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sFRP4-dependent Wnt signal
modulation is critical for bone
remodeling during postnatal
anee development and age-related
e bone loss

Ryuma Haraguchi?, Riko Kitazawa?, Kiyoshi Mori3, Ryosuke Tachibana?, Hiroshi Kiyonari®>,
Yuuki Imai®, Takaya Abe*® & Sohei Kitazawa?

sFRP4 is an extracellular Wnt antagonist that fine-tunes its signal activity by direct binding to Wnts.
Bone fragility under oxidative stress by diabetes and aging is partly related to the suppression of the
Whnt signal through upregulated sFRP4. Here, to explore the functions of sFRP4 as a balancer molecule
in bone development and remodeling, we analyzed the sFRP4 knock-in mouse strain. X-gal and
immunohistochemically stained signals in sSFRP4-LacZ heterozygous mice were detectable in restricted
areas, mostly in osteoblasts and osteoclasts, of the femoral diaphysis after neonatal and postnatal
stages. Histological and pCT analyses showed increased trabecular bone mass with alteration of the
Wnt signal and osteogenic activity in sSFRP4 mutants; this augmented the effect of the buildup of
trabecular bone during the ageing period. Our results indicate that sFRP4 plays a critical role in bone
development and remodeling by regulating osteoblasts and osteoclasts, and that its functional loss
prevents age-related bone loss in the trabecular bone area. These findings imply that sFRP4 functions as
a key potential endogenous balancer of the Wnt signaling pathway by efficiently having direct influence
on both bone formation and bone absorption during skeletal bone development and maintenance
through remodeling.

Bone formation and resorption are strictly regulated by two types of cells, osteoblasts and osteoclasts™2.
Osteoblasts are specialized bone-matrix producing cells originating from undifferentiated mesenchymal cells®. By
regulating proliferation, differentiation and maintenance of osteoblasts, various bone-seeking inter- and intracel-
lular signals and hormones, cytokines, enzymes, minerals, and transcription factors are known to modulate bone
mass*’. Among these signals, bone morphogenic protein (BMP)-Smad, hedgehog and Wnt/3-catenin associated
pathways (both canonical and non-canonical) are three established pathways that induce osteoblast-specific gene
expression®®. Of these, the canonical Wnt/3-catenin pathway plays a central role in bone mass by modulating
both osteoblasts and osteoclasts. Indeed, loss-of-function mutation in low-density lipoprotein receptor-related
protein (Lrp) 5, a co-receptor for transduction of canonical Wnt signaling, leads to a low bone mass phenotype
in both humans and mice, whereas gain-of-function mutation in Lrp5 results in high bone mass in humans’~'".
The Wnt/(3-catenin pathway, on the other hand, is controlled by rather complicated extra-, inter- and intracellular
agonists and antagonists'>!3,
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Figure 1. Temporally restricted manner of sFRP4 gene expression in the developing skeleton of mouse
limb. Whole-mount (a-e) and section views (f-1) of X-gal staining signals in sFRP4-LacZ knock-in reporter
heterozygous mice (Supplementary Fig. 1. shows the sFRP4 gene targeting construct). (a-c) 3-galactosidase
activity is not detectable in the limb bud at early- and mid-embryonic stages. (d) Gradual 3-galactosidase
activity is detected around the neonatal stage. (g-j) Prominent X-gal stained signals in the mouse femur at

3 weeks of age. Strong 3-galactosidase activity is detected at the mononucleic flat cells and the multinucleic
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cells in the epiphyseal nucleus (g), metaphysis (h), diaphysis (i) and periosteum (j). The mono-nucleic flat

cells (red arrows) and multinucleic cells (black arrows) are seen in (g-j). (k,I) Inmunohistostaining of X-gal
stained sections of the diaphysial region of the femur with anti-Cathepsin Ab and anti-Osterix Ab confirms that
3-galactosidase positive cells are localized in the osteoclastic and osteoblastic cell lineages (red arrows). Control
experiments for X-gal staining are shown in Supplementary Fig. 2. Bars 500 pm (a-f), 50 pm (g-1).

