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FIGURE 2. Effect of Plg deficiency on osteoclastogenesis and the OC function. A, bone marrow cells from the Plg™"" and Plg~’~ mice were cultured for 3
daysin the absence or presence of RANKL (100 ng/ml) and M-CSF (100 ng/ml). Mature OCs were identified as TRAP-positive multinucleated cells. The magnified
image of boxed area was showed on the right of the original image. The arrowheads indicate osteoclasts. B, number of TRAP-positive multinucleated cells in A
was determined from three different cultures. C, bone resorption activity of OCs differentiated from bone marrow-derived cells obtained from the Plg*’* and
Plg™’~ mice was compared. Bone marrow-derived cells from the Plg*/* and Plg ~/~ mice were cultured on the BioCoat™ Osteologic™ multiple test slides,
which consisted of submicron synthetic calcium phosphate thin film coated onto various culture vessels, for 7 days in the presence of RANKL (100 ng/ml) and
M-CSF (100 ng/ml) (n = 4). Next, the resorbed areas of the calcium phosphate film were visualized as described under “Materials and Methods.” The histogram,
right panel, shows quantitative representations of bone resorption obtained from densitometry analysis. The densitometry results were expressed as the mean
density. D, bone marrow cells from the Plg™’* and Plg™'~ mice were cultured for 3 days in the presence of M-CSF (100 ng/ml). Some cells were cultured in the
presence or absence of RANKL (100 ng/ml) or plasmin (1 ug/ml) as indicated. The number of multinucleated TRAP-positive cells was determined from four
different cultures. The data represent the mean = S.E. *, p < 0.01; **, p < 0.05.
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tions of bone marrow tissue in the Plg*’* and Plg /™ mice was
quantitatively evaluated as described under “Materials and
Methods.” As shown in Fig. 1F, the intensity of TRAP staining
on decalcified sections of bone marrow tissue in tibias from the
Plg~’~ mice was much stronger than in those from the Plg*/*
mice.

Effect of the Plg Deficiency on the Osteoclastogenesis of Bone
Marrow-derived Cells—W e evaluated how the fibronolytic sys-
tem affects OC differentiation and function. The pre-OC pop-
ulation in bone marrow-derived cells from the Plg"™’* and
Plg™’~ mice were evaluated after stimulation with RANKL and
M-CSEF, respectively. As shown in Fig. 24, many TRAP-positive
multinucleated OCs were observed in bone marrow cell cul-
tures derived from the Plg~’~ mice tibia. Therefore, an up-reg-
ulation of the TRAP-positive cell number in the Plg™ /™ mice-
derived bone marrow cells was observed (Fig. 2B). In addition,
the bone resorption activity of OCs differentiated from bone
marrow-derived cells was compared in the Plg"’* and Plg™ '~
mice. There was an up-regulation of the bone resorption
activity of Plg”/~ mice-derived bone marrow cells (Fig. 2C).
Intriguingly, plasmin significantly inhibited the M-CSE- and
RANKL-induced OC differentiation of bone marrow cells
derived from the Plg~/~ and Plg™/* mice (Fig. 2D).

Plasmin Induced the OPG Expression in OBs—To clarify how
plasmin suppresses osteoclastogenesis in vivo, we examined
whether plasmin up-regulates the expression of OPG in OBs
from the WT mice in vitro by qRT-PCR and a Western blot
analysis. Plasmin clearly induced OPG expression in OBs
from the WT mice (Fig. 3, A and B). In addition, the effect of
various plasmin inhibitors («2AP; serine protease inhibitor,
aprotinin; lysine analog, e-aminocaproic acid) on plasmin-
induced OPG expression was investigated. These plasmin
inhibitors clearly abrogated the plasmin-induced OPG ex-
pression (Fig. 3, C and D).

