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Wnt signaling has important roles in embryonic bone development and postnatal bone remodeling, but inconsis-
tent impact on bone property is observed in different genetic alterations of Lrp5 and β-catenin. More importantly,
it is still controversial whether Lrp5 regulate bone formation locally or globally through gut-derived serotonin.
Here we explored the function of Wnt proteins in osteoblastic niche through inactivation of the Wntless (Wls)
gene, which abrogates the secretion ofWnts. The depletion ofWls in osteoblast progenitor cells resulted in severe
osteopenia with more profound defects in osteoblastogenesis, osteoclastogenesis and maintenance of bone mar-
rowmesenchymal stem cells (BMSCs) compared to that observed in Lrp5 and β-cateninmutants. These findings
support the point of view thatWnt/Lrp5 signaling locally regulates bonemass accrual throughmultiple effects of
osteoblastic Wnts on osteoblastic bone formation and osteoclastic bone resorption. Moreover, osteoblastic Wnts
confer a niche role for maintenance of BMSCs, providing novel cues for the definition of BMSCs niche in bone
marrow.

© 2013 Elsevier Inc. All rights reserved.
Introduction

Postnatal bone remodeling requires an orchestrated action of
osteoclastic bone resorption and osteoblastic formation in the basic
multicellular unit (BMU) [1]. During this process, osteoblastic and osteo-
clastic activity is finely tuned by signals from the crosstalk between cells.
For instance, osteoclasts release TGF-β factors from the bone matrix and
recruit bone marrow mesenchymal stem cells (BMSCs) to the BMU [2].
Osteoblasts regulate osteoclast differentiation by secreting M-CSF, OPG
and RANKL [3–8]. In addition, osteoblasts and osteoclasts are reciprocally
modulated through the ephrinB2–EphB4 [9,10], Sema4D–Plexinb1 and
Sema3A–Nrp1 signaling [11,12]. In contrast to these advances, little is
known about how BMSCs are maintained and how they are activated
to differentiate into osteoblasts in the BMU of bone remodeling.

Wnt signaling has extensive roles in regulating bone development
and postnatal homeostasis based on a number of genetic alterations
in components of Wnt signaling cascade [13–19], such as Lrp5 and
β-catenin. Loss-of-function mutation in Lrp5 leads to osteoporosis
[20], whereas gain-of-function mutation in Lrp5 results in high bone
mass [21–23]. Studies of other components of the canonicalWnt signal-
ing cascade, such as β-catenin and Axin, indicate that Wnt signaling
promotes bone formation through a variety of mechanisms, including
rights reserved.
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the stimulation of pre-osteoblast proliferation, induction of osteoblast
differentiation and prevention of osteoblast and osteocyte apoptosis
[13,14,24–26]. β-Catenin, the central effector of canonical Wnt signal-
ing, prevents osteoclastic bone resorption by stimulating OPG expres-
sion in osteoblasts [3–5]. Recently, β-catenin in osteoclasts is also
shown to cell-autonomously regulate osteoclastogenesis in a biphasic
and dosage-dependent manner [27].

Despite the great progress, the impact and underlying mechanism of
Lrp5 in bone mass regulation are still controversial. Based on the obser-
vations in mice with osteocyte-specific alterations of Lrp5, or in com-
pound mutant mice with limb mesenchyme-specific deficiency of Lrp5
and Lrp6 [16], Lrp5 regulate bone mass accrual in a cell-autonomous
manner. However, Yadav et al. detected no change in bone mass when
Lrp5 was inactivated in mature osteoblasts, whereas he observed a de-
crease of bonemass at loss of Lrp5 in gut [28]. Therefore, the author sug-
gests that Lrp5 globally controls bone mass through an endocrine action
of gut-derived serotonin, but not in the bonemarrow. Genetic studies of
the mutant mice devoid of individual Wnt ligand had provided no clear
answer for this argument [29–32]. On the other hand, several types of
cells in bone marrow, including osteoblasts and osteoclasts, secret Wnt
ligands [33]. In adult bone, Wnt5a has a role to coordinate osteoblast
and osteoclast differentiation [34], andWnt10b regulates BMSCmainte-
nance in an age-dependent manner [17]. However, which type of cells
produceWnt proteins that are important for postnatal bone homeostasis
remains elusive.
gulate bone remodeling and the maintenance of bone marrowmes-
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Recently, two SNP in Wntless locus are identified to be associated
with reduced bone mass by genome wide association studies [35,36].
The Wntless (Wls), a transmembrane protein, is specifically required
for the secretion of both canonical and non-canonical Wnt proteins in
cells [37,38]. The mice with conventional inactivation of Wls die at
embryonic stagewith defects in the embryonic axis [39]. Conditional de-
pletion ofWls has been extensively used to investigate the paracrine ef-
fect ofWnt proteins in a variety of tissues, including brain [37], limb, hair
follicle epithelium [40] andmature osteoblasts [41]. In this study, we ex-
plored the role of Wnt proteins in postnatal bone remodeling through
inactivating Wls gene in osteoblast progenitor cells. Our investigations
support the point of view that osteoblastic Wnts locally regulate bone
mass accrual through their combinatory effect on osteoblastic bone for-
mation and osteoclastic resorption. Our findings also suggest that osteo-
blastic Wnts sustain maintenance of BMSCs, providing novel cues for
identification of the BMSCs niche in bone marrow environment.

Materials and methods

Mice

The Col1-cre transgenicmice [42], Osteocalcin-Cremice [43,44],Wlsc/c

mice [38], and β-catex3/+mice [45] were used as described. Each condi-
tional knockout mouse was generated by a cross of Col1-Cre or Osc-Cre
mice with Wlsc/c and β-catex3/+mice. The genetic backgrounds of all
mice were uniform mixtures of 129S1/SvIMJ and C57Bl/6J. All animal
procedures were performed in accordance with guidelines set by Bio-X
Institutes in Shanghai Jiao Tong University.

Calvarial cell culture and ALP staining

Osteoblasts were isolated from calvaria of newborn mice. Then
soft tissue was removed and the calvaria were chopped into small
fragments. The calvaria were then subjected to five sequential diges-
tions with 0.05% Trpsin-EDTA (Gibco) and 0.5 mg/ml collagenase
(Gibco) in α-MEM (Gibco) medium at 37 °C for 15 min each. The
cells from the last four digestions were collected and cultured for subse-
quent experiments. In 24-well plates, 5×104 cells were seeded in
each well and transferred into osteogenic medium containing 10 mM
β-glycerol phosphate (Sigma), 50 μg/ml ascorbate-2-phosphate (Sigma)
and10−7 M dexamethasone (Sigma) after reaching subconfluence. The
culture medium was changed every other day for up to one week. Then
ALP (Takara) staining was conducted according to the manufacturer's
instruction.

Immunohistological and histomorphometric analyses

Before the bone sampleswere embedded in paraffin, the bones of P7
or P14 were fixed in 4% PFA at 4 °C overnight, and then decalcified
in 15% EDTA for 7 days before H&E (Beyotime), Trap (Sigma), Safranin
O staining. The embryonic skeletons of E17.5 for von Kossa staining
were processed without decalcification. For histomorphometry,
10-mm-thick longitudinal sections were cut through the trabecular re-
gion. The primary antibodies used in the immunohistochemistry exper-
iments were the following: anti-Wnt5a (R&D), anti-Wnt5b (Abgent),
anti-Wnt10b (Sigma), anti-Osterix (Abcam), anti-Nestin (Abcam) and
anti-BrdU (Abcam). The secondary antibodies used were the Alexa
Fluor 488 conjugated and the Alexa Fluor 488 conjugated second anti-
body (Invitrogen). Mice received an intraperitoneal injection of
bromodeoxyuridine (BrdU) (Sigma) with a dose of 100 μg/g body
mass, and were killed 2 h later, and then embedded in paraffin for sec-
tioning. For primary calvarial cells, 5×104 primary calvarial cells were
seeded in a 24-well plate and cultured for 24 h. Complete medium
with 10 μM BrdU (Sigma) was changed and incubated for 2 h. For
BrdU incorporation and Tunel staining, sections or calvarial cells were
treated according to the manufacturer's instructions.
Please cite this article as: Wan Y, et al, Osteoblastic Wnts differentially re
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Microcomputed tomography (μCT)

Tibiaswere stripped of soft tissue and preserved in 70% EtOH at 4 °C.
The bones were scanned in deionized water using a Micro-computed
Tomography analysis system (Skyscan), images acquired at 50 kVp,
200 μA, 280-ms integration time with voxel size of 18.26 μm. Data
were analyzed using Skyscan CT-analyzer software according to the
guidelines described [46]. Quantitative morphometry data were based
on region of interest (ROI) as following: trabecular bone region starting
from growth plate reference level extending 44 slices (0.8 mm) distally,
while cortical bone starting from mid-diaphysis extending 22 slices
(0.4 mm) proximally. Quantitative morphometry data were qualified
including: (1) bone volume fraction (BV/TV); (2) specific bone surface
(BS/BV); (3) trabecular number (Tb.N); (4) trabecular bone mineral
density (trabecular BMD); (5) average trabecular thickness (Tb.Th);
and (6) trabecular separation (Tb.Sp); (7) average cortical thickness
(Ct.Th).

RNA extraction and quantitative real-time PCR

RNA was extracted from cultured cells using the Trizol reagent
(Invitrogen) according to standard procedures, while RNA was extracted
from the long bone with a subtle adjustment: the long bones were
crushed in liquid nitrogen, and further homogenizedwith a homogenizer.
SuperScriptIIReverse Transcriptase (Invitrogen) was used to reverse-
transcribe 800 ng of RNA. Real-time PCR was performed on ABI Prism
7500 Sequence Detection System (Applied Biosystems) using a SYBR
Green Kit (Roche). The samples were normalized to Actin expression.
All primer sequences could be found in Supplementary Table 1.

Flow cytometric assay and CFU-F assays

Bone marrow were flushed from long bones, and the BMSCs
were identified with staining of Lin(ebioscience), CD31(ebioscience),
CD45(ebioscience), CD29(ebioscience) and Sca1(ebioscience). The oste-
oclast progenitor was identified with staining of CD11b(ebioscience),
B220(BD), CD3(ebioscience), c-Kit(ebioscience) and CD115(Biolegend).
For CFU-F assays, bone marrow were flushed from long bone, 1.0×106

cells were seeded in a single well of a 6-well plate for duplicate assays
and cultured according to the manufacturer's recommendations (Stem
Cell Technologies).

Serology

Blood samples from 2-week-old WT and Wls-null mice were
harvested at the time of euthanization, and serum was prepared.
Serum cross-linked C-telopeptide (CTx), OPG and RANKL were mea-
sured using a RatLaps ELISA Kit (1RTL4000, Nordic Biosciences, Herlev,
Denmark) following the manufacturer's instructions.

BMMs isolation and coculture experiment

Bone marrow cells were flushed from long bone of P8 mice. After
lysis of red blood cells, the residual cells were resuspended in complete
α-MEMand incubatedwith 5 ng/mlM-CSF. After 24 h, thefloating cells
were collected and cultured in completeα-MEMwith 10 ng/ml M-CSF.
After another 24 h, the adherent cells were flushed with complete
α-MEM to obtain bone marrow monocyte (BMM) cells.

For coculture experiment, 1×105 osteoblast cells were isolated from
calvaria of P8 mice and then seeded in 24-well plate. 1×105 BMM cells
were seeded on osteoblast cells since after osteoblast cells were adhere
to the plate. The complete α-MEM culture mediumwas supplemented
with 10 ng/ml M-CSF and 50 ng/ml RANKL, and the medium was
changed every day for 5 days before TRAP staining.
gulate bone remodeling and the maintenance of bone marrowmes-
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Statistical analysis

Results are given asmeans±standard deviations. Statistical analysis
was performed using Student's t test. For Figs. 2–7 and S2–S5, *Pb0.05,
**Pb0.01 and ***Pb0.001 versus the WT or control.
Results

Multiple Wnt proteins are dynamically expressed in differentiating
osteoblasts

To determine the effect ofWnt proteins in postnatal bone homeosta-
sis, we first examined the expression of various Wnts in differentiating
osteoblasts. Quantitative RT-PCR (qPCR) indicated that multiple Wnt
genes, including non-canonical Wnt4, Wnt5a, Wnt5b, Wnt7b and Wnt16
and canonical Wnt10b, were dynamically expressed in differentiating
osteoblasts of calvarial or cortical bones (Fig. 1A). Wnt4, Wnt7b and
Wnt16 expression levelswere relatively higher in themature osteoblasts
in cortical bones compared to the immature osteoblasts in cavarial
bones (Fig. 1A). Immunohistochemistry (IHC) assay validated that the
Fig. 1. Multiple Wnts are dynamically expressed in differentiating osteoblasts. A. The relativ
(WT) mice as revealed by qPCR (n=3). B–I. The expression of Wnt10b (C, G), Wnt5a (D, H)
primary ossification at the E16.5 (B–D), P7 (E) and P14 (F–I) stages as detected by immuno
the endosteal surface of cortical bone (arrow in E). Nestin+ BMSCs (white arrows) was loc
immature osteoblasts were isolated from calvaria while mature osteoblasts were from cort
hypertrophic chondrocytes; PO, periosteum; OB, osteoblast; TB, trabecular bone.
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canonical Wnt10b, as well as the non-canonical Wnt5a, was highly
expressed in the osteoblasts of the periosteum and trabecular region of
long bones at E16.5 (Figs. 1C–D). At P7 or P14 postnatal stage, Wnt5b
andWnt10b expressionwere highlymaintained in osteoblasts of perios-
teum and trabecular bones (Figs. 1E, G, I), but the expression of Wnt5a
decreased in the mature osteoblasts (arrow in Figs. 1D, H). Wnt5b ex-
pression was not only detected in the osteoblasts or osteocytes within
the cortical bone, but also partially overlapped with Nestin+ BMSCs at
the surface of endosteal (arrows in Fig. 1E). These observations suggest
that osteoblasts are important sources secreting differential Wnt ligands
in bone marrow environment.
Depletion of osteoblastic Wls results in osteopenia