The secreted Frizzled-related proteins (sFRPs) comprise a family of five proteins in mammals that were first
identified as antagonists of the Wnt/@3-catenin pathway during embryogenesis'®. sFRPs serve as soluble decoy
receptors for the Wnt ligand, and thus antagonize both canonical and non-canonical Wnt/3-catenin pathways.
One of the physiologic roles of sFRPs is thought to form a local morphogenic gradient during embryogenesis by
locally antagonizing the Wnt/3-catenin pathway'>!%. On the other hand, high serum levels of sSFRPs have been
documented in pathological conditions such as obesity, diabetes and osteoporosis'>~'”. In contrast, during the
steps to carcinogenesis, epigenetic inactivation of sSFRP genes by hypermethylation around transcription start
sites, allows the silencing of all sFRP genes in human mesothelioma and colorectal cancers'®". Among sFRPs,
sFRP4 is unique in that oxidative stress derepresses the epigenetically silenced sFRP4 gene by sequestering the
MeCP2 protein that is bound at the typical MeCP2-binding site (cgcgtctggataaata) located adjacent to TATA-box
while keeping methylated cytosine unchanged®. Their in vitro study led to our speculation that, as a target gene
for oxidative stress or aging, consequent overexpression of sSFRP4 may play a noxious role in the pathogenesis
of obesity, diabetic complication or aging?*?!. To probe this hypothesis, we generated sFRP4 knock-in mice that
provide the additional advantage of highly sensitive and easy in situ detection of sSFRP4 gene expression as well as
of the genetic gene inactivation, and observed the biological role of sFRP4 at individual level.

Results

Generation of sFRP4 knock-in mice. We generated an sFRP4 1*Z allele by knocking (3-galactosidase
(LacZ) into the endogenous sFRP4 gene (Supplementary Fig. 1a). sSFRP4 %%+ mice were derived from mouse
embryonic stem cells that had undergone homologous recombination at the sFRP4 gene locus (replacing its first
exon including the start codon (ATG) with a LacZ-neo selection cassette). The targeted mutation of sSFRP4 LaZ/+
mice was confirmed by Southern blot and genomic PCR (Supplementary Fig. 1b,c).

Regulation of sFRP4 expression during bone formation and remodeling.  The expression of sSFRP4
in osteoblastic cell lineages has been reported*-?*. For further detailed histological characterization of sFRP4
gene expression during bone development, the expression pattern of the LacZ reporter gene was analyzed in
sFRP4 <+ mice during embryonic and postnatal development (Fig. 1). At early- and mid-gestation stages, the
expression of the LacZ reporter gene was not detected in limb skeletal primordia (Fig. 1a—c). Around the new-
born stage, 3-galactosidase activity was gradually detected in the femoral diaphysis (Fig. 1d). Prominent X-gal
stained signals were distributed throughout the femur (metaphysis, diaphysis and periosteum) at 3 weeks of age
(Fig. 1g—j). The mono-nucleic flat cells (at the diaphysis and periosteum; Fig. 1i,j) and multi-nucleic cells (at the
metaphysis; Fig. 1j) showed strong X-gal stained signals. LacZ reporter activity was observed in sFRP4 LcZ/+
craniofacial and lower abdominal regions at the embryonic stage (data not shown). 3-galactosidase activity was
not observed in wild type mice (Supplementary Fig. 2). In 3-week-old mice, immunocolocalization of osterix
confirmed that the mono-nucleic flat cells expressing 3-galactosidase corresponded to osteoblastic cells (Fig. 11).
Furthermore, immunocolocalization with Cathepsin K demonstrated that X-gal stained multi-nucleic cells cor-
responded to osteoclastic cells (Fig. 1k).

Bone phenotypes of sSFRP4-deficient mice. The results of the histological LacZ assay led to our exam-
ining the functional roles of sSFRP4 in the development of postnatal bone (Fig. 1). All sSFRP4-deficient mice were
born at the expected Mendelian ratio without observable defects after birth (data not shown).

For the initial analysis of the phenotype of skeletal bone, neonatal skeletons including the head, axis and limbs
of sSFRP4 LecZ1acZ and their sFRP4 %<?/* littermates were subjected to double staining with alcian blue and alizarin
red. At the neonatal stage, ossification was almost complete in both sFRP4 'aZ/1a<Z and sFRP4 *<Z/* skeletons
(Supplementary Fig. 3).

