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Sclerostin expression in trabecular
bone is downregulated
by osteoclasts

Masanori Koide?, Teruhito Yamashita?, Kohei Murakami?, Shunsuke Uehara?,
Keigo Nakamura?, Midori Nakamura?, Mai Matsushita?, Toshiaki Ara3, Hisataka Yasuda®,
Josef M. Penninger®$, Naoyuki Takahashi!, Nobuyuki Udagawa®? & Yasuhiro Kobayashi**

Bone tissues have trabecular bone with a high bone turnover and cortical bone with a low turnover.
The mechanisms by which the turnover rate of these bone tissues is determined remain unclear.
Osteocytes secrete sclerostin, a Wnt/B-catenin signaling antagonist, and inhibit bone formation.

We found that sclerostin expression in cortical bone is more marked than in trabecular bone in Sost
reporter mice. Leukemia inhibitory factor (LIF) secreted from osteoclasts reportedly suppressed
sclerostin expression and promoted bone formation. Here, we report that osteoclasts downregulate
sclerostin expression in trabecular bone and promote bone turnover. Treatment of C57BL/6 mice with
an anti-RANKL antibody eliminated the number of osteoclasts and LIF-positive cells in trabecular
bone. The number of sclerostin-positive cells was increased in trabecular bone, while the number

of B-catenin-positive cells and bone formation were decreased in trabecular bone. Besides, Tnfsf11
heterozygous (Rankl*~) mice exhibited a decreased number of LIF-positive cells and increased
number of sclerostin-positive cells in trabecular bone. Rankl*- mice exhibited a decreased number

of B-catenin-positive cells and reduced bone formation in trabecular bone. Furthermore, in cultured
osteoclasts, RANKL stimulation increased Lif mRNA expression, suggesting that RANKL signal
increased LIF expression. In conclusion, osteoclasts downregulate sclerostin expression and promote
trabecular bone turnover.

Osteoclastic bone resorption followed by osteoblastic bone formation repeats under physiological conditions
and maintains both blood calcium levels and bone homeostasis"?. Receptor activator of NF-kB ligand (RANKL)
and osteoprotegerin (OPG), a decoy receptor of RANKL, regulate osteoclast differentiation. Both of these are
produced by osteoblast-lineage cells such as osteoblasts and osteocytes®*. RANKL binds to its receptor RANK
and induces osteoclast development. On the other hand, OPG inhibits the RANKL-RANK interactions and
then suppresses osteoclast differentiation. Tnfrsf11b-deficient (Opg~'~) mice exhibited severe osteopenia with
enhanced bone resorption and formation®®. The administration of bisphosphonates or an anti-RANKL neutral-
izing antibody, antiresorptive agents, to Opg™'~ mice suppressed bone resorption, and subsequently suppressed
the enhanced bone formation”®. Clinical studies reported that denosumab, an anti-RANKL antibody, suppressed
bone turnover in postmenopausal women®!?. Thus, bone formation is coupled with bone resorption during
bone remodeling.

Sclerostin (encoded by the Sost gene), a protein secreted primarily by osteocytes, is an antagonist of Wnt/[-
catenin signaling that inhibits bone accrual'™2 Loss of function mutation of the Sost gene caused sclerosteosis
with abnormally increased bone mass'®. The mutation caused hypertrophy of cranial and cortical bone, and
syndactyly'. Sost-knock-out (Sost”’~) mice demonstrated thickening of cranial bone and cortical bone due to
increased bone formation'®. The treatment with an anti-sclerostin neutralizing antibody has been reported to
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increase bone mass with increased bone formation'®!”. These findings indicate that the reduction of sclerostin
expression increases bone formation.

Sclerostin expression is reportedly inhibited by prostaglandin E, (PGE,), parathyroid hormone (PTH), and
IL-6 family members such as cardiotrophin-1 (CT-1), oncostatin M (OSM), and leukemia inhibitory factor
(LIF)®'*-2!. Administration of PTH, CT-1, OSM, and LIF accelerated osteogenesis in vitro and in vivo'#**-2, The
role of PTH in bone acquisition is thought to be partly mediated by the suppression of sclerostin expression*?°.
Furthermore, the glycoprotein 130 (gp130) signal by CT-1, OSM, and LIF suppressed sclerostin expression in
UMR106 cells*. We demonstrated that osteoclast-secreted LIF suppressed sclerostin expression and accelerated
bone formation in vitro and in vivo®. Accordingly, sclerostin expression in osteocytes is controlled by several
factors to promote bone turnover.

Bone tissues are composed of mesh-like trabecular bone and a hard outer layer of cortical bone. The trabecular
bone was remodeled at a high turnover rate that was likely affected by alterations in the Wnt/f-catenin signaling
pathway?®. However, it is unclear how bone turnover is controlled. Sclerostin expression in cortical bone is report-
edly more marked than that in trabecular bone®”. We reported that Opg~'~ mice with enhanced bone resorption
had reduced sclerostin expression in osteocytes®. In contrast, the administration of an antiresorptive agent to
the mice increased sclerostin expression and reduced bone formation. Furthermore, osteoclast-secreted LIF
suppressed sclerostin expression®. Moreover, osteoclasts were frequently observed in trabecular bone compared
to in cortical bone. Therefore, we hypothesized that osteoclasts downregulate sclerostin expression in trabecular
bone and thereby accelerate bone formation.

Here, we found that the treatment of C57BL/6 mice with an anti-RANKL antibody upregulated sclerostin
expression in trabecular bone and reduced the number of osteoclasts. Moreover, treatment with the anti-RANKL
antibody reduced the number of p-catenin-positive cells and bone formation in trabecular bone. Furthermore,
Tnfsf11 heterozygous (Rankl*’~) mice, in which bone resorption is suppressed, exhibited increased numbers of
sclerostin-positive cells in trabecular bone. Rankl*~ mice also had fewer B-catenin-positive cells and suppressed
bone formation in trabecular bone. Thus, the suppression of sclerostin expression by osteoclasts plays a critical
role in bone formation in trabecular bone.