To explore the impact of osteoblasticWnts on bonemass regulation,
the Wntless (Wls) gene was conditionally depleted in the osteoblastic
lineage by crossing Wlsc/c mice with the Col1a1-3.6kb-Cre (Col1-Cre)
or Osteocalcin-Cre (Osc-Cre) transgenic mice. In line with previous re-
ports [42,44], X-gal staining on bone sections from the Col1-Cre; R26R
mice revealed that the Cre-mediated recombination in the Col1-Cre
e expression of Wnt genes in calvarial osteoblasts and cortical osteoblasts in wild-type
and Wnt5b (E, I) in osteoblasts of the periosteum or the trabecular bone region during
histochemistry (IHC) examination. Wnt5b was also detected in osteoblasts within or at
ated in the vicinity of or overlapping with Wnt5b+ osteoblasts at P7 (arrow in E). The
ical bone at P8. The sections were obtained from distal femur (D, F–J) respectively. HC,

gulate bone remodeling and the maintenance of bone marrowmes-
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mice occurred at osteoblast progenitor stage (Fig. S1). The skeletal de-
velopment in the Col1-Cre; Wlsc/c mice appeared largely normal at the
prenatal stage except for a slightly delay in chondrocyte hypertrophy,
as evidenced by skeletal preparations of the forelimb and hindlimb as
well as Safranin O, H&E and von Kossa staining in sections at E17.5
(Fig. S2). However, a significant postnatal growth arrest was observed
and most of the mutant mice died at one to two weeks of age
(Figs. 2A and B), possibly due to heart failure (data not shown). Most
of the Col1-Cre; Wlsc/c mice had defects at the skull ossification and ver-
tebral organization (Figs. 2C, D). The axial skeletons were abnormally
flexed at thoracic region, coupled with ectopic cartilage formation in
the intervertebral disks and axial side of the ribs of the Col1-Cre; Wlsc/c

mice (Figs. 2D, E).
Compared with the control littermates, the μCT scan at P14 revealed

that Col1-Cre; Wlsc/c mice had severe osteopenia, as evidenced by the
marked decreases in the trabecular and cortical BMD, trabecular bone
volume, trabecular bone number, trabecular and cortical bone thick-
ness, and a concurrent increase in the trabecular BS/BV (Fig. 3). In con-
trast, depletion of Wls in mature osteoblasts in the Osc-Cre; Wlsc/c mice
only displayed reductions in the cortical bone thickness, and had no
changes in the other bone properties within the trabecular and cortical
bone (Fig. S4). TheOsc-Cre;Wlsc/cmice shownnormal lifespan andwere
born at normal Mendelian frequency. These findings indicate that oste-
oblasticWnts regulate bonemass accrual in a stage-dependentmanner.

Osteoblastic Wnts promotes osteoblastogenesis in postnatal bone turnover

To understand the cellular basis of bone mass loss in the mutant
mice, we first examined the proliferation and apoptosis of osteoblasts.
Histomorphometric analysis based on H&E staining showed that the
Col1-Cre; Wlsc/c mice had fewer osteoblasts per trabecular bone area
Fig. 2. Ablation ofWls in osteoblasts impairs the axial skeleton development. A. The Col1-Cre
growth curve of Col1-Cre; Wlsc/c mice exhibited obvious growth arrest after P10. C. The skull
were abnormally flexed in thoracic region. E. Ectopic cartilage chondrocytes were detected
Safranin O (yellow arrows). (For interpretation of the references to color in this figure lege
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compared with the wild-type (WT) controls (Figs. 4A–C). In the con-
secutive bone sections, fewer BrdU-positive cells and more apoptotic
osteoblasts were observed in the Col1-Cre; Wlsc/c mice according to
the BrdU incorporation and Tunel assay (Figs. 4D–I). These results in-
dicate that osteoblastic Wnts sustain osteoblast proliferation and
survival.

To investigate the osteoblast differentiation in the Col1-Cre; Wlsc/c

mice, we examined the gene expression of osteoblastmarkers in the cor-
tical bone using qPCR. The expression levels of Runx2 and Osterix were
not significantly altered (Fig. 4J), suggesting the initial osteoblast differ-
entiation was not affected. However, further osteoblast differentiation
and maturation was perturbed as evidenced by expression levels of
late osteoblast markers, Col1a1 and Osteocalcin, were remarkably
downregulated in themutants compared to theWT (Fig. 4J). In addition,
the impairment in osteoblast differentiation was validated by alkaline
phosphatase (ALP) staining in the osteogenic culture of primary calvarial
cells obtained fromneonatalmice (Fig. 4K). As evidencedby thedecrease
in Lef1 transcript and β-catenin protein level at loss of Wls in primary
calvarial cells (Figs. 4L–N), the canonical Wnt signaling activity was sig-
nificantly downregulated in the mutant mice. These findings indicated
that osteoblastic Wls-deficiency impairs bone formation through
blocking the canonicalWnt signaling activity in the osteoblast lineage it-
self. Osteoblastic Wnts promote osteoblastogenesis through stimulating
the osteoblast differentiation, proliferating and survival.

Ablation of osteoblastic Wls enhances osteoclast differentiation

To explore the osteoclastic bone resorption in the osteoblastic
Wls-deficient mice, we examined the osteoclastogenesis through FACS
analysis and TRAP staining. The osteoclast progenitors or precursors
can be defined as CD11b−B220−CD3−CD117+CD115+ [47]. FACS
; Wlsc/c mice were much smaller in size compared with the WT littermates at P14. B. The
ossification was perturbed in the knockout mice as marked by arrows. D. The vertebrae
in the intervertebral disk and paraxial side of ribs in the mutant mice, as stained by

nd, the reader is referred to the web version of this article.)

gulate bone remodeling and the maintenance of bone marrowmes-
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Fig. 3. μCT scan for the bone mass accrual in the Col1-Cre; Wlsc/c mice. A–C′. The μCT images of the tibia of P14 male mice. Sagittal sections were shown in (A, A′) and 3-D images of
the bracketed trabecular bones (B, B′) and cortical bones (C, C′) were shown. D–K. Graphs depicting the bone parameters in P14 (n=3). The trabecular bone volume/total volume
(BV/TV) (D), trabecular bone surface/bone volume (BS/BV) (E), trabecular number (F), trabecular BMD (G), trabecular thickness (H), trabecular separation (I), cortical BMD (J) and
cortical bone thickness (K) were depicted.
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analysis of bonemarrow cells from long bones showed that the percent-
age of osteoclast progenitors had a significant increase in bone marrow
of Col1-Cre; Wlsc/c mutant than the WT mice (Figs. 5A, B). In addition,
TRAP staining indicated that the number of mature osteoclasts per tra-
becular bone area was also remarkably higher (Figs. 5C, D). These
findings suggest that osteoblasticWls-deficient mice have enhanced os-
teoclastic bone resorption.

OPG, RANKL and M-CSF, secreted by osteoblasts and osteocytes, are
major regulators for osteoclastogenesis [48]. Therefore we measured
the concentration of these proteins in serum by ELISA. The Col1-Cre;
Wlsc/c mice at P14 expressed less OPG, more RANKL and had decreased
OPG/RANKL ratio in serum compared to the controls (Figs. 5E, F and
H). Meanwhile, the serum level of carboxy-terminal collagen crosslinks
(CTX), a marker of bone resorption, was slightly elevated (Fig. 5G). The
changes in the expression levels of OPG, RANKL and M-CSF genes were
validated by qPCR examination in cortical bones (Fig. 5I). These alter-
ations suggest that osteoblastic Wnts suppress osteoclastogenesis at
least in part through modulating the expression of OPG, RANKL and
M-CSF factors in osteoblasts.

The paracrine effect of osteoblastic Wnts on osteoclast differentiation

To assess the paracrine effect of osteoblastic Wnts on
osteoclastogenesis, we generated Col1-Cre; Wlsc/c; β-catex3/+ mutant
Please cite this article as: Wan Y, et al, Osteoblastic Wnts differentially re
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micewith osteoblasticWls-deficiency and aβ-catenin gain-of-function al-
lele. In the doublemutant, endogenousWnt/β-catenin signalingwas con-
stitutively activated in osteoblasts whereas Wnt secretion was
simultaneously blocked. The Col1-Cre; β-catex3/+ and Col1-Cre; Wlsc/c;
β-catex3/+ double mutants died at around seven days of age, too small
for analysis by μCT scan. Therefore their osteoblastogenesis and
osteoclastogenesis were examined through H&E and TRAP staining. The
Col1-Cre; Wlsc/c; β-catex3/+ double mutants were similar in size as that
of the Col1-Cre;Wlsc/c single knockoutmice, but smaller than theWT con-
trols at P7 (Fig. 6A). The Col1-Cre; β-catex3/+ mutant exhibited high bone
mass with nearly abrogated osteoclastogenesis compared with the WT
(Fig. 6F). The double mutant mice also had similar high bone mass as
the Col1-Cre; β-catex3/+ mutant (Figs. 6C, D). However, the number of os-
teoclasts per trabecular bone area in the Col1-Cre; Wlsc/c; β-catex3/+ dou-
ble mutant was partially restored compared to the Col1-Cre; β-catex3/+

single mutant (Figs. 6F, G and H). More importantly, the two mutants
had comparable highOPG expression levels in osteoblasts with no appar-
ent induction of RANKL andM-CSF genes (Fig. 6I).

To gain more insight into the regulation of osteoclast differentiation
by osteoblasticWnts, in vitro osteoclast formation assaywas performed
using bone marrowmonocytes (BMMs) induced by RANKL/M-CSF. The
osteoclast differentiation was assessed by TRAP staining after 5 days of
culture. Without the osteoblast cocultures, RANKL/M-CSF-induced os-
teoclast differentiation were similar in BMMs between the Wlsc/c and
gulate bone remodeling and the maintenance of bone marrowmes-
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Fig. 4. Inactivation ofWls in osteoblasts impairs the osteoblastogenesis. A–H. H&E staining (A, B), BrdU labeling (D, E) and Tunel staining (G, H) of the trabecular region of the distal
femur of P14 mice. The osteoblasts were indicated by yellow arrows. Histomorphometric analysis (C) was conducted for the osteoblast number/tissue area (N.Ob/T.Ar) in the region
shown in (A, B) (n=3). Statistical analysis of the osteoblast proliferation (F) and apoptosis (I) (n=3). J. Relative abundance of osteoblast markers in the cortical bone of P8 mice
(n=3). Mature osteoblast differentiation was perturbed in the knockout mice, indicated by the decrease of Col1 and Osc expression compared to controls. K. ALP staining in the
calvarial osteogenic culture of neonatal calvarial osteoblasts. L–M. Relative abundance of Wls (L) and Lef1 (M) in neonatal calvarial osteoblasts (n=3). N. Western blotting showed
the lower level of β-catenin protein in neonatal calvarial osteoblasts compared to WT. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Col1-Cre; Wlsc/c mice, indicated by the formation of comparable
multinuclei osteoclasts (Figs. 7A, B). The osteoclast differentiation in
the Wlsc/c BMMs was still similar, when cocultured with osteoblasts
from the Wlsc/c mice or the Col1-Cre; Wlsc/c mice (Figs. 7C, D) under
the influence of excessive RANKL/M-CSF stimulation. Interestingly,
without RANKL/M-CSF treatment, mononuclear osteoclast differentia-
tion from the Wlsc/c BMMs was still observed when cocultured with
the Col1-Cre; Wlsc/c mutant osteoblasts, whereas no osteoclast forma-
tion was detected when cocultured with the Wlsc/c osteoblasts
(Figs. 7C′, D′). The difference in the osteoclastogenesis could not be
fully explained by the action of OPG/RANKL axis, because the expres-
sions of OPG, RANKL and M-CSF in feeder osteoblasts were not signifi-
cantly changed between osteoblasts from WT and mutant (Fig. 7E).
These experiments suggest that Wnt ligands from osteoblasts might
have a paracrine effect in regulating osteoclast differentiation possibly
through the direct interaction of osteoblastic Wnts on osteoclast cell
Please cite this article as: Wan Y, et al, Osteoblastic Wnts differentially re
enchymal stem cells, Bone (2013), http://dx.doi.org/10.1016/j.bone.201
surface, as the way of osteoblastic Wnt5a that directly binds to the
Ror2 receptor in osteoclast cell surface [34].

Osteoblastic Wnts sustain BMSC maintenance

Interestingly, we observed that the Wnt5b+ osteoblasts and the
Nestin+ BMSCs were partially overlapped or resided in the vicinity
of the endosteal surface (white arrows in Fig. 1F). Nestin is recently
considered to a marker for BMSCs [49]. It prompted us to investigate
the effect of osteoblastic Wnts on BMSC maintenance. Through CFU-F
assays in bone marrow, we observed a decrease in the colony number
in bone marrow of the Col1-Cre; Wlsc/c mice compared to the control
littermates (Figs. 8D, E). Additionally, the BMSCs could be enriched in
the population gated by Lin−CD31−CD45−CD29+Sca1+ [2]. FACS
analysis showed that the total number and proportion of BMSCs
were decreased in the mutant compared to the WT (Figs. 8A–C).
gulate bone remodeling and the maintenance of bone marrowmes-
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Fig. 5. Inactivation of Wls in osteoblasts enhances osteoclastogenesis. A. A representative FACS analysis of osteoclast progenitors in bone marrow from the WT and Col1-Cre; Wlsc/c

mice at P8 stage. The osteoclast progenitor population was gated by CD11b−B220−CD3−CD117+CD115+. B. Graphs depicting the increased osteoclast progenitor percentage in the
bone marrow (A) (n=4). C. TRAP staining of the trabecular region of the distal femur of P14 mice. D. Histomorphometric analysis of the osteoclast number/tissue area (N.Oc/T.Ar)
in (C) (n=3). E–G. ELISA analysis of OPG (E), RANKL (F) and CTx (G) in the serum of P14 mice (n=4). H. Serum OPG/RANKL ratios of the samples in (E, F) (n=4). I. Relative abun-
dance of OPG, Rankl and M-CSF genes in the cortical bone at P8.
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Although it was not as definitive as the CFU-F assay, this analysis also
revealed a niche role for osteoblastic Wnts in BMSC maintenance.

Discussion

In our study, we depleteWls by osteoblast-specific Cre, which could
examine the local action ofWnt proteins in osteoblastic niche and avoid
function redundancy among Wnts. The osteoblastic Wls-deficiency
mice had profound defects with decreased osteoblastogenesis, en-
hancedosteoclastogenesis and impairedmaintenance of BMSCs in post-
natal bone remodeling, combining deficiencies of that observed in
osteoblast-specific Lrp5 or β-catenin mutants [15,24–26,31]. These
data support the notion that osteoblastic Wnts locally regulate bone
remodeling through an array of mechanisms, including reciprocally
promoting osteoblast differentiation and proliferation, suppressing
osteoclast differentiation and maintaining BMSC self-renewal.

At the time of our manuscript preparation, a new report shows that
a mature osteoblast-specific ablation of Wls by Ocn-Cre also resulted in
similar and lesser server defects in bone formation and resorption
comparedwith our Col1-Cre;Wlsc/cmice [41]. The Cre activity inmature
osteoblasts driven by a human Osteocalcin 10 kb promoter in the
Ocn-Cre mice [50], is stronger that driven by a mouse 1.3 kb promoter
in ourOsc-Cremice [44], but is later andmore restricted than that in os-
teoblast progenitor cells affected by the Col1-Cre [42]. Therefore, the in-
activation ofWls in osteoblast progenitor cells perturbed the osteoblast
proliferation and survival (Fig. 4), whichwas not observed inmice with
Please cite this article as: Wan Y, et al, Osteoblastic Wnts differentially re
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depletion of Wls in mature osteoblasts by Ocn-Cre or Osc-Cre [41]. It is
consistent with the notion that β-catenin signaling has important
roles in promoting initial osteoblast induction, differentiation and
proliferation during embryonic ossification process [24–26,31]. Taken
together, these findings suggest that osteoblastic Wnts regulate osteo-
blastic bone formation in a context- and stage-dependent manner.

In fact, multiple Wnts expressions were observed in the osteoblastic
niche, highlighting the heterogeneity of Wnt proteins in the bone re-
modeling microenvironment. Several Wnts including Wnt5a, Wnt5b
and Wnt16 were highly expressed in immature osteoblasts while Wnt4,
Wnt5b, Wnt7, Wnt10b and Wnt16 are expressed in mature osteoblasts
(Fig. 1). Wnt10b is suggested to promote the osteoblastogenesis
and suppress adipogenesis in mesenchymal progenitor cells [17,32]. On
the other hand, Wnt7b, another non-canonical osteogenic Wnts
(Fig. 1), has been demonstrated to promote osteoblast differentiation
during prenatal skeletal ossification [30]. Meanwhile, the non-
canonical Wnt5a also has similar role in committing osteoblast cell fate
asWnt10b [29]. Taken together, a variety of osteoblasticWnts, including
the canonical Wnt10b and non-canonical Wnt5a/Wnt7b, synergistically
promote osteoblastogenesis and bone formation.

Osteoblasts have been revealed to regulate osteoclastogenesis
through OPG induction by Wnt/β-catenin in osteoblasts, or through di-
rect binding ofWnt5a to its receptor on the surface of osteoclast progen-
itors [34]. Interestingly, inactivation ofWls in osteoblast progenitor cells
enhanced osteoclastogenesis, coupled with alterations of OPG and
RANKL expressions. The enhancement of osteoclastogenesis at loss of
gulate bone remodeling and the maintenance of bone marrowmes-
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Fig. 6. Osteoclastogenesis is partially restored in the Col1-Cre; β-catex3/+; Wlsc/c mice compared to the Col1-Cre; β-catex3/+ mice. A. Representative image for the WT, Col1-Cre; Wlsc/c,
Col1-Cre; β-catex3/+ and Col1-Cre; β-catex3/+; Wlsc/c mice at P7. The growth of the double mutant mice was not fully restored compared to the WT mice. B–G. H&E (B–D) and TRAP
(E–G) staining for the trabecular region of the distal femur in these single and double mutant mice at P7. HC, hypertrophic chondrocyte; TB, trabecular bone; BM, bone marrow.
H. Histomorphometric analysis of the osteoclast number/tissue area (N.Oc/T.Ar) in (E–G) (n=3). I. qPCR results of OPG, RANKL and M-CSF from the cortical bone of P7 mice
(n=3). N.S., not significant.

Fig. 7. Lack of osteoblastic Wnts enhances osteoclast differentiation without the stimulation of RANKL/M-CSF. TRAP staining was performed to assess osteoclast differentiation in-
duced from bone marrow monocytes (BMMs) cocultured with or without osteoblasts. A–A′. Osteoclast differentiation in BMMs from the Wlsc/c mice at P8. B–B′. Osteoclast differ-
entiation in BMMs from the Col1-Cre; Wlsc/c mice at P8. C–C′. Osteoclast differentiation in BMMs from the Wlsc/c mice at P8 cocultured with osteoblasts (Ob) from Wlsc/c mice at P8.
D–D′. Osteoclast differentiation in BMMs from the Wlsc/c mice at P8 cocultured with osteoblasts from the Col1-Cre; Wlsc/c mice at P8. The culture medium was supplemented with
(A-D) or without M-CSF and RANKL (A′–D′). E. qPCR results of OPG, RANKL and M-CSF from osteoblasts (Ob), isolated from calvaria of Wlsc/c mice and Col1-Cre; Wlsc/c mice at P8
(n=3).
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Fig. 8. Osteoblastic Wnts sustain self-renewal of BMSCs. A. A representative FACS analysis of the BMSCs in bone marrow. The BMSCs were gated by Lin−CD31−CD45−CD29+Sca1+.
B–C. Graphs depicting the BMSC percentage (B) and total number (C) in bone marrow (n=4). D. CFU-F assay of the BMSCs in bone marrow. E. Score of the CFU-F colony number in
(D) (n=3). Bone marrow cells were flushed out from the WT and Col1-Cre; Wlsc/c mice at P8-10 (A–D).
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osteoblastic Wnts could be validated by in vitro osteoclast formation
assay. Without excessive OPG/RANKL stimulation, osteoclast differentia-
tion from BMMs still occurred when cocultured with osteoblasts from
the Col1-Cre; Wlsc/c mice, but not in cocultures with osteoblasts from
Wlsc/c mice (Figs. 7E, F), though the expressions of OPG, RANKL
and M-CSF in osteoblast feeder layers were comparable. Additionally,
in the double mutant mice with both osteoblastic Wls-deficiency
and β-catenin gain-of-function, the arrest of osteoclastogenesis was
partially rescued compared to the single mutant of Col1-Cre;
β-cateninex3/+, while their high bone mass phenotypes and OPG expres-
sionwere comparable between the twomutants (Fig. 6). Previous report
has shown that Col1-Cre (3.6kb) mouse line has Cre activity in a limited
population of osteoclast lineages in addition to osteoblasts [51]. There-
fore, the defects at osteoclastogenesis might partially result from the
lack ofWls in osteoclasts themselves, or from theWls deficiency in oste-
oblasts. In a recent report, mature osteoblast-specific depletion ofWls by
Ocn-Cre also led to an enhancement in osteoclast differentiationwithout
alterations in OPG/RNAKL axis [41]. These findings indicate that several
Wnts from osteoblasts might function to suppress osteoclastogenesis in
addition to OPG/RANKL axis. One possible mechanism is that the canon-
ical Wnts secreted from osteoblasts directly regulate osteoclast differen-
tiation, through activation of β-catenin signaling in osteoclast lineages
[27].

Until now, our knowledge of the stem cell microenvironment in
bone marrow has mainly focused on the hematopoietic stem cell
(HSC) niche, which has been defined as the endosteal and vascular
niche [52]. However, little is known about the BMSC niche or the cellu-
lar constituents for BMSC self-renewal and maintenance. Mice with os-
teoblasticWls-deficiency had fewer colonies in CFU-F assay and smaller
BMSC populations compared to the controls (Fig. 7). The identity of the
Please cite this article as: Wan Y, et al, Osteoblastic Wnts differentially re
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specific ligand for BMSC maintenance remains unclear. Wnt10b has
been shown to have an age-dependent role in BMSC maintenance
[17]. However, the loss of BMSCs in Wnt10b-null mice is progressive
and less severe than that observed in theWls-deficient mice. Therefore,
we speculate that several osteoblasticWnts other thanWnt10b sustain
BMSC maintenance.

In summary, our findings suggest that osteoblastic Wnts locally and
differentially regulate an array of biological activities in the bone re-
modeling, including osteoblastogenesis, osteoclastogenesis and BMSC
maintenance. Wnts secreted from osteoblasts reciprocally promote
osteoblastogenesis and bone formation, and suppress osteoclast differ-
entiation in addition to OPG/RANKL axis. Importantly,we reveal that os-
teoblastic Wnts confer a niche role for BMSC maintenance, providing
novel insights into definition of the BMSC niche.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bone.2012.12.052.
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