Neonatal mice deficient in sSFRP4 showed no gross abnormalities; however, analyses of micro-computed
tomography (pnCT) revealed that functional loss of sSFRP4 caused significant alteration of bone structures in the
mid-postnatal period (Fig. 2). The femora of the 12-week male sFRP4 <#/13<Z mjce and their sSFRP4 4<%+ litter-
mates were also analyzed by pCT. 3D pCT images disclosed a markedly increased trabecular bone mass in the
distal femur of sFRP4 1#<Z1aZ compared with that of sFRP4 1%+ mice (Fig. 2a,b). In contrast, cortical bone mass
and thickness were decreased in sFRP4 '*Z/1*Z mice (Fig. 2¢,d). These observations were statistically confirmed
by quantitative pCT analysis (sFRP4 1ac?/1aZ v gFRP4 LaZ/+) | Alterations of all bone parameters, including Bone
mineral density (BMD), Bone volume fraction (BV/TV), Trabecular number (Tb.N), Trabecular spacing (Tb.Sp),
Connectivity density (Conn-Dens) and Structure model index (SMI), indicated structural bone augmentation in
sFRP4-deficient trabecular bone (Fig. 2e). In contrast, cortical bone parameters, Bone mineral density (BMD)
and Cortical thickness (Ct.Th), demonstrated structural bone degradation (Fig. 2f).

Histological and molecular aspects of sFRP4-deficient bone. To define the cellular phenotype of
SFRP4 1a<2/LacZ gkeletons, the distal femurs of sFRP4 14<%/12Z and their sSFRP4 %/ littermates at 5 weeks of age
were stained with Hematoxylin and Eosin (HE) for initial histological analysis (Fig. 3a—e). Compared with that
of sFRP4 1<2/+ mice, the trabecular region of sFRP4 1*Z/L:<Z femurs showed numerous cuboidal cells with slightly
basophilic cytoplasm representing osteoblast-like histological features rimmed with trabecular bone spicules
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Figure 2. Abnormal bone formation induced by targeted inactivation of the sFRP4 gene. (a-d) Represen
tative 3D pCT images of the distal femurs of sSFRP4 '+ and sFRP4 1*Z/14<Z mjce at 12 weeks of age. pCT
images of trabecular bone (a,b) and cortical/trabecular bone (c,d). Note increased trabecular mass (b) and
reduced cortical width ((d) red circle) in sFRP4 La<%/1aZ mice. (e) Quantification of Bone mineral density
(BMD), Bone volume fraction (BV/TV), Trabecular number (Tb.N), Trabecular spacing (Tb.Sp), Connectivity
density (Conn-Dens) and Structure model index (SMI) of trabecular bone of distal femurs. (f) Quantification
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of Bone mineral density (BMD) and Cortical thickness (Ct.Th) of cortical bone of distal femurs. Bone
structural parameters in sSFRP4 12%/13Z mice show the buildup of trabecular bone and the weakening of
cortical bone. Results of all quantitative analysis (e,f) are consistent with 3D pCT images (a—d). Error bars
indicate the means &+ SD (n=5); means = SD in BMD: 40.87 & 7.87 for +/— and 166.09 + 8.58 for —/—, BV/
TV:11.84 4+ 0.58 for +/— and 14.85+ 0.88 for —/—, Tb.N: 4.82 4+ 0.09 for +/— and 5.68 + 0.07 for —/—,
Tb.Sp: 199.33 + 5.06 for +/— and 161 £ 2.72 for —/—, Conn-Dens: 249.04 + 3.30 for +/— and 348.96+ 11.48
for —/—, SMI: 1.63 4 0.08 for +/— and 1.3+ 0.12 for —/—, cortical BMD: 771.66 + 13.9 for +/— and

569.03 + 14.07 for —/—, Ct.Th: 107.47 & 4.78 for +/— and 61.1 % 1.42 for —/—. Statistical significance was
determined by paired Student’s ¢-test. *P < 0.01 and **P < 0.05 versus sFRP4 LacZ +/—. Bars 1000 pm (a-d).

(Fig. 3a,b). In contrast, compared with that of sFRP4 1*Z/* mice, the width of the cortical bone of sFRP4 LaZ/LacZ
femurs was greatly reduced (Fig. 3¢,d), and at a higher magnification, showed markedly decreased flattened cells
with slightly basophilic cytoplasm in the region of the periosteum (Fig. 3e,f). sSFRP4 14Z13Z femur bone pheno-
types were thus characterized through histological analysis (3D wCT images in Fig. 2).