In addition, we examined the plasmin-stimulated phosphor-
ylation of ERK1/2 and p38 MAPK to determine whether plas-
min activates ERK1/2 and p38 MAPK in OBs. Plasmin activated
ERK1/2 and p38 MAPK in OBs (Fig. 3E). We also examined
whether the ERK1/2 and p38 MAPK pathways are associated
with the plasmin-induced expression of OPG in OBs by using
the inhibitor of MEK and p38 MAPK (PD98059 and SB203580).
PD98059 and SB203580 attenuated plasmin-induced expres-
sion of OPG in OBs (Fig. 3F). These data suggest that plasmin
induces OPG expression through the ERK1/2 and p38 MAPK
pathways.

Moreover, qRT-PCR and a Western blot analysis revealed
that the expression of OPG was suppressed in OBs from the
Plg~/~ mice (Fig. 3, G and H), thus suggesting that the absence
of plasmin may result in the acceleration of osteoclastogenesis
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of pre-OCs in accordance with the depletion of OPG synthesis
in OBs. There was no difference in the status of RANKL mRNA
expression in OBs from the Plg*/* and Plg” /™ mice (data not
shown). Moreover, plasmin induced OPG expression in Plg ™/~
OBs (Fig. 3, I and ).

Effects of Plg Deficiency on the Ability of OBs to Induce Oste-
oclastogenesis of RAW264.7 Mouse Monocyte/Macrophage Lin-
eage Cells—The status of OC differentiation of RAW264.7
mouse monocyte/macrophage lineage cells in co-culture with
Plg~/~ OBs was examined to clarify how Plg deficiency affects
OB function for osteoclastogenesis. The ability of Plg™/~ OBs
to induce OC differentiation of pre-OC RAW264.7 cells was
compared with Plg*’" OBs. The OBs were co-cultured with
RAW?264.7 cells under stimulation with the inflammatory
mediators interleukin 1-8 (IL-1B) or prostaglandin E, (PGE,).
Inflammatory mediators induce RANKL expression on OBs
(21). The inflammatory mediator-induced RANKL expression
on OBs was expected to induce the osteoclastogenesis of the
co-cultured RAW?264.7 cells. As shown in Fig. 44, IL-1f3 or
PGE, increased the number of TRAP-positive multinucle-
ated cells co-cultured with OBs. Intriguingly, the number of
TRAP-positive multinucleated cells co-cultured with Plg™/~
OBs lacking OPG expression was significantly higher than
that co-cultured with Plg*/* OBs with or without IL-18 or
PGE,. In addition, the number of TRAP-positive multinucle-
ated cells co-cultured with Plg~/~ OBs was decreased by
plasmin (Fig. 4B).

Effect of Plg Deficiency on the ALP Activity in OBs—The ALP
activity in Plg~/~ OBs was compared with Plg"’* OBs under
stimulation with OB differentiation media as described under
“Materials and Methods.” The absence of Plg did not affect the
ALP activity in undifferentiated and differentiated OBs (Fig. 5).

Rescue of the Down-regulated BMD in Plg-deficient Mice by
the Injection of Plasmin—To clarify the effect of exogenous
plasmin on bone formation iz vivo, we evaluated the status of
the BMD in the Plg~’~ mice with or without plasmin injection.
The plasmin injection clearly increased the trabecular BMD
inthe Plg~’~ mice (Fig. 64). However, the plasmin injection did
not affect the cortical BMD and the weight in the Plg~’~ mice
(Fig. 6, B and C).

DISCUSSION

Fibrinolytic factors have been suggested to play an important
role in bone metabolism. PAs and PAI-1 are involved in bone
resorption by OCs (22, 23). However, the role of Plg/plasmin in
bone metabolism was not precisely understood. This study
showed that Plg/plasmin plays an important role in bone
metabolism by regulating the function of both OBs and OCs.

FIGURE 3. Plasmin induced the OPG expression in OBs. A-D, OBs from the WT mice were cultured for 24 h in either the absence or presence of plasmin (1
rg/ml). Plasmin-induced expression of OPG gene in OBs from the WT mice was evaluated by qRT-PCR (A) or a Western blot analysis (B). Cand D, some cultures
were further treated with plasmin inhibitors as follows: a2 AP (200 nm), e-aminocaproic acid (25 mm), and aprotinin (10 wg/ml). The expression of OPG mRNA in
OBs from the WT mice was then measured by qRT-PCR (C) or a Western blot analysis (D). E, OBs from the WT mice were stimulated with 1 wg/ml plasmin for the
indicated periods. Phosphorylation of ERK1/2 and p38 MAPK was evaluated by a Western blot analysis using antibodies to ERK1/2 and p38 MAPK. F, OBs from
the WT mice were pretreated with 30 um PD98059 or 30 um SB203580 for 60 min and then stimulated with 1 wg/ml plasmin for 24 h. The expression of OPG in
OBs from the WT mice was evaluated by a Western blot analysis. G and H, OPG expression in OBs from the Plg ™" and Plg /"~ mice was evaluated by qRT-PCR
(G) or a Western blot analysis (H)./and J, OBs from the Plg~’~ mice were cultured for 24 h in the absence or presence of plasmin (1 wg/ml). The OPG expression
in OBs from the Plg™/~ mice was evaluated by qRT-PCR (/) or a Western blot analysis (J). The data represent the mean of three individual experiments = S.E. ¥,
p < 0.01;**, p < 0.05.
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The trabecular BMD in the tibias from the Plg~’~ mice was
significantly lower than that from the Plg*’" mice at 4—6
weeks after birth (Fig. 14). In contrast, the cortical BMD in the
tibias from the Plg~/~ mice was significantly lower than that
from the Plg*’" mice at 4—18 weeks after birth (Fig. 1B).
Therefore, the decrease in the trabecular BMD in Plg_/ ~ mice
seemed to be transient; however, the decrease in the cortical
BMD in the mice was consistently observed from the juvenile
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FIGURE 4. Effects of Plg deficiency on the ability of OBs to induce oste-
oclastogenesis of RAW264.7 cells. A, RAW264.7 cells and OBs from the
Plg™* and Plg™’~ mice were co-cultured for 3 days in the absence or pres-
ence of IL-18 or PGE,. B, RAW264.7 cells and OBs from the Plg ™/~ mice were
co-cultured for 3 days in the absence or presence of plasmin. Mature OCs
were identified as multinucleated TRAP-positive cells. The number of multi-
nucleated TRAP-positive cells was determined from six different cultures. The
data represent the mean = S.E. *, p < 0.01.

growth period to adulthood. In addition, TRAP staining of
decalcified sections of tibias from the 5-we-old mice revealed
that the intensity of TRAP staining of bone marrow tissue in the
tibias from the Plg™’~ mice was significantly stronger than that
from the Plg"’ " mice (Fig. 1, Eand F). Thus, the histoenzymatic
assessment indicated that the OC differentiation in bone mar-
row tissue of the Plg™/~ mice might be more vigorously
induced than that in the Plg*’" mice.

The binding of RANKL to its receptor RANK triggers intri-
cate and distinct signaling cascades that control lineage com-
mitment and osteoclast activation (13). OPG inhibits osteoclast
formation and bone resorption by blocking RANKL/RANK
interactions (14). This study showed that plasmin increased the
OPG expression in WT OBs (Fig. 3, A-D). Moreover, the
expression level of OPG was decreased in Plg™’~ OBs com-
pared with Plg™’* OBs (Fig. 3, G and H), suggesting that
absence of plasmin may result in an acceleration of OB-medi-
ated osteoclastogenesis of pre-OCs in accordance with the
depletion of OPG expression in OBs. In fact, the number of
TRAP-positive multinucleated RAW?264.7 cells co-cultured
with Plg ™/~ OBs was significantly higher than that of the cells
co-cultured with Plg*’/* OBs (Fig. 4A4). Intriguingly, plasmin
significantly inhibited the M-CSF- and RANKL-induced OC
differentiation of bone marrow cells derived from the Plg*/™
and Plg ™/~ (Fig. 2D), suggesting that plasmin might attenuate
osteoclastogenesis by its direct effects on pre-OCs. In addition,
there was a larger population of pre-OCs in bone marrow-de-
rived cells from the Plg /™ mice in comparison with the Plg* /™"
mice (Fig. 2, A—C). The level of ALP activity in Plg”/~ OBs was
similar to that in Plg*’" OBs (Fig. 5), thus suggesting that the
bone-mineralizing activity of OBs in the Plg™/~ mice might be
comparable with that in the Plg™’* mice. Consequently, the
Plg~/~ mice display decreased bone mineral density in accor-
dance with the enhanced ability of OBs to induce osteoclasto-
genesis of pre-OCs, the loss of the direct and suppressive effect
of plasmin on pre-OCs differentiating into mature OCs, and the
increased pre-OC population in bone marrow cells. In fact,
the injection of plasmin into the Plg~/~ mice clearly rescued
the diminished trabecular BMD during the juvenile growth
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FIGURE 5. Effect of Plg deficiency on the ALP activity in OBs. ALP activity in OBs from the Plg*/* and Plg™/~ mice was evaluated (n = 4). The data represent