Results

Localization of sclerostin-positive osteocytes and osteoclasts in bone tissues. We compared
the localization of sclerostin-positive osteocytes in trabecular bone with that in cortical bone in femora of
C57BL/6 male mice at 12 weeks of age using immunohistochemical analyses. Sclerostin expression in osteocytes
of trabecular bone was lower compared to that in those of cortical bone (Fig. 1A,B). Furthermore, we gener-
ated Sost®*"* mice in which green fluorescent protein was knocked-in to report the expression of the Sost gene
(Supplementary Fig. S1A,B). Expression of Sost-Green-positive osteocytes was hardly detected in bony areas
during embryonic development (Supplementary Fig. S2A-C). Expression of Sost-Green-positive osteocytes was
detected in the cortical bone from 3 days after birth (Supplementary Fig. S2D-G). The number of Sost-Green-
positive osteocytes was significantly increased by four-fold in cortical bone of Sost“™*** male mice at 12 weeks of
age as compared to trabecular bone (Fig. 1C,D). Sclerostin expression is negatively controlled by several factors
such as bone age, mechanical loading, PTH, and IL-6 family cytokines. We previously reported that LIF derived
from osteoclasts suppressed sclerostin expression in osteocytes®. We compared the localization of osteoclasts
in trabecular bone with those in cortical bone. Many TRAP-positive osteoclasts were present on the surface
of trabecular bone as compared with those of cortical bone (Fig. 1E,F). In addition to this, double-staining of
sclerostin and TRAP revealed that no sclerostin-positive osteocytes were present near TRAP-positive osteoclasts
in trabecular bone (Fig. 1G, arrows). These data indicate that osteoclasts may suppress sclerostin expression in
trabecular bone.

Impacts of the elimination of bone resorption on LIF expression in trabecular bone. In order
to evaluate whether LIF expression is suppressed by the elimination of bone resorption, we examined the LIF
expression in trabecular bone of C57BL/6 male mice injected with the anti-RANKL antibody. Treatment of
C57BL/6 mice with the anti-RANKL antibody (5 mg/kg) reduced the number of osteoclasts in femurs on day
4?8, The antibody was injected once s.c. into the mice at 10 weeks of age. Two weeks after administration of the
antibody, tibiae and femora were collected and evaluated. Histomorphometric analysis demonstrated that the
primary trabecular bone volume was markedly increased in the mice injected with the antibody as compared
to vehicle treatment (Fig. 2A,B). The serum CTX levels, a marker of bone resorption, were moderately lower in
the mice injected with the antibody (Fig. 2C). The number of TRAP-positive osteoclasts was much lower in the
mice injected with the antibody (Fig. 2D,E). The osteoclast surface area was also significantly smaller in the mice
injected with the anti-RANKL antibody (Fig. 2F). These data demonstrate that injection of the anti-RANKL
antibody markedly suppresses both the differentiation and bone resorption of osteoclasts.

On immunohistochemical staining of LIF in femora of vehicle-injected C57BL/6 mice, LIE-positive cells were
observed on trabecular bone (Fig. 2G,H). These large cells, indicated by arrows, are probably osteoclasts. LIF-
positive signals were weak in mononuclear cells on bone surfaces including osteoblasts in wild-type C57BL/6
male mice at 12 weeks of age. However, LIF-positive cells were rarely observed in the mice injected with the
anti-RANKL antibody. These findings indicate that the anti-RANKL antibody reduced LIF-positive osteoclasts
in trabecular bone.

Impacts of the anti-RANKL antibody on sclerostin expression in trabecular bone. Walker
et al?® and we® previously reported that treatment with recombinant LIF restrained sclerostin expression in
osteocyte-like cells. Therefore, we investigated whether the reduction of LIF expression by treatment with the
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Figure 1. Localization of sclerostin-positive osteocytes and osteoclasts in trabecular bone. (A)
Immunohistochemical analysis of sclerostin in the femora from C57BL/6 male mice at 12 weeks of age (left
panel). The boxed areas in the left panel show the high-power field of cortical and trabecular areas. The center
panel shows the cortical areas. The right panel shows the trabecular areas. Sclerostin-positive signals (brown).
(B) Sclerostin-positive cells/bone area (N/mm?). (n=5). (C) Histochemical analysis of Sost-Green in the femora
from 12-week-old Sost®“"* knock-in male mice (left panel). The boxed areas in the left panel shows the high-
power field of cortical and trabecular areas. Sost-positive signals were observed (green). Nuclei were stained
with Hoechst 33342 (blue). (D) Sost-Green-positive cells/number of nuclei (%). (n=5). (E) Histochemical
analysis of TRAP in the tibiae of C57BL/6 male mice at 12 weeks of age. TRAP-positive cells (red). The ROI are
indicated by the areas surrounded by the broken lines. (F) Number of osteoclasts/bone surface (N/mm) (n=6).
(G) Double staining of sclerostin and TRAP in the trabecular area of tibiae from C57BL/6 male mice at 12 weeks
of age. Black arrows marked sclerostin-negative osteocytes. **p <0.01. Scale bar, 50 um.
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Figure 2. Impacts of the elimination of on bone resorption and LIF expression in C57BL/6 mice. (A)
Histochemical analysis of the trabecular area of tibiae from C57BL/6 male mice at 12 weeks of age injected with
vehicle (left panel) or the anti-RANKL antibody (right panel). (B) Trabecular bone volume of the tibiae (1=6).
(C) Levels of CTX in serum from C57BL/6 mice injected with vehicle or the anti-RANKL antibody (n=6). (D)
Histochemical studies of TRAP in the trabecular area of the tibiae from C57BL/6 mice injected with vehicle
(left panel) or the anti-RANKL antibody (right panel). TRAP (red). (E, F) Number of osteoclasts/bone surface
(N/mm) (n=6). Osteoclast surface/bone surface (%) (n=6). (G) Immunohistochemical analysis of LIF in the
trabecular area of the femur from C57BL/6 mice injected with vehicle (left panels) or the anti-RANKL antibody
(right panels). (H) LIF-positive cells/bone surface (N/mm). (n=6). **p <0.01. Scale bar, 50 um.