Next, to examine whether these bone phenotypes of sFRP4 LaZ/L<Z mice are elicited in response to changes
in Wnt signaling activity, the expression pattern of Axin2, the direct target gene of the Wnt signaling pathway?!,
was investigated by immunohistochemistry (Fig. 3g-j). In sFRP4 14?/+ trabecular regions, Axin2 immunos-
taining signals were detected in the cytoplasm of mono- and multi-nucleic cells rimmed with bone spicules
(Fig. 3g), whereas the signals were augmented in sFRP4 *Z/1a<Z mjce (Fig. 3h). That Axin2, 3-catenin and LEF1
mRNA levels were elevated in sFRP4 1*Z/1%Z primary osteoblasts was also verified through qRT-PCR analy-
sis (Supplementary Fig. 5¢). In contrast, cortical Axin2 immunostaining signals were detectable in only peri-
osteal cells of sSFRP4 1#<Z/+ mice (Fig. 3i); the signals were totally absent from sFRP4 1a<?1aZ specimens (Fig. 3j).
We next asked and investigated whether this altered Wnt signal activity affected the expression of osteogenic
and bone deposition molecular markers (Fig. 4a-1). Cathepsin K, the mature osteoclast marker?*, was detected
in the trabecular regions of sFRP4 4<%+ femurs, whereas it decreased markedly in sFRP4 1a<2/1a<Z gpecimens
(Fig. 4a,b). In addition, the suppressed activity of osteoclasts was confirmed by histochemical staining with TRAP
(Supplementary Fig. 4). Osterix expression, one of the osteoblast progenitor markers?>?’, was elevated in sFRP4
LacZ/lacZ trabecular regions compared with that in sSFRP4 '*?/* (Fig. 4c,d). The expression of common bone dep-
osition marker genes, osteocalcin and alkaline phosphatase®?®, was also dramatically changed in sFRP4 LaZ/LacZ
femurs. Both markers were strongly expressed in the trabecular region of sSFRP4 4<#/1a<Z (Fig_4e,i,j) and strongly
repressed in the periosteal region (Fig. 4g,h,k,]1). In addition, the effects of sSFRP4-inactivation on bone formation
and resorption markers were examined by qRT-PCR analysis (Supplementary Fig. 5a,b). Previous studies have
shown that activated Wnt signaling promotes bone formation by stimulating several osetogenic genes*!, and
suppresses bone resorption by direct negative influence on osteoclastogenesis®>**. These histological observations
were consistent with Wnt signal activity modulations represented by the expression of Axin2 in sFRP4 lacZ/LacZ
(Fig. 3g-j and Supplementary Fig. 5¢).

Bone phenotypes of aged sFRP4-deficient mice. Bone loss under aging and oxidative stress is related
to the reactivation of sFRP4 gene expression?>*'*4. To address the physiological role of sFRP4 in the ageing pro-
cess, we examined, with the use of pCT, the bone phenotype of sFRP4 *Z/L2<Z and male control mice at 22 and
45 weeks of age (Fig. 5). The femur of male control mice at 45 weeks of age, compared with that at 22 weeks
(age at peak bone mass in mice®*?¢), displayed extremely scant trabeculae because of age-dependent bone loss
(Fig. 5a,c). Interestingly, sSFRP4 14<%/12<Z at 45 weeks of age retained much of the trabecular bone as at 22 weeks of
age (Fig. 5b,d); also, the cortical bone phenotype demonstrated no significant age-dependent bone loss between
these two age groups (data not shown); these bone phenotypes were characterized by histological analysis
(Supplementary Fig. 6). We also examined the serum markers of bone turnover by ELISA (Supplementary Fig. 7).
Serum osteocalcin, a marker of bone formation, was significantly higher in sFRP4 14#12Z compared with that in
control mice at 45 weeks. In contrast, serum concentrations of Trap5b showed no significant difference. Next, to
better define these bone phenotypes, distal femurs were analyzed by quantitative wCT (Fig. 5e). Mice achieved
peak in several bone parameters at around 20 weeks of age; thereafter, bone parameters degraded gradually and
significantly®>3¢ (data not shown). Compared with trabecular bone parameters of 22-week-old mice, BV/TB
was 65% lower, Tb.N 36% lower, Tb.Sp 93% higher, and SMI 54% higher in 45-week-old mice (these parameter
changes signified embrittlement of bone structure; bold blue arrows in Fig. 5e). Compared with control mice,
sFRP4 lac?/lacZ mice surprisingly prevented natural age-associated bone loss at 45 weeks of age. In sFRP4 1<%/
LacZ mice at 45 weeks, BV/TB was 9% lower, Tb.N 12% lower, Tb.Sp 27% higher, and SMI 2% higher as compared
with 22-week-old mice (bold red arrows in Fig. 5¢). sSFRP4 M<?/1a<Z female mice at 45 weeks of age also exhibited
age-dependent phenotypes similar to those of male mice (Supplementary Fig. 8). Thus, the data of quantitative
pCT analysis showed that the fluctuation margin in bone parameters of sSFRP4 12<?/1a<Z mjce between 22 and 45
weeks of age was insignificant, compared with that in control mice.