the mean = S.E. NS, not significant.
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FIGURE 6. Rescue of the down-regulated BMD in Plg-deficient mice by the
injection of plasmin. Intraperitoneal injection with saline or plasmin (1
mg/kg) in the 5-week-old male Plg ™~ mice was carried out weekly for up to
3 weeks. Then the trabecular BMD (A), the cortical BMD (B), and the weight (C)
in the male Plg™/~ mice were measured by pQCT (n = 3). The data represent
the mean = S.E.*, p < 0.01.

Plasmin activates a latent transforming growth factor 8
(TGF-B) (24, 25) trapped in extracellular matrix to induce an
OPG expression in extracellular matrix-harbored OBs. The
accelerated expression of OPG on OBs might result in the sup-
pression of the OB-mediated osteoclastogenesis. It is under
investigation by us whether deficiency of activated TGF-f3
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causes decreased bone mineral density and decreased body
weight in Plg ™/~ mice. However, plasmin directly activates var-
ious intracellular signaling through annexin A2 in macrophage
(26). Plasmin activates macrophages via the annexin A2 hetero-
tetramer composed of annexin A2 and S100A10 with subse-
quent stimulation of Janus kinase JAK1/TYK?2 signaling. JAK1/
TYK2 leads to STAT3 activation, Akt-dependent nuclear
factor-kB (NF-kB) activation, and phosphorylation of ERK1/2
and p38 MAPK. Furthermore, inhibitors of JAK, p38 MAPK,
and NF-«B revealed that these signaling pathways are indispen-
sable for the plasmin-mediated tumor necrosis factor-a and
IL-6 induction in the cells. In addition, angiostatin, a fragment
of plasmin(ogen), is a ligand and an antagonist for integrin
a9B1 (27). Angiostatin, representing the kringle domains of
plasmin, alone did not induce the migration of Chinese hamster
ovary (CHO) cells, but simultaneous activation of the G pro-
tein-coupled protease-activated receptor-1 with an agonist
peptide induced the migration on angiostatin. These facts sug-
gest that plasmin directly stimulates various cell lineages with-
out an indirect cell stimulation through an activation of some
growth factors such as TGF-B. We showed that plasmin acti-
vated ERK1/2 and p38 MAPK, and the inhibition of ERK1/2 and
p38 MAPK attenuated plasmin-induced OPG expression (Fig.
3, E and F). In addition, plasmin activated JNK, but the inhibi-
tion of INK did not attenuate plasmin-induced OPG expression
(data not shown). These data suggest that plasmin induces OPG
expression through the ERK1/2 and p38 MAPK pathways.
However, the time lag between the activation of p38 MAPK and
ERK1/2 after plasmin stimulation in OBs might depend on the
hierarchy of ERK1/2 and p38 MAPK in the plasmin-induced
signal transduction. The ERK1/2 might be the downstream tar-
get of p38 MAPK directly activated by plasmin in OBs. Further
investigations would be required to clarify the details.

These results strongly suggest that the plasmin activity reg-
ulates both OB and OC functions and then plays an important
role in bone metabolism. These findings may provide new
insights into the development of clinical therapies for the pre-
vention of bone loss-related disorders.
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