anti-RANKL antibody elevates the area of sclerostin expression in trabecular bone using immunohistochemical
staining. The number of sclerostin-positive osteocytes was significantly elevated by two-fold in the trabecular
bone of the mice injected with the anti-RANKL antibody (Fig. 3A,B). Sclerostin-positive signals in immature
osteocytes of primary spongy bone were also increased in the mice injected with the anti-RANKL antibody
(Supplementary Fig. S3). We previously reported that the protein level of sclerostin in bone marrow aspirates
from C57BL/6 mice was about several tens of times higher than that in serum®. Thus, we assessed the amount of
sclerostin in bone marrow aspirates from the mice injected with the anti-RANKL antibody or vehicle (Fig. 3C).
The amount of sclerostin in bone marrow aspirates was significantly higher in the mice injected with the anti-
body than in those injected with the vehicle. In contrast to the increased sclerostin-positive osteocytes, the num-
ber of B-catenin-positive cells on the surface of trabecular bone was significantly decreased to 20% in the mice
injected with the antibody (Fig. 3D,E). Furthermore, Axin2 expression level was evaluated as a target of Wnt/f-
catenin signaling. Treatment with anti-RANKL antibody significantly reduced Axin2 mRNA expression in the
whole tibiae (Fig. 3F). These findings suggest that the anti-RANKL antibody suppressed the Wnt/B-catenin
signaling corresponding to the upregulation of sclerostin expression in trabecular bone and bone marrow.
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We examined whether the increased sclerostin expression by treatment with the anti-RANKL antibody affects
bone formation in trabecular bone (Fig. 3G-K). On immunohistochemical staining for alkaline phosphatase
(ALP), ALP-positive signals in the cells of trabecular bone were reduced in the mice injected with the antibody
(Fig. 3G). The serum ALP activity was also reduced in the mice injected with the antibody (Fig. 3H). Histo-
morphometric analysis revealed that both the mineral apposition rate (MAR) and bone formation rate (BFR),
indicators of bone-forming activity, in trabecular bone were almost completely abrogated in the mice injected
with the antibody (Fig. 3I-K). These data suggest that the anti-RANKL antibody downregulated bone formation
activity in trabecular bone corresponding to the increased expression of sclerostin.

Downregulation of bone resorption and the expression of LIF in Rankl*~ mice. To further
examine the role of osteoclasts in the downregulation of sclerostin, we focused on Rankl™~ mice in which osteo-
clast formation was completely inhibited®. The femur of Rankl™~ male mice at 12 weeks of age was filled with
primary trabecular bone, and the bone marrow cavity was not observed. The trabecular bone in Rankl™~ mice
was calcified bone rich in cartilage matrix stained with alcian blue or toluidine blue (Supplementary Fig. S4A,B).
Immunohistological analysis of dentin matrix protein-1 (DMP-1) and fibroblast growth factor-23 (FGF-23),
important markers of osteocytes, in the femur of Rankl™~ mice was also performed. DMP-1- or FGF-23-positive
osteocytes in trabecular bone of Rankl™'~ mice were markedly reduced as compared with wild-type (WT) mice
(Supplementary Fig. S4C,D). These data indicate that the features of osteocytes in trabecular bone of Rankl~/~
mice are markedly different from those of WT mice.

Therefore, we evaluated bone resorption in 12-week-old Rankl*~ male mice. RANKL serum levels in
Rankl*’~ mice were reduced to 35% as compared with WT mice (Fig. 4A). Histomorphometric analysis dem-
onstrated that the trabecular bone volume in femora was moderately elevated in Rankl*~ mice as compared to
WT mice (Fig. 4B,C), but smaller than that in mice treated with anti-RANKL antibody (see Fig. 2A). The serum
levels of CTX were significantly decreased by half in Rankl"’~ mice (Fig. 4D). By TRAP staining, osteoclasts were
observed in trabecular bone. The number of TRAP-positive osteoclasts and osteoclast surface slightly decreased,
but not significantly (Fig. 4E-G). The levels of CTX in serum were decreased in Rankl*’~ mice, suggesting that
the bone resorbing activity of osteoclasts was decreased. These data indicated that the trabecular bone volume
is increased in Rankl*’~ mice with the suppression of bone resorption.

On immunohistochemical analysis, LIF-positive signals (indicated by red arrows) were mainly observed in
TRAP-positive osteoclasts (indicated by blue arrows) on the trabecular bone surface of WT mice. On the other
hand, there were fewer LIF-positive osteoclasts in Rankl*/~ mice even through the number of osteoclasts remained
as well as that in WT mice (Fig. 4F-I). These data suggest that the suppression of bone resorption might reduce
LIF expression in osteoclasts of Rankl*'~ mice.

Enhancement of sclerostin expression in trabecular bone of Rankl*~ mice. We next investigated
sclerostin expression in femora of Rankl*'~ and WT mice using immunostaining. Elevated sclerostin expres-
sion was observed in Rankl*'~ mice as compared with WT mice. The number of sclerostin-positive osteocytes
was significantly increased by three-fold in Rankl*'~ mice (Fig. 5A,B). Furthermore, ELISA revealed that the
amount of sclerostin in bone marrow aspirates moderately increased in Rankl*’~ mice (Fig. 5C). In contrast
to the increased sclerostin-positive osteocytes, the signals of -catenin-positive cells on trabecular bone were
markedly decreased in Rankl*’~ mice (Fig. 5D,E).