Discussion

The sFRP4 gene is a negative regulator of the Wnt signaling pathway that promotes the buildup of bone strength
and bone mass®*?!. Excess amounts of sSFRP4 are involved in bone loss attributed to osteoblastic inactivation dur-
ing aging and oxidative stress**?'**. To explore the physiological characteristics of sSFRP4 in bone development
and homeostasis, we engineered an sFRP4 < knock-in mouse strain. Analysis of this strain demonstrated that the
sFRP4-mediated Wnt signal modulation system has a deep impact on postnatal skeletal development and adult
bone maintenance. Analyses of the functional characteristics of sSFRP4 LacZ reporter knock-in mice revealed the
following: (1) after birth, sSFRP4 is gradually expressed in cells of both osteoblastic and osteoclastic cell lineages;
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Figure 3. Histological examination of osteogenic cell lineages in sSFRP4 1#Z/12Z mjce. Femurs from sFRP4 1a<%/+
and sFRP4 LecZ/1aZ mjce at 5 weeks of age were processed for histological analyses. (a-e) Representative images
of femur stained with hematoxylin and eosin. Cuboidal cells in the trabecular bone surface are more numerous
in sFRP4 [2Z/1a<Z mice compared with those in sFRP4 '*Z/+ mice (a,b; red arrows). Distinct flattened cells in the
periosteum (e; red arrows) are absent in sSFRP4 12Z/1a<Z mijce (f). (g—j) Axin2 protein expression at the trabecula
and the periosteum. (i,j) Axin2 protein expression is strikingly decreased in the sSFRP4 1*Z/14<Z periosteum
compared with that in sSFRP4 1+ mice (red arrows, signal positive cells ratio; control 12% and KO 32%). (g,h)
In contrast, Axin2 protein expression in the sFRP4 “14<Z trabecular region is higher than that in sFRP4 <%+
(positive stained cells ratio; control 24% and KO 48%). Bidirectional arrows denote periosteal width (c,d,i,j).
Magnifications of the red boxed regions (c,d) are shown in (e,f). Bars 50 pm (a-d), 25um (e,f), 100 pm (g—j).
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Figure 4. Histological molecular characterization of sSFRP4 1*Z/1a<Z mice. (a,b) A significant decrease of cathepsin
K (osteoclast marker) protein expression is observed in sFRP4 1*#12<Z compared with that in sSFRP4 '*?'+ mice
(positive stained cells ratio; control 31% and KO 10%). Supplementary Fig. 4. shows results of histochemical TRAP
staining of monitored osteoclast activity. (c,d) Prominent Osterix expression in the trabecular region is observed

in sSFRP4 14Z1aZ compared with that in sSFRP4 1*#+ mice (control 41% and KO 62%). (e-1) Expression pattern of
bone deposition markers, osteocalcin and alkaline phosphatase: in the trabecular region, both markers are strongly
expressed in sSFRP4 L*cZ/La<Z compared with those in sSFRP4 4%+ mice (osteocalcin; control 28% and KO 55%, alkaline
phosphatase; control 30% and KO 53%); in the periosteal region, the expression of both markers is significantly
repressed (g,h,k,]; red arrows, osteocalcin; control 39% and KO no-clear signal, alkaline phosphatase; control 79%
and KO 16%). Bidirectional arrows denote periosteal width (g,h,k,1). Bars 50 um (a,b,e,f,i,j), 100 um (c,d,g,h,k,1).
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Figure 5. sFRP4 gene inactivation prevents age-related bone loss. (a—d) Representative 3D uCT trabecular
bone images of the distal femur of control and sFRP4 +<#1>Z mjce at 22 and 45 weeks of age. In control mice,
note greatly reduced trabecular mass indicative of trabecular osteopenia at 45 weeks (c¢) compared with that at
22 weeks (a). sFRP4 gene inactivation strikingly prevents age-related trabecular osteopenia in sFRP-4LacZ—/—
(d) compared with control mice (c), at 45 weeks. (e) Quantification of Bone volume fraction (BV/TV),
Trabecular number (Tb.N), Trabecular spacing (Tb.Sp) and Structure model index (SMI) of trabecular bone
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at distal femurs. Compared with control mice, sSFRP4 <?13Z mice show no significant age-related differences
(22 weeks vs. 45 weeks) in all structural bone parameters. The degree of variability (%) is shown in bar graphs.
Error bars indicate the means &+ SD (n=5); means &= SD in BV/TV: 10.44 4 0.28 for 22wks+/—, 17.11 +1.32
for 22wks—/—, 3.6 - 0.97 for 45wks+/— and 15.51 + 1.8 for 45wks—/—, Tb.N: 4.03 =+ 0.18 for 22wks+/—,
5.12+ 0.16 for 22wks—/—, 2.57 £ 0.1 for 45wks+/— and 4.52 + 0.14 for 45wks—/—, Tb.Sp: 196.37 & 0.47 for
22wks+/—, 158.23 2.1 for 22wks—/—, 378.97 &= 13.28 for 45wks-+/— and 201 & 7.78 for 45wks—/—, SMI:
1.88 +0.15 for 22wks+/—, 1.11+ 0.11 for 22wks—/—, 2.91 & 0.15 for 45wks+/— and 1.14 4 0.2 for 45wks—/—.
Statistical significance was determined by paired Student’s ¢-test. *P < 0.01 and **P < 0.05 versus sFRP4 LacZ
+/—. Bars 900 pm (a-d).

(2) sFRP4-deficient trabecular bone has a high bone mass, whereas that deficiency in cortical bone shows reduced
thickness; (3) sFRP4-deficient trabecular bone phenotypes show resistance to natural age-associated bone loss
through enhanced Wnt signaling activity. Based on these findings, we speculate that sSFRP4 plays an essential role
in both osteogenic cell formation/differentiation (osteoblasts and osteoclasts) during postnatal bone development
and bone remodeling processes.

Unique expression of sSFRP4 gene in skeletal bone tissues.  Studies on sFRP4 gene transcription in
skeletal tissues of several animal species, based mainly on in situ hybridization and quantitative PCR methods,
have shown that sFRP4 is prominently expressed in skeletal regions during late embryonic and postnatal develop-
ment stages?!~2>%*, Our histological examination of sSFRP4-LacZ knock-in mice, a genetic approach using a highly
sensitive reporter system?’, assigned, for the first time, sSFRP4-expressed cells to two distinct cell types in postnatal
bone tissues (Fig. 1). After birth, sSFRP4 endogenous promoter-driven LacZ expression was gradually localized
at mono- and multi-nucleated cells in metaphysial, diaphysial and periosteal regions, and combined X-gal and
THC staining revealed that the majority of these LacZ-expressed cells contained both osteoblastic and osteoclastic
lineage cells. For the significance and relevance of Wnt signaling to osteogenesis, while some studies have shown
that the activated-Wnt signal by Wnt ligands derived from osteoblastic lineage cells regulates their formation
and differentiation®, others have demonstrated that the activated-Wnt signal on osteoclasts has a direct negative
effect on their formation by in vitro cell culture assays® and by phenotypic analysis of the myeloid cell lineage®
in 3-catenin-deficient mice. Indeed, Wnt16 derived from osteoblasts inhibits osteoclastogenesis by acting as an
osteoblast-osteoclast coupling factor on osteoclasts®. Our current precise expression profile of the sFRP4 gene
also illustrates the intriguing possibility that sFRP4, expressing both cell types, is a new potential endogenous
modulator of the Wnt signaling pathway for the osteoblast-osteoclast coupling process (Fig. 6).

Regulative role of sSFRP4-mediated Wnt signaling modulation on the bone formation and bone
resorption. The expression and function of WNT antagonists has been of interest in the regulation of bone
formation®. Master osteogenic regulator Runx2, that controls the expression of mature osteoblast marker genes
like osteocalcin, is directly regulated by the canonical WNT signaling pathway; the Runx2 gene promoter has a
regulatory element that directly interacts with Wnt signaling components in osteoblasts*’. In this study, we showed
that the expressions of Runx2 and osteocalcin were strikingly up-regulated in sSFRP4-deficiet primary osteoblasts
(Supplementary Fig. 5a). Our data suggest that WNT signaling activation by the loss of sFRP4-mediated Wnt
antagonism promotes enhancement of bone formation with elevation of Runx2, thus contributing to osteoblast
differentiation. As in osteogenesis, sSFRP4 bone phenotype analyses suggested that inhibition of sFRP4-dependent
Wt signaling modulation directly affected osteoclastogenesis; sSFRP4 was expressed in osteoclasts, and bone
resorption decreased in sSFRP4-deficient trabeculae with the suppression of the expression of osteoclastic mark-
ers, cathepsin K and TRAP. The direct influence of the canonical WNT signaling pathway to osteoclastogene-
sis has been described®***. Myeloid lineage specific 3-catenin-deficient mice display increased bone resorption
with the promotion of osteoclastogenesis®?, and administration of Wnt3a, one of the ligands of the canonical
Wht signaling pathway, shows strong anti-osteoclastogenic effect on the bone marrow cell-culture system*>**. In
sFRP4-deficient trabeculae, Wnt-signal-activated osteoclasts (Cathepsin K and Axin2 double positive cells) were
increased compared with those in the control (data not shown). We therefore consider that sSFRP4-dependent
Wnt signaling modulation is one of the key regulatory mechanisms that directly affects osteoclastogenesis.

Phenotypic difference between trabecular and cortical bone in sFRP4 deficient mice. In addi-
tion to the role of sFRP4 in skeletal bone formation during mouse developmental periods (Fig. 2), its loss resulted
in a phenotype of increased trabecular bone mass attributed to both excessive bone deposition and suppression
of bone resorption, the cellular phenotypes of which were confirmed by the analysis of several osteogenic mark-
ers: Osterix, Cathepsin K and TRAP (Fig. 4 and Supplementary Fig. 4). The expression pattern of Axin2, a direct
downstream gene of Wnt signaling, also confirmed that an osteogenic cellular response to Wnt signaling mod-
ulated the osteogenic phenotype in trabecular bone. Consistent with our findings, previous genetic mutational
studies have shown that the gain-of-function mutation in LRP5 and Wnt10b and the loss-of-function mutation
in sFRP1 induce changes in structural bone, resulting in a phenotype of increased bone mass in the trabecular
region, with enhancement of osteoblastic activity attributed to the activated-Wnt signaling pathway” 4142,

There is, however, a significant phenotypic difference between sFRP4-deficient mice and a series of
gain-of-function mutants in Wnt signaling. In contrast to functional mutants LRP5, Wnt10b and sFRP1 that show
phenotypes of increased bone mass, sSFRP4-deficient mice exhibit significant reduction in cortical bone compart-
ments (Fig. 2). Moreover, our data show that Axin2 expression decreased significantly in the sSFRP4-deficient cor-
tical region, contrary to the predicted lack of Wnt antagonism by sFRP4 targeted null-mutation (Fig. 3). Indeed,
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Figure 6. (a-d) Contribution of sFRP4 to bone remodeling. Wnt signals derived from osteoblasts (bold green
arrows) promote osteoblast proliferation and differentiation (arrows indicate positive effects) and repress
osteoclast formation (red T-shaped bars indicate inhibitory effects). sSFRP4 produced in osteoblasts and
osteoclasts (bold blue arrows) fine-tunes the balance between bone deposition and resorption through the
functional blocking of Wnt ligands. (a) Bone remodeling is controlled by balanced amounts of Wnt ligands
and sFRP4. (b) Functional loss of sFRP4 causes a synergistic enhancement of bone deposition by increasing
osteoblast activity and repressing osteoclast formation. (c) Bone resorption develops as a result of reduced
osteoblastic expression of Wnt ligands and elevated sFRP4 expression that blocks the inhibitory effect of Wnt
signal on osteoclast formation. (d) Functional loss of sFRP4 in aged bone (“Loss of sFRP4 in Aging”) prevents
age-related bone loss by recovering the Wnt signal activity for osteoblast and osteoclast formation.

most sFRPs function as Wnt signaling antagonists by direct binding to Wnt ligands'?; they can also modulate
the activity of other signaling pathways**** by direct physical interaction with molecules unrelated to multiple
Wnt ligands'* