpl), a Thpo
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receptor, expressed on platelets (Kuter and Rosenberg, 1995).
However, Mks in Clec2M4 mice produced lower levels of
Thpo, despite the presence of thrombocytopenia, indicating
that systemic Thpo levels determined by the availability of
¢-Mpl did not affect Mk-produced Thpo for the nuinte-
nance of HSCs. It remains controversial whether liver pro-
duction of Thpo can compensate for reduced systemic levels
of this cytokine (McCarty et al., 1995; Qian et al., 1998).
Thpo transcript levels in the liver increase with inflamma-
tory stress and accumulation of desialylated platelets (Wolber
et al., 2001; Grozovsky et al., 2015) but does not change in
thrombocytopenic mouse models (Cohen-Solal et al., 1996).
Clec2M mice exhibited no change in liver Thpo tran-
script levels (unpublished data), indicating that CLEC-2 de-
ficiency did not stimulate liver Thpo production. Therefore,
our data indicate that the BM Thpo level is loosely associ-
ated with serum and liver Thpo levels and that Mks supply
a critical amount of Thpo for maintenance of HSCs in the
BM. However, our data do not eliminate the possibility that
Thpo production by the BM stroma is necessary to maintain
HSCs in the BM. Tn fact, OBLs produce Thpo (Yoshihara

CLEC-2 in the HSC niche | Nakamura-Ishizu et al.
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Figure 5. HSCs from Clec2"*# mice exhibit reduced repopulation capacity. (A and C) Percentage of donor-derived cells (Ly5.2) in PB after the first
and second BMT at the indicated time intervals {in months). (B and D) Percentage of donor-derived cells {Ly5.2) in BM HSPCs after the first and second BMT
at the indicated time intervals (in months). (A-D) Means + SEM. n = 6; two independent experiments. * P < 0.05; and **, P < 0.01 by Student's t test. {E) Lin-
eage composition of Ly5.2 MNCs in recipient mice. Means + SEM. n= 6; two independent experiments. P > 0.05 in all groups by Student's ¢ test. (F) Extreme
limiting dilution assay ¢f BM MNCs from AJA and +/+ mice. n = 7; two independent experiments. P = 0.0432 by Pearson’s 3 test. (G} Number of CFSE
staining LT-HSCs from AfA and +{+ mice homing to the BM 24 h after BMT. Note that no significant difference was present in homing capacity of HSCs
from AJA and +/+ mice. (H) Number of Annexin V* HSCs in A/A and +/+ mice. (G and Hj Means £ SD. n = 4; two independent experiments. ns, P = 0.677 (G)
or P = 0.48 (H) by Student's ttest. (1) Gene set enrichment analysis of LT-HSCs from AJA and +/+ mice {n = 10). Genes expressed by intermediate and multi-
potent progenitors were significantly up-regulated in LT-HSCs from A/A mice (plots are second and third from left). Statistical analysis is as shown in figure.

et al., 2007), and the platelet a-granule proteins PDGF and
FGF-2 can stimulate expression of Thpo in BM stromal cells
in vitro (Sungaran et al., 2000). Further studies are necessary
to clarify the degree to which HSCs rely on locally or sys-
temically produced Thpo.

Although HSCs from Clec2” mice were responsive
to exogenous Thpo, indicating that the loss of stem cell po-
tential of HISCs in Clec2"™ mice was caused by deficiency
of Thpo, our data cannot differentiate whether Thpo directly
or indirectly affected HSCs through the modulation of Mk
number and function. Indeed, exogenous Thpo administration

JEM Vel 212, No. 12

robustly enhances Mk proliferation and Mks can produce
various factors other than Thpo that can affect HSC stem
cell potential (Bruns et al., 2014; Zhao et al.,, 2014). Sup-
porting this, although our analysis revealed Thpo as a prom-
inent niche factor affected by CLEC-2 depletion, CLEC-2
deficiency also affected other niche-related gene expressions
(such as Cxcl12, Angptl, Veaml, and Pf#) in Mks. In addi-
tion, CLEC-2—deficient Mks exhibited decrease in various
CLEC-2 downstream pathways. These data may indicate that
CLEC-2 signaling may be involved in the modulation of a
broad range of Mk functions. Our data further position Mks
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as a potent niche cell but emphasize the need to clucidate the
complex niche regulation on HSCs exerted by Mks.

Recent studies showed that specific depletion of Mks
disrupts HSC quiescence through different mechanisms.
Induced depletion of Mks for 7 d in PF4-Cre:iDTR mice
chronically activates HSCs to proliferace and self-renew,
through either platelet factor 4 (PF4; Bruns et al., 2014)
or transforming growth factor-f1 (TGF-B1; Zhao et al.,
2014). In contrast, we showed that acute depletion of Mks
in PF4-Cre:iMos-Csp mice resulted in disruption of HSC
quiescence and repopulation potentials without HSC selt-
renewal (Nakamura-Ishizu et al., 2014b). These three studies
all reported direct Mk regulation of HSCs, yet portrayed Mks
as acting in different modes, according to the tme point after
induction of Mk deletion. Confusing matters further, Mk
depletion affected different subsets of FISCs in conflicting
ways: CD347FIt3 LSK cells exhibit modest or no increase in
number, whercas CD150"CD105"LSK cells expanded up to
15-fold (Bruns et al., 2014; Zhao et al., 2014). The differences
in the HSC niche functions of Mks may be attributed to the
fact that depletion of Mks and platelets dramatically changes
the levels of muldiple factors, CLEC-2 depletion in Mks did
not instigate self-renewal of HSCs or significant changes in
platelet lineage-biased CD150"CD105"LSK cells (Pronk
ct al., 2007; unpublished data), but it did reduce the stem
cell potential of LT-HSCs (CD347FIe37LSK; Christensen
and Weissman, 2001). Our study indicates that CLEC-2—
mediated Mk regulation of HSC:s is not committed to the self-
renewal of Mk lineage-biased HSCs, but instead specifically
influences the quiescence and stem cell potential of a broader
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spectrum of HSCs. CLEC-2 may be an Mk-specific niche
regulatory factor that shows the long-term effect of Mk
regulation on HSC maintenance.

Constitutive deletion of CLEC-2 and conditional de-
letion of CLEC-2 from Mk/platelet lineages reportedly re-
sults in blood and lymphatic vessel dis-separation phenotype
(Bertozzi et al., 2010; Suzuki-Inoue et al., 2010). Recently,
the role of CLEC-2 in lymph node development and adult
lymph node maintenance was reported (Herzog et al., 2013;
Bénézech et al., 2014). Chimeric mice in which BMs of WT
mice were reconstituted with BMs from Clec2™* mice have
been reported to present hemorrhage in the lymph nodes,
indicating that platelet CLEC-2 maintains the integrity of
vessels in the adult lymph node. No apparent hemorrhages
in the lymph nodes were observed in the chimeric mice
in which BMs of Clec2" mice and Clec2”* mice was
transplanted in a 4:1 ratio, presumably because of the mix-
ture of Clec2™" mouse~derived BM (unpublished data). The
gross morphology of vasculature in the BM was unaffected
in Clec2™*/* mice, and no hemorrhage was observed in the
BMs (unpublished data). Moreover, EC-specific deletion of
CLEC-2 did not affect hematopoiesis. However, whether de-
ficiency of CLEC-2 in platelets affected the function of BM
ECs, especially in association to immune response, should be
investigated in the future.

A characteristic finding in the Clec2"™ mice was the
presence of extramedullary hematopoiesis. Thpo is known
as a cytokine to induce HSC mobilization (Murray et al.,
1998). Accordingly, administration of exogenous Thpo to
Clec2"™ mice increased mobilization of HSCs to PB and

CLEC-2 in the HSC niche | Nakamura-Ishizu et al.
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did not rescue the extramedullary hematopoiesis phenotype.
Therefore, decreased levels of Thpo in Clec2¥4 mice arc
not causative of the extramedullary hematopoiesis phenotype.
The mechanism of how Mks retain HSCs within the BM
and how CLEC-2 signaling associates with HSC retention is
yet to be investigated.

Mks indirectly regulate [ISCs by stimulating OBLs
after transplantation (Olson ct al., 2013). Mk numbers in
Clec2™ mice were reduced preferentially in the metaph-
yseal region of the BM. Podoplanin, an activating ligand
of CLEC-2 (Bertozzi et al., 2010), was highly expressed in
osteo-lineage cells (Schacht et al., 2005). Displacement of
Mks in Clec2”* mice from the bone-rich metaphysis sug-
gests that CLEC-2 deficiency in Mks may impair Mk and
OBI. interactions. Furthermore, it indicates that OBLs may
indirectly regulate Thpo production in Mks via their ex-
pression of podoplanin. Moreover, our findings suggest that
CLEC-2-podoplanin signaling may be a novel molecular
pathway for niche cell function. Indeed, CLEC-2—deficient
Mks exhibited decreased gene expression of CLEC-2 down-
stream molecules, and knockdown of signals downstream of
the CLEC-2—podoplanin interaction (Syk, Lep2, and Pleg2)
confirmed that CLEC-2 signaling is crucial for Mk Thpo
production. Loss of sialic acid expression on platelets con-

SEMVel 212, No. 12

Figure 7. Clec2™” mice exhibit extra-
medullary hematopoiesis and elevated
mobilization of HSCs into PB. (A and B)
Gross appearance (A) and hematoxylin and
eosin staining (B} of spleens from +j+ and
AJA mice. Arrowheads indicate the presence
of Mks in Clec2"'/* spleens. Magnification
of an Mk is shown in the inset. Bar, 200 pm.
{C-E) Analysis of spleen of A/A and +/+ mice.
Spleen weight (CJ, total MNC number (D), and

F 0.005, absolute populations of various HSPC frac-
o 0.004 «%  tions (E] are significantly higher in spleens
o of Clec2V“ compared with Clec2*"* mice.
‘e 0.003 {F-H) Percentage of LSK cells (F}, CFU-C num-
8 oo ber (G), and HPP-CFC number (H) in PB of
é ’ +{+ and A/A mice. (C-H) Means + SD. n = 6;
2 0.0011 two independent experiments. **, P < 0.01 by
Student's t test. () Quantitation of distance

0- of LT-HSCs from Mks in +/+ and AJA mice,

+H+  AIA

Means + SD. n = 6; two independent experi-
ments. *, P = 0.038 by Tukey's test.

tributes to Thpo production in the liver {Grozovsky et al.,
2015). Because the lectin-like properties of CLEC-2 allow it
to interact with sialic acid residues on podoplanin (Pan et al.,
2014}, our findings provide insight into the involvement of
glycosylation m Thpo production.

In summary, our study strongly indicates that Mks func-
tion as a niche to maintain IISC quiescence through CLEC-
2. These findings could cnable manipulation of HSCs and
Mks for clinical applications, as well as therapies against dis-
eases related to defects in HSCs and Mks.

MATERIALS AND METHODS

Mice. All mice were in the C57BL/6 background. Clec2 /e
mice were described previously (Osada et al., 2012). PF4-Cre
transgenic mice were provided by R.C. Skoda’ (University
Hospital, Basel, Switzerland; Tiedt et al., 2007). Clec2fox/fox
mice were crossed with either PF4-Cre or VE-cadherin-Cre
(VEC-Cre) tansgenic mice (stock 006137 purchased trom
The Jackson Laboratory) to obtain PF4-Cre:Clec2%¥%* mice
(Clec24y or VEC-Cre:Clec2?%% mice (Clec2E4),
respectively. C57BL/6-Ly5.1 or C57BL/6-Ly5.2 mice were
used for competitive repopulation assays. Unless specified,
10-12-wk-old mice were used in all experiments. All animal
experiments were approved by Keio University and performed
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Figure 8. Maintenance of HSC quiescence
requires Thpo produced by CLEC-2-posi-
tive Mks. (A} Changes in Mk number based
on ploidy analysis after intravenous Thpo in-

jection in Clec24% (AA) and Clec2™ " {+[+]
mice. Controls were injected with PBS. (B]
Change in percentage of BrdU-positive HSCs
after intravenous Thpo injection in AJA and

AIA Thpo|

/

+/+ mice. (A and B) Means + SD.n=4 (B} or 5
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in accordance with the Guidelines of Keio University for
Animal and Recombinant DNA experiments.

PB analysis and colony assays. PB was collected from the tail
vein in a heparinized microtube (Drummond Scientific) and
analyzed using CellTac (NIHON KOHDEN). For colony
assays and assessment of PB mobilizaton of HSCs, PB was
collected from the inferior vena cava of anesthetized mice
using a 27G needle. MNGs from 0.5 ml PB were obtained by
centrifugation using Lymphoprep (Axis-Shield) and then
uscd for colony assays. Colony counts for CFU-C and HPP-
CFC were assessed on days 7 and 14, respectively.

Antibodies. Primary antibodies used for IHC and flow cy-
tometry were as follows: ¢-Kit (2B8; eBioscience), CD16/32
(93; eBioscience), VE-cadherin (eBioscience), ¢-Kit (R&D
Systems), Sca-1 (E13-161.7; BioLegend), CD48 (I1IM48-1;
BioLegend), CD150 (TC15-12F12.2; Biolegend), IL-7Ra
(SB/199; BioLegend), endoglin (MJ]7/18; BioLegend), CD4
(L3T4; BD), CD8 (53-6.72; BD), B220 (RA3-6B2; BD),
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(A); two independent experiments. **, P < 0.01
by Tukey's test. (C} Representative flow cytom-
etry plot of Pyronin Y and Hoechst 33342 for
CD34-1SK cells from AfA and +/+ mice after
administration of PBS or Thpo. Numbers indi-
cate percentage of Pyronin Y-negative cells in
CD34-1SK cells. Means + SD. n = 4; two inde-
pendent experiments. *, P < 0.05 by Student's ¢
test. (D and E) Total number (D) and frequency
(E} of Pyronin Y-negative CD34-LSK cells.
Means + SD. n = 4; two independent experi-
ments. ¥, P < 0.01 by Tukey's test. Note that
Pyronin Y-negative CD34-LSK cell number is
restored in Clec2¥44 {AJA) BM after Thpo in-
jection. () IHC of BMs from A/A and +/+ mice
after administration of PBS or Thpo. Bar, 100
um. {G and H) Percentage of donor-derived
cells in PB (G) and BM HSPCs (H) at the indi-
cated intervals after BMT. Means + SEM. n=6;
two independent experiments. *, P < 0.05; and
™ P < 0.01 by Tukey's test.

TER-119 (BD), Gr-1 (RB6-8C5; BD), CD34 (RAM34;BD),
Mac-1 (M/70:BD), Flt-3 (A2F10.1;BD),CD41 (MWReg30;
BD), CD45.2 (104; BD), CD45.1 (A20; BD), GPIba (Xia.
G5; Emfret), Clec2 (AbD Secrotec), and Thpo (Bioss). Sec-
ondary antibodies for THC were Alexa Fluor 488-conju-
gated IgGs (Molecular Probes) or Cy3/Cy5/DyLight549/
DyLight649-conjugated 1gGs (Jackson ImmunoResearch
Laboratories, Inc.). IHC specimens were treated with DAPI
(Molecular Probes) for nuclear staining. Stimulatory rabbit
anti-mouse CLEC-2 antibody was a gift of K. Suzuki-Inoue.

Immunostaining of BM. Decalcified BM sections were pre-
pared and stained as described previously (Nakamura-Ishizu
et al., 2012). Frozen sections prepared according to the
Kawamoto method (Kawamoto, 2003) were used to stain
Lin"CD41"CD48"CD150" cells in the BM.

Confocal microscopy and quantification of fluorescent im-

ages. Fluorescence images were obtained using a confocal
laser-scanning microscope (FV1000; Olympus). Scanning
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was performed in sequential laser emission mode to avoid
scanning at other wavelengths. Images obtained from BM
sections were analyzed using the TissueQuest image analysis
software (TissueGnostics).

Flow cytometric analysis, cell cycle analysis, and competitive
repopulation assays. Flow cytometric analysis and competi-
tive repopulation assays were performed as described previ-
ously (Arai et al., 2004). Cell cycle analysis of hematopoietic
cells was performed using Pyronin Y staining and short-term
BidU incorporation assays (Takubo et al., 2010). For Ki-67
staining, HSCs were sorted and attached to glass slides with
sedimentation and subsequentdy stained for Ki-67 and
TOTO-3. Cells were observed under a confocal laser-scan-
ning microscope (FV1000) for measurement of single cell
fluorescence intensity and calculated for their relative Ki-67
fluorescence against nuclear stam (TOTO-3).

BMT. BM MNCs (4 ¥ 10° cells) from C57BL/6-Ly5.1 mice,
together with LT-HSCs (5 x 10° cells) from the indicated
mice (Ly5.2), were transplanted into lethally irradiated
C57BL/6-Ly5.1 congenic mice. Secondary transplantations
into lethally irradiated C57BL/6-Ly5.1 congenic mice were
performed using 2 % 10° BM MNCs from primary recipients.
Reecipient mice were sacrificed for analysis 4 mo after BMT.
For extreme limiting dilution assays (Hu and Smyth, 2009),
lethally irradiated Ly5.1 mice were transplanted with 10% 2 x
10%, or 3 % 10* BM MNCs from either Clec2"™ or Clec2™"
4 mice along with 2 % 10° Ly5.1 competitor cells. PB chi-
merism for the limiting dilution assay was assessed 12
wk after transplantation.

In vitro HSC and Mk co-cultures. Mature Mks
(B220"Mac-1"Gr-1"CID41%) were obtained from mouse BM
as described previously (Heazlewood et al., 2013). LT-HSCs
(Lin"c-Kit"Sca-1*Flt-3"CD347) sorted from Ly5.1 mice
were co-cultured for 3 d with Mks in SF-O3 medium (San-
kyo Junyaku) supplemented with murine recombinant SCF
(100 ng/ml) with or without human recombinant Thpo (100
ng/ml) and then analyzed (Kabaya et al., 1996). LT-HSCs and
Mks were cultured ata 1:1 ratio. Mks were cultured for 2 d to
obtain conditioned medium for the indicated experiments.
To inhibit Thpo activity, a recombinant mouse ThpoR. (Mpl)
Fc chimera (0.4 pg/ml; R&D Systems) was added to the cul-
ture. An IgG Fc fragment (0.4 pg/ml; Jackson ImmunoRe-
search Laboratories, Inc.) served as a control. For knockdowns

in Mks, MISSION custom vectors (Sigma-Aldrich) were used.

In vive Thpo assays. For in vivo stimulation of Thpo signaling,
recombinant human Thpo (PEG-rHuMGDF; Kabaya et al.,
1996; donated by Kyowa Hakko Kirin Co., Ltd.) was admin-
istered. Mice were treated with either 100 pg/kg (v) of
PEG-rHuMGDF or human IgG Fc fragment (Jackson Im-
munoResearch Laboratories, Inc.). For rescue experiments,
Clec2"* mice were treated for four consecutive days.
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Quantitative PCR assay. Isolated RNA was reverse transcribed
with Superscript VILO (Invitrogen). Quantitative PCR assays
were performed using an ABI 7500 Fast Real-Time PCR
System (Applied Biosystems), SYBR. Premix Ex Taq (Takara
Bio Inc.), and primer sets for each gene (Takara Bio Inc.).
Values obtained were normalized to P-actin expression and
expressed as fold induction relative to control samples.

Genomic PCR assay. Genomic DNA was isolated from
sorted cells using NucleoSpin (Takara Bio Inc.), and
PCR was conducted wusing 5-ACGTATCTCTGAA
CATCCAAGAAAG-3'  and 5-CTGATCTTACCTG
CATTCCATTAGT-3' as primers.

Gene set enrichment analysis. Total RNA was extracted from
LT-HSCs (Lin cKit™Sca-1"CD347Fle-37) from Clec2*#**
and Clec2"% mice. Total RNA was purified using an
RNeasy Mini kit (QIAGEN). Microarray processing was per-
formed by DNA Chip Research Inc. Normalized expression
data were assessed using GSEA v2.0.13 software (Broad In-
stitute). Gene sets used were PARK_HSC_VS_MULTIPOT
ENT_PROGENITORS_DN, PARK_HSC_VS_MUL
TIPOTENT_PROGENITORS_UP, PARK_HSC_MAR

KERS, PARK_HSC_AND_MULTIPOTENT_PRO
GENITORS, [VANOVA_HEMATOPOIESIS_STEM_
CELL, GRAHAM_CML_QUIESCENT_VS_NOR

MAL_QUIESCENT_UP, GRAHAM_NORMAL_QUI
ESCENT_VS_NORMAL_DIVIDING_UP, BYSTRYKH_
HEMATOPOIESIS_STEM_CELL_AND_BRAIN_
QTL_TRANS, BAKKER_FOXO3_TARGETS_UP IVA
NOVA_HEMATOPOIESIS_EARLY_PROGENITOR,
IVANOVA_HEMATOPOIESIS_INTERMEDIATE_PRO
GENITOR, IVANOVA_HEMATOPOIESIS_LATE_PRO
GENITOR, [VANOVA_HEMATOPOIESIS_STEM_
CELL_LONG_TERM, IVANOVA_HEMATQPOIESIS
STEM_CELL_SHORT_TERM, JAATINEN_HEM
ATOPOIETIC_STEM_CELL_UP, and JAATINEN_HEM
ATOPOIETIC_STEM_CELL_DN, obtained from the Mo-
lecular Signatures Database v4.0 available at the GSEA web
site. The number of permutations was set at 1,000. Gene sets
with nominal p-value <0.05 and a false discovery rate g-value
(FDR.-q) <0.25 were considered statistically significant.

Statistical analysis. All results are expressed as means & SD un-
less otherwise specified. Statistical significance was determined
by Tukey’s multiple comnparison test. The two-tailed Student’s
t test was used for two-group comparisons. All experiments
were conducted and confirmed in at least two replicates.
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Abstract

The platelet receptor CLEC-2 is involved in thrombosis/hemostasis, but its ligand, podopla-
nin, is expressed only in advanced atherosclerotic lesions. We investigated CLEC-2 ligands
in vessel walls. Recombinant CLEC-2 bound to early atherosclerotic lesions and normal
arterial walls, co-localizing with vascular smooth muscle cells (VSMCs). Flow cytometry
and immunocytochemistry showed that recombinant CLEC-2, but not an anti-podoplanin
antibody, bound to VSMCs, suggesting that CLEC-2 ligands other than podoplanin are
present in VSMCs. VSMCs stimulated platelet granule release and supported thrombus for-
mation under flow, dependent on CLEC-2. The time to occlusion in a FeClz-induced animal
thrombosis model was significantly prolonged in the absence of CLEC-2. Because the inter-
nal elastic lamina was lacerated in our FeClz-induced model, we assume that the interaction
between CLEC-2 and its ligands in VSMCs induces thrombus formation. Protein arrays and
Biacore analysis were used to identify S100A13 as a CLEC-2 ligand in VSMCs. However,
S100A13 s not responsible for the above-described VSMC-induced platelet activation,
because S100A13 is not expressed on the surface of normal VSMCs. S100A13 was
released upon oxidative stress and expressed in the luminal area of atherosclerotic lesions.
Suspended S100A13 did not activate platelets, but immobilized S100A13 significantly
increased thrombus formation on collagen-coated surfaces. Taken together, we proposed
that VSMCs stimulate platelets through CLEC-2, possibly leading to thrombus formation
after plaque erosion and stent implantation, where VSMCs are exposed to blood flow. Fur-
thermore, we identified S100A13 as cne of the ligands on VSMCs.
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Introduction

CLEC-2 has been identified as a receptor for the platelet-activating snake venom rhodocytin/
aggretin[1]. Tt elicits robust platelet aggregation through a tyrosine kinase-depending signaling
pathway[1]. We identified podoplanin as an endogenous ligand for CLEC-2 for the first time
[2]. Podoplanin is expressed on the surface of tumor cells and induces platelet aggregation by
binding to CLEC-2, facilitating hematogenous tumor metastasis[2, 3]. It is also expressed in
lymphatic endothelial cells, but not in vascular endothelial cells[4]. CLEC-2-deficient mice
show embryonic/neonatal lethality and blood-filled lymphatic vessels[5-7], suggesting that
CLEC-2 facilitates blood/lymphatic vessel separation by interacting with podoplanin in lym-
phalic endothelial cells[8, 9].

Three studies reported that CLEC-2 plays a role in thrombosis and hemostasis[6, 10, 11],
and one negative report has also been published|[7]. May et al. showed that CLEC-2 is an essen-
tial platelet-activating receptor in hemostasis and thrombosis, using mice with anti-CLEC-2
antibody-induced CLEC-2 deficiency[10]. Moreover, by transplantation of fetal liver cells from
CLEC-2** or CLEC-2"'~ embryos, we demonstrated that CLEC-2 is involved in thrombus sta-
bilization in vitro and in vivo, possibly through homophilic interactions between pairs of
CLEC-2 molecules, without an apparent increase in bleeding tendency[6]. In contrast, Hughes
et al. showed that CLEC-2 is not required for platelet aggregation under arteriolar shear in an
in vitro flow system(7]. However, it has recently been reported that combined in vivo depletion
of the collagen receptor glycoprotein (GP) VI and CLEC-2 severely compromises hemostasis
sis and hemostasis, although deletion of CLEC-2 alone produces a relatively minor phenotype.
A tendency for severe bleeding in the absence of both receptors leads us to speculate that, along
with CLEC-2, ligands for CLEC-2 are present in vessel walls (homophilic association). There-
fore, identifying an endogenous ligand for CLEC-2 in vessel walls that contributes to thrombo-
sis and hemostasis is important, since it may facilitate development of treatments for
thrombosis and hemostasis.

In the present study, we demonstrated that VSMCs stimulate platelets through binding
between CLEC-2 and its ligands. We identified SI00A13 as one of the ligands, but founds that
it has limited potency; the other ligand remains unknown. Both may contribute to thrombus
formation after plaque erosion and stent implantation, when VSMCs are exposed to blood
flow. CLEC-2 ligands other than podoplanin are expressed on the surface of vascular smooth
muscle cells (VSMCs) and that association between CLEC-2 and the ligand activates platelets
and facilitates thrombus formation under flow conditions. We speculate that this association
plays a pathophysiological role in thrombus formation after stent thrombosis and plaque ero-
sion, when VSMCs are most likely to be exposed to blood flow. We identified S100A13 as the
CLEC-2 ligand in VSMCs, although its physiological significance remains to be clarified.

Materials and Methods

Materials

An EnVision kit (rabbit IgG), Anti-o-smooth muscle actin (SMA; clone 1A4), and anti-CD68
(clone PGM-1) were purchased from Dako. The recombinant extracellular domain of human
(h) or mouse (m) CLEC-2 was expressed as a dimeric human (h), rabbit (r), or rat immuno-
globulin Fc domain fusion protein (hCLEC-2-hFc2, hCLEC-2-rFc2, or mouse CLEC-
2-ratFc2); rFc2, hFc2, and ratFc2 were generated as described previously[2]. The GPVT agonist
collagen-related peptide (CRP) was generated as previously described[12] by the Peplide Insti-
tute (Japan). Rhodocytin was generated as described previously[13]. GST-tagged S100A13
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recombinant protein was purchased from CycLex Co., Ltd. (Japan) and His-tagged S100A13
recombinant protein was purchased from R&D Systems Inc. GST-tagged S100A13 recombi-
nant protein was used for experiments unless otherwise noted. Other reagents were obtained
from sources described below or previously described[6, 9].

In situ binding assay and immunohistochemistry

We used human abdominal aorta from a patient autopsied at the University of Miyazaki Hos-
pital in 2001 after written informed consent was provided by the family. The Ethics Commit-
tees of the University of Miyazaki approved the study protocol (N0.942) and the study was
performed in accordance with the ethical standards of the Declaration of Helsinki. Several
fresh aortic tissues (2 cm x 2 cm) were collected from atherosclerotic lesions of various degrees,
and the specimens were frozen in Optimal Cutting Temperature (OCT) compound. Serial sec-
tions of the aortic intima (4 pm thick) were immunohistochemically stained with the indicaled
primary antibodies or recombinant proteins, as described previously using the EnVision kit

For the binding assay for the mouse aorta and lung tissue, perfusion fixation of 12-week-old
C57BL/6 mice with 4% PFA/PBS was performed, and the abdominal aorta and lungs were
harvested and fixed with 4% PFA/PBS for 2 h at 4°C. After washing in PBS, the tissues were
equilibrated in 30% sucrose in PBS, embedded in OCT compound, and sectioned at 10-um
thickness. The sections were washed in PBS and blocked with 5% skim milk/PBS for 1 h. Each
specimen was incubated with mCLEC-2-ratFc2 (25 pg/mL), rat Fc2 as a control (25 pg/mL),
or anti-smooth muscle actin (Thermo Scientific) overnight at 4°C. Color detection was per-
formed using Histofine Simple Stain MAX PO (rat and rabbit) and Histofine DAB-3S kit
(Nichirei Biosciences, Japan) following the manufacturer’s protocol. For podoplanin staining,
each specimen was incubated with an anti-mouse podoplanin antibody (clone 8.1.1; Santa
Cruz Biotechnology, Inc.) or control hamster IgG (Santa Cruz Biotechnology, Inc.). After rins-
ing with PBS, the samples were stained with anti-hamster IgG labeled with Alexa Fluor 488
(Life Technologies Inc.) for 2 h at 4°C. After rinsing with PBS, the cells were observed using an
inverted fluorescence microscope IX71 (Olympus, Japan).

Where indicated, serial frozen-thawed sections of the mouse abdominal aorta from wild-
type or ApoE-deficient mice fed a high fat diet were incubated with control rabbit IgG, anti-
smooth muscle actin (Thermo Scientific, #RB-9010-P0), or anti-S100A13 antibody, followed
by anti-rabbit IgG-Alexa Fluor 488. For co-staining for smooth muscle actin and S100A13, we
used anti-o. smooth muscle actin antibody (Abcam, ab21027), followed by anti-goat IgG Alexa
Flour 546 (Life Technologies Inc.). The sections were counter-stained with 4',6-diamidino-
2-phenylindole (DAPI). The images are visualized a laser confocal microscope, FluoView
(Olympus).

Cells

Human coronary artery smooth muscle cells (CASMCs) were purchased {from Lonza and
maintained on culture dishes in smooth muscle cell basic medium (SmBM) supplemented with
SmGM-2 SingleQuots media (Lonza). 293TREx cells were obtained from Life Technologies
Inc. Cultures were maintained at 37°C, 5% CO,, and 100% humidity. To generate suspended
CASMCs, we washed immobilized CASMCs in 10 cm culture dishes with PBS once, added 2
mL of trypsin/EDTA (0.025% trypsin, 0.02% EDTA), removed the trypsin/EDTA, incubated
the dishes at 37°C for 2 min, and resuspended with PBS. After counting the number of cells, we
centrifuged the suspended CASMCs at 180 g for 5 min, removed the supernatant, and resus-
pended the cells with PBS at the indicated cell concentrations.
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