We further explored whether the elevated sclerostin expression in Rankl*'~ mice affects bone formation in tra-
becular bone (Fig. 5F-J). On immunohistochemical staining, the ALP-positive signal intensity in trabecular bone
was diminished in Rankl*'~ mice (Fig. 5F). The serum ALP activity was also significantly reduced in Rankl*'~ mice
(Fig. 5G). Histomorphometric analysis demonstrated that the BFR, but not MAR, was significantly decreased in
trabecular bone from Rankl*~ mice (Fig. 5H-]). These data indicate that sclerostin expression, Wnt/B-catenin
signals, and bone formation in trabecular bone of Rankl™~ mice exhibit an inverse pattern to those in WT mice.

Enhancement of LIF expression in macrophages and osteoclasts thorough RANKL sig-
nals. Wehave demonstrated that RANKL depletion reduces the number of LIF-positive cells in vivo (Figs. 2H,
4I). Therefore, we examined whether RANKL-induced signals directly regulate the expression of LIF in osteo-
clast differentiation. Bone marrow macrophages (BMMs) were cultured for 24 h in the presence of M-CSF with
or without RANKL. Inhibitors of osteoclast differentiation, granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF)*, interleukin-4 (IL-4)*', and interferon-gamma (IFN-y)** were added into those cultures. The
expression of Lif and an osteoclast marker, such as Ctsk (encoding cathepsin K) was assessed using real-time
PCR. After RANKL stimulation, the expression of Lif and Ctsk mRNA in BMMs significantly increased within
24 h (Fig. 6A). Treatment with GM-CSE, IL-4 or IFN-y suppressed RANKL-induced expression of Lif and Ctsk
mRNA in BMMs (Fig. 6A). These results suggested that RANKL signals induced the expression of LIF in BMMs.

Furthermore, we examined whether RANKL-induced signals directly regulate the expression of LIF in osteo-
clasts. To obtain osteoclasts, BMMs were cultured for 3 days in the presence of M-CSF and RANKL (Fig. 6B).
After osteoclasts were formed, varying concentrations of RANKL were added to osteoclast cultures with 50 ng/
ml of M-CSF for 24 h. The expression of Lif and osteoclast markers, such as Acp5 (encoding TRAP), Ctsk, and
Mmp9 (encoding matrix metalloproteinase 9), was assessed using real-time PCR. RANKL stimulation upregu-
lated Lif mRNA expression in a dose-dependent manner (Fig. 6C). On the other hand, the expression of Acp5,
Ctsk, and Mmp9, was maintained even in cultures treated with a high concentration of RANKL. These results
suggested that RANKL signals increase the expression of LIF in osteoclasts.

Expression of LIF was reportedly induced via the c-Jun N-terminal kinase (JNK) pathway, one of the mitogen-
activated protein kinase (MAPK) pathways, by tumor necrosis factor alpha (TNF-a) stimulation in myoblasts®.
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Figure 3. Expression of sclerostin, p-catenin, and ALP in the anti-RANKL antibody-treated C57BL/6 mice. (A) »
Immunohistochemical analysis of sclerostin in the trabecular area of the femur from C57BL/6 mice at 12 weeks
of age injected with vehicle (left panels) or the anti-RANKL antibody (right panels). (B) Sclerostin-positive
cells/bone area (N/mm?). (n=6). (C) Measurement of sclerostin in bone marrow aspirates from C57BL/6 mice
injected with vehicle or the anti-RANKL antibody using ELISA (n=6). (D) Immunohistochemical analysis

of B-catenin in the trabecular area of the femur from C57BL/6 mice injected with vehicle (left panels) or the
anti-RANKL antibody (right panels). (E) -catenin-positive cells/bone surface (N/mm). (n=6). (F) Analysis of
Axin2 mRNA expression in tibiae of C57BL/6 mice at 12 weeks of age injected with vehicle or the anti-RANKL
antibody using real-time RT-PCR (n=6). (G) Immunohistochemical analysis of ALP in the trabecular area

of the femur from C57BL/6 mice injected with vehicle (left panel) or the anti-RANKL antibody (right panel).
(H) ALP activity in serum from C57BL/6 mice injected with vehicle or the anti-RANKL antibody (n=6). (I)
Histological analysis of Villanueva Goldner staining in the trabecular area of the tibiae from C57BL/6 mice
injected with vehicle (top left panel) or the anti-RANKL antibody (top right panel). The lower two panels show
double labeling of calcein. (J) Bone histomorphometry analysis of mineral apposition rate (MAR) in the tibiae
from C57BL/6 mice injected with vehicle (left panel) or the anti-RANKL antibody (right panel). (n=6). (K)
Bone histomorphometry analysis of bone formation rate (BFR) in the tibiae from C57BL/6 mice injected with
vehicle (left panel) or the anti-RANKL antibody (right panel) (n=6). *p <0.05, **p <0.01. Scale bar, 50 um.

TGE-B1 stimulation in osteoclasts also reportedly induced the expression of LIF via Smad and nuclear factor-
kappa B (NF-kB) pathways*. We therefore examined whether MAPK and NF-«B signaling pathways are involved
in the RANKL-induced expression of LIF in osteoclasts. After the formation of osteoclasts, cell cultures were
treated with each pathway-specific inhibitor for 24 h in the presence of M-CSF and RANKL. Both JNK and p38
MAPK inhibitors, but not ERK or NF-«B inhibitors, significantly suppressed Lif expression in RANKL-treated
osteoclast cultures (Fig. 6D). These data suggest that RANKL stimulation in osteoclasts induces LIF expression
via JNK and p38 MAPK pathways.

Discussion

Here, we demonstrated that osteoclasts are abundant in trabecular bone and reduce sclerostin expression. Admin-
istration of an anti-RANKL antibody to C57BL/6 mice reduced the number of osteoclasts and LIF-positive cells,
markedly increased the sclerostin-positive osteocytes in trabecular bone, and suppressed Wnt/p-catenin signal
transduction and bone formation. Furthermore, Rankl*/~ mice exhibited fewer LIF-positive osteoclasts and an
increased number of sclerostin-positive osteocytes in trabecular bone. Rankl*~ mice exhibited fewer B-catenin-
positive cells and reduced bone formation in trabecular bone. These results suggested that LIE-positive osteoclasts
facilitated bone formation through the reduction of sclerostin expression in trabecular bone. In addition, RANKL
signal increased LIF expression in cultured osteoclasts. Thus, the reduction of sclerostin expression by osteoclasts
in the vicinity of osteocytes may play a key role in the high turnover rate in trabecular bone.

Mechanical loading is considered to be the most important factor for suppressing the expression of
sclerostin®>*. Analysis of a mouse tibial axial compression loading model revealed that the strain-induced bone
adaptation of cortical bone was similar to that of the trabecular bone*, indicating that sclerostin expression in
cortical bone is similar to that in trabecular bone. However, we and others? found that sclerostin expression in
trabecular bone was lower than that in cortical bone. These findings suggest that factors other than mechanical
loading suppress sclerostin expression in trabecular bone. We examined whether there is a negative correlation
between osteoclast number and the sclerostin expression in trabecular bone. The number of osteoclasts on tra-
becular bone in diaphysis (area 1 mm away from metaphysis) was lower than that in metaphysis. However, the
number of sclerostin-positive cells in trabecular in the diaphysis was comparable to that in the metaphysis (data
not shown). These results suggest that sclerostin expression does not simply exhibit the negative correlation with
the number of osteoclasts. In fact, Rankl"’~ mice exhibited higher expression of sclerostin even though the num-
ber of osteoclasts did not markedly decrease. Thus, not only osteoclast number but also the activity of osteoclasts
may be critical for suppressing the expression of sclerostin. Based on the observation of bone sections stained for
TRAP activity (Fig. 1E) and our previous results®, we hypothesized that osteoclasts reduce sclerostin expression
in trabecular bone under physiological conditions. Furthermore, we substantiated here that the reduction of
sclerostin expression by osteoclasts is important for bone formation in trabecular bone.

Maturation of osteocytes is considered to regulate the expression of sclerostin. Mature osteocytes strongly
express sclerostin in cortical bone®. Since trabecular bone is thinner and remodeled more actively compared to
cortical bone, the osteocytes in trabecular bone may be immature compared to those in cortical bone. Mechani-
cal loading is another important regulator of sclerostin expression. Mechanical unloading elevated sclerostin
expression in trabecular bone® as well as cortical bone**. Therefore, these factors reduce sclerostin expression
in trabecular bone under physiological conditions. The suppression of bone resorption by anti-RANKL antibody
elevated sclerostin expression in trabecular bone even though the morphological features of the trabecular bone
still remained almost unchanged. Thus, the expression of sclerostin may be strictly regulated by factors including
them in trabecular bone as well as cortical bone. However, the suppression of bone resorption by anti-RANKL
antibody increased bone mass in primary trabecular bone, which could reduce the strain density in response to
normal loading. The mechanical loading decreases the sclerostin expression. It is possible that both reductions in
osteoclast-derived LIF and the strain density may increase the sclerostin expression. Further analyses are required
to clarify the mechanism by which sclerostin expression was upregulated in osteocytes with their maturation.

The mechanical unloading by immobilization reportedly increased sclerostin expression in osteocytes® and
then bone resorption®’. The enhanced bone resorption does not increase bone formation. These findings sug-
gest that the uncoupling of bone formation with resorption is caused by the mechanical unloading since the
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Figure 4. Bone resorption and LIF expression in Rankl*’~ mice. (A) ELISA analysis of RANKL in serum from
WT and Rankl*'~ male mice at 12 weeks of age (n=5). (B) Histological analysis of toluidine blue staining in

the trabecular area of the tibiae from WT mice (left panel) and Rankl*'~ mice (right panel). (C) Trabecular

bone volume of tibiae from WT mice and Rankl*'~ mice (n=5). (D) Levels of CTX in serum from WT and
Rankl*'~ mice (n=5). (E) Histochemical analysis of TRAP in the trabecular area of the tibiae from WT mice (left
panel) and Rankl*'~ mice (right panel). TRAP (red). (F) Number of osteoclasts/bone surface (N/mm) (n=5).

(G) Osteoclast surface/bone surface (%) (n=5). (H) Immunohistochemical analysis of LIF in the trabecular

area of the femur from WT mice (top left panels) and Rankl*'~ mice (top right panels). The lower two panels
show double-staining of LIF and TRAP. LIF-positive cells were marked by red arrows. TRAP-positive cells were
marked by blue arrows. (I) LIF-positive cells/bone surface (N/mm). (n=5). **p <0.01. Scale bar, 50 um.
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Figure 5. Expression of sclerostin, p-catenin, and ALP in Rankl*’~ mice. (A) Immunohistochemical analysis of sclerostin

in the trabecular area of the femur from WT mice at 12 weeks of age (left panels) and Rankl*’~ mice (right panels). (B)
Sclerostin-positive cells/bone area (N/mm?). (n=>5). (C) Measurement of sclerostin in bone marrow aspirates from WT mice
and Rankl*'~ mice using ELISA (n=5). (D) The expression of B-catenin in the trabecular area of the femur from WT mice (left
panels) and Rankl*'~ mice (right panels). (E) B-catenin-positive cells/bone surface (N/mm). (n=>5). (F) Inmunohistochemical
analysis of ALP in the trabecular area of the femur from WT mice (left panel) and Rankl*/~ mice (right panel). (G) ALP
activity in serum from WT and Rankl*’"~ mice (n=>5). (H) Histological analysis of toluidine blue staining in the trabecular area
of the tibiae from WT mice (top left panel) and Rankl*'~ mice (top right panel). The lower two panels show double labeling of
calcein. (I) Bone histomorphometry analysis of mineral apposition rate (MAR) in the tibiae from WT mice (left panel) and
Rankl"'~ mice (right panel). (n=5). (J) Bone histomorphometry analysis of bone formation rate (BFR) in the tibiae from WT
mice (left panel) and Rankl*’~ mice (right panel). (n=>5). **p<0.01. Scale bar, 50 pm.
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Figure 6. Expression of LIF in RANKL-stimulated BMMs and osteoclasts. (A) BMMs were cultured in the
presence or absence of GST-RANKL (100 ng/ml), GM-CSF (10 ng/ml), IL-4 (10 ng/ml), or IFN-y (20 ng/

ml) with M-CSF (50 ng/ml) for 24 h. Analysis of the expression of Lif and Ctsk mRNAs in the cultured BMMs
using real-time PCR (n=3). (B) BMM:s were cultured in the presence or absence of GST-RANKL (100 ng/ml)
with M-CSF (50 ng/ml) for 3 days. Osteoclasts (OCLs) appeared on day 3. In addition, the OCLs were further
cultured in the presence of varying concentrations of GST-RANKL (0, 1, 5, 25, or 100 ng/ml) with M-CSF

(50 ng/ml) for 24 h. For inhibitor experiments, the OCLs were further cultured in the presence or absence of
inhibitors of JNK, p38 MAPK, ERK, or NF-«kB pathways with GST-RANKL (100 ng/ml) and M-CSF (50 ng/
ml) for 24 h. (C) Analysis of the expression of Lif, Acp5, Ctsk, and Mmp9 mRNAs in the cultured OCLs in the
presence of varying concentrations of GST-RANKL (0, 1, 5, 25, or 100 ng/ml) with M-CSF using real-time
PCR (n=4). (D) Analysis of the expression of Lif mRNA in the cultured OCLs in the presence or absence of
inhibitors of JNK (10 uM), p38 MAPK (10 pM), ERK (20 uM), or NF-«B (5 uM) pathways with GST-RANKL
(100 ng/ml) and M-CSF using real-time PCR (n=4). *p<0.05, *p <0.01.
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mechanical unloading increases the sclerostin expression. It is likely that osteoclasts cannot suppress the scle-
rostin expression in this situation. In contrast, bone resorption enhances bone formation though the suppression
of sclerostin expression during physiological bone remodeling.

Serum sclerostin levels were reportedly increased in humans with aging*"*?. The expression of sclerostin in
mice was reportedly observed at 4 weeks of age*® and increased until 9 months old of age and then decreased at
21 months of age***. The number of osteoclasts in bone was reportedly increasedduring the growth period, and
then tended to decrease with age***”. Thus, these previous reports support in part our concept that osteoclasts
suppress sclerostin expression in trabecular bone.

Osteoclast-secreted factors such as Cthrcl, CT-1, OSM, and S1P are reportedly implicated in the coupling
mechanism between bone resorption and formation'. These factors possibly suppress the expression of sclerostin.
We have previously shown that recombinant CTHRC1 was unable to reduce sclerostin expression in UMR106
cells and neutralizing antibodies against CT-1 and OSM failed to rescue osteoclast conditioned medium-sup-
pressed effect on the expression of sclerostin in UMR106 cells®. These findings suggested that effects of these
factors on suppression of sclerostin expression are weaker than that of LIF even though those factors are secreted
from osteoclasts. However, in addition to LIF, several osteoclast-derived coupling factors have been reported’2.
Therefore, the inhibition of bone resorption may reduce bone formation by reducing the factors other than LIE
Further studies are necessary to clarify the involvement of these factors in sclerostin expression.

Previously, we reported that multinucleated bone-resorbing osteoclasts in Opg~~ mice highly expressed LIF.
In this study, LIF-positive signals were observed only in the bone-resorbing osteoclasts of WT mice under physi-
ological conditions (Figs. 2G, 4H). These findings suggest that bone-resorbing osteoclasts strongly express LIE
It has been previously reported that TGF-f1 promotes the expression of LIF with differentiation and activation
of osteoclasts in vitro***. These data indicate that TGF-B1 released from the bone matrix during bone resorp-
tion leads to the upregulation of LIF expression in osteoclasts. Furthermore, we found that RANKL stimulation
increased the expression of LIF in osteoclasts in culture experiments and analysis of Rankl*'~ mice. The RANKL
signaling was reportedly important not only for osteoclast differentiation but also for its function®. We found
that IL-1a, which activates bone resorption, promoted the expression of LIF in osteoclasts (data not shown).
Osteocytes are the primary source of RANKL in bone™. As trabecular bone exhibits a mesh-like structure,
osteocytes exist near the bone surface in the trabecular bone as compared with in cortical bone. In addition,
membrane-bound RANKL, but not soluble RANKL, was reportedly involved in bone resorption in the peri-
odontal disease model®'. Membrane-bound RANKL is considered to more easily access osteoclasts in trabecular
bone. Thus, RANKL signaling may be more activated in trabecular bone compared to in cortical bone, suggesting
that RANKL stimulates osteoclasts to express LIE

Our study using inhibitors demonstrated that RANKL signaling induced the expression of LIF in osteoclasts
via JNK and p38 MAPK pathways. Previous report has shown that the TGF-f1 signaling activates Smad and
NF-kB, and induces the expression of LIF in osteoclasts*. Thus, the expression of LIF in osteoclasts is controlled
by different cytokine signals, suggesting that osteoclast-derived LIF likely plays a key role in bone remodeling.
Further detailed analyses are required to address the mechanism by which osteoclasts express LIF.

Recombinant LIF activates bone remodeling in mouse calvarial organ culture?” and elevates RANKL expres-
sion in osteoblast-lineage cells®>. These reports suggest that osteoclast-induced LIF further induces RANKL
expression in osteoblast-lineage cells, including osteocytes. We found that osteoclasts reduced the expression
of sclerostin and then increased the number of Wnt/B-catenin-positive cells on the surface of trabecular bone.
Furthermore, Axin2 mRNA expression in the whole tibia was increased. These observations suggested that
osteoblast-lineage cells were activated by increased Wnt/B-catenin signals. Activated Wnt/B-catenin signals in
osteoblast-lineage cells may increase OPG expression. Thus, activated osteoclasts may terminate bone resorption
by inducing OPG expression in the surrounding osteoblast-lineage cells and osteocytes.

Clinical studies reported that treatment of patients with osteoporosis with bisphosphonate or anti-RANKL
antibody (denosumab) maintains bone mass through inhibition of bone resorption and helps lower the fracture
rate”*>**. However, administration of antiresorptive agents rarely causes atypical fractures or antiresorptive
agent-related osteonecrosis of the jaw (ARONJ)>>*. One of the causes may be the rapid deterioration of bone
formation by antiresorptive agents®’. Therefore, a means for suppressing bone resorption by maintaining forma-
tion is beneficial for the treatment of osteoporosis.

In conclusion, we demonstrated that many osteoclasts in trabecular bone expressed LIF and play a key role
in the acceleration of bone formation through the suppression of sclerostin expression in osteocytes. Our study
provides evidence that osteoclasts are important for maintaining bone morphology and mass in trabecular bone
under physiological conditions. Based on previous reports and our present results, administration of LIF or an
anti-sclerostin antibody to patients with reduced bone formation due to antiresorptive agents may be effective
for maintaining bone formation through the depression of sclerostin expression.

Materials and methods

Mice and reagents. C57BL/6 male mice were purchased from Japan SLC (Shizuoka, Japan). Rankl*’~ mice
(C57BL/6 background)® were generated by one (J.M.P.) of the authors’ laboratories. Rankl*'~ and Rankl** (WT)
littermate male mice at 12 weeks of age were used in this study. For the animal experiments, the number of
mice in each group was determined according to our previous reports®*®. No statistical method was used to
predetermine the sample size. Mice used for experiments were randomly selected from each strain. The mice
were housed in up to 5 mice per cage (12 cm x 15 cm x 23 cm). All mice were housed in a specific-pathogen-free
facility at Matsumoto Dental University at 24 °C+2 °C and 50-60% humidity with a 12-h light/dark cycle, and
had free access to sterilized water and a normal diet (CLEA, CE-2). According to the guidelines of the Animal
Management Committee of Matsumoto Dental University, all procedures for animal care were approved and
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carried out. Recombinant GST-RANKL was purchased from Oriental Yeast (Tokyo, Japan) and the neutralizing
antibody against mouse RANKL (clone OYC1)? was obtained from Oriental Yeast. Recombinant human M-CSF
(Leukoprol) was purchased from Kyowa Hakko (Tokyo). Inhibitors of JNK (SP600125), p38 (SB203580), ERK
(PD98059), and nuclear factor-kappa B (NF-«kB) (BAY11-7082) pathways were purchased from Fujifilm Wako
Pure Chemical (Osaka, Japan).

To evaluate he effects of elimination of bone resorption on sclerostin expression in osteocytes, the anti-mouse
RANKL antibody (5 mg/kg) was injected once subcutaneously (s.c.) into C57BL/6 mice at 10 weeks of age*®, and
then these mice were sacrificed on day 14.

Generation of Sost-Green reporter mice. A RPCI-24-276023 BAC clone containing the mouse Sost
(sclerostin) gene was purchased from BACPAC Resource Center at Children’s Hospital Oakland Research Insti-
tute (Oakland, CA). The targeting vector was prepared by recombination approaches. The 184-bp Sost CDS in
exon 1 was replaced with ZsGreen CDS, which was fused to 24 nucleotides after the Sost start codon. The 5’
homology arm containing the modified Sost exon 1 and 3’ arm were subcloned into the PL451 targeting vec-
tor. The targeting vector was digested with NotI and electroporated into the embryonic stem cell line R1 (129/
Sv origin). Targeted clones were screened by G418 and verified by Southern blot analysis. Cloned ES cells were
injected into C57BL/6 blastocysts to generate chimeric mice. Chimeric mice were bred with C57BL/6 and the
offspring were backcrossed for more than 5 generations. Knock-in lines were maintained as heterozygous and
used as SostCreer,

Southern blotting analysis. Proteinase K digested tail DNA was extracted with phenol/chloroform and
then precipitated with isopropanol. DNA was digested with the Xbal restriction enzyme then separated by elec-
trophoresis. After transferring the DNA fragment onto a nitrocellulose membrane, the target fragments were
detected by the DIG hybridization system (Sigma-Aldrich, St. Louis, MO, USA).

Bone histomorphometry. For fluorescence labeling of mineralization sites in the anti-mouse RANKL
antibody-treated or vehicle-treated C57BL/6, WT, and Rankl*’~ mice, calcein (Sigma-Aldrich; 10 mg/kg, s.c.)
was injected at 72-h intervals on days 9 and 12. On day 14, five or six mice of each group were sacrificed at
12 weeks of age. Their tibiae were fixed in 70% ethanol and stained with Villanueva Goldner or toluidine blue to
identify cellular components. The tibiae were embedded in glycol-methacrylate, sectioned, and were subjected
to histomorphometric analysis. Images were also visualized using fluorescence microscopy. Bone histomorpho-
metric analysis was outsourced to an external company to be performed in a blind fashion. According to the
guidelines of the histomorphometry nomenclature committee of the American Society for Bone and Mineral
Research, nomenclature and units were used™.

Fluorescence imaging. After perfusion fixation, bone tissues were further fixed with 4% paraformalde-
hyde (PFA) at 4 °C for 24 h. The bone tissues were decalcified with 10% EDTA, immersed in 30% sucrose solu-
tions at 4 °C, and then embedded in 5% carboxymethyl cellulose (Section-lab, Hiroshima, Japan) as described
previously®. Sections with a thickness of 10 um were prepared using Kawamoto's film method®'. Nuclear stain-
ing was performed by Hoechst 33342 (blue, Supplementary Fig. S5) from Dojindo laboratories (Kumamoto,
Japan). Cryosections were observed under a fluorescence microscope. The Sost-Green-positive osteocytes in
bone tissues were measured using Image] software (NIH, Bethesda, MD, USA). The region of interest (ROI) of
trabecular bone was from the distal end of the growth plate in the distal femur to the center of femur. The ROI
of cortical bone began 1 mm from the distal end of the growth plate in the distal femur. The ratio of the number
of Sost-Green-positive cells/the number of nuclei (%) was calculated.

Immunohistochemistry. The dissected tibiae and femora were fixed, decalcified, and then embedded in
paraffin as described previously®. Histological sections were incubated with anti-alkaline phosphatase (ALP),
tissue-non-specific antibody (ab108337, Abcam, Cambridge, UK), an anti-mouse LIF antibody (AB-449-NA,
R&D Systems, Minneapolis, MN), anti--catenin antibody (ab32572, Abcam), or anti-mouse sclerostin antibody
(AF1589, R&D Systems) at 4 °C overnight. Next, the sections were incubated with the horseradish peroxidase
(HRP)-conjugated secondary antibody. The HRP-conjugated antibody was visualized using a DAB kit (Nichirei
bioscience, Tokyo). Cells were counterstained with hematoxylin. The histologies of negative controls were shown
(Supplementary Fig. S6). The bone area in trabecular bone was measured using Image] software (NIH). The ROI
of trabecular bone was from the distal end of the growth plate in the distal femur to the center of femur. The
ROI of cortical bone began 1 mm from the distal end of the growth plate in the distal femur. On DAB staining,
the number of sclerostin-positive cells was measured by histomorphometry, and the ratio of the number of
sclerostin-positive osteocytes/bone area (N/mm?) was calculated. The numbers of LIF- and p-catenin-positive
cells were also measured, and the ratio of the number of positive cells/bone surface (N/mm) was calculated.
Histological sections were stained for tartrate-resistant acid phosphatase (TRAP, a marker of osteoclasts). For
the TRAP-positive cells in Fig. 1E, the ROI of the box indicated by the dotted line was measured. The ROI of
trabecular bone began from the distal end of the growth plate in the distal femur. The ROI of cortical bone began
0.2 mm from the distal end of the growth plate in the distal femur.

Detection of bone metabolism markers in serum and bone marrow aspirates. Mouse serum and
bone marrow aspirates were sampled and determined to ELISA analysis as described previously®*. Serum levels
of C-terminal crosslinked telopeptide of type-I collagen (CTX) and RANKL were measured by Ratlaps CTX- I
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EIA kit (immunodiagnostic systems, Boldon, United Kingdom) and ELISA (Quantikine Mouse TRANCE ELISA
kit, R&D Systems), respectively. The serum activity of alkaline phosphatase (ALP) was measured using an ALP
kit (Wako). Bone marrow aspirates were sampled from femora and tibiae in 0.5 ml of saline. Sclerostin amounts
in bone marrow aspirates were measured by ELISA (Quantikine Mouse/Rat Sost ELISA kit, R&D Systems).

BMM cultures. Mouse BMMs were prepared using osteoclast precursors as described previously®. BMMs
were cultured in 24-well plates (7x10* cells/well) in the presence of M-CSF (50 ng/ml) in aMEM (Sigma-
Aldrich) containing 10% fetal bovine serum (FBS) (JRH Biosciences, Lenexa, KS). The BMMs were further
cultured in the presence or absence of GST-RANKL (100 ng/ml), mouse GM-CSF (10 ng/ml; R&D Systems),
mouse IL-4 (10 ng/ml; R&D Systems), or mouse IFN-y (20 ng/ml; Peprotech, Rock Hill, NJ) with M-CSF (50 ng/
ml) for 24 h. Total RNA was collected 24 h after stimulation.

Osteoclast cultures. BMMs were cultured in 24-well plates (7 x 10* cells/well) in the presence of GST-
RANKL (100 ng/ml) and M-CSF (50 ng/ml) in aMEM (Sigma-Aldrich) containing 10% FBS. The BMM culture
medium was changed day 2. In these cultures, osteoclasts were formed on day 3. Osteoclasts were further cul-
tured in the presence or absence of GST-RANKL (1, 5, 25, or 100 ng/ml) with M-CSF (50 ng/ml) for 24 h. For
inhibitor experiments, osteoclasts were cultured in the presence or absence of inhibitors of JNK (10 uM), p38
MAPK (10 uM), ERK (20 pM), or NF-kB (5 uM) pathways with GST-RANKL (100 ng/ml) and M-CSF (50 ng/
ml) for 24 h. Total RNA was collected from these cultures on day 4.

Real-time RT-PCR analysis. Cultured cells were lysed in the cultured dish using TRIzol Reagent (Thermo
Fisher Scientific, Waltham, MA) to prepare total RNA. After flushing out bone marrow cells, the tibiae were
homogenized in TRIzol using TissueLyser II (Qiagen, Hilden, Germany). Total RNA was isolated using RNA
isolation kits (PureLink RNA mini kit, Thermo Fisher Scientific) and RNase-free DNase I (Qiagen). To synthe-
size first-strand cDNA, total RNA was reverse transcribed using oligo (dT),,_;s primers (Thermo Fisher Sci-
entific) and ReverTra Ace (Toyobo, Osaka). The quantification of cDNA was performed by real-time RT-PCR
using Fast SYBR Green (Thermo Fisher Scientific) and the StepOnePlus system (Thermo Fisher Scientific). The
PCR reaction used following temperature profile: 95 °C for 20 s, followed by 40 cycles of 95 °C for 3 s and 60 °C
for 30 s. The melting curve were confirmed in each PCR experiment. In Supplementary Table S1, the primer
sequences used for real-time PCR analyses are listed. The levels of expression were calculated by a relative stand-
ard curve. As an internal control for normalization, Gapdh was used.

Analysis of statistical significance. The results are expressed as the mean +SD for three or more sam-
ples. In between two groups, the significance of differences was determined by the unpaired 2-tailed Welch’s ¢
test. Among three or more groups, the significance of differences was determined by ANOVA with Scheffe’s test.
Significant differences were considered as P-values less than 0.05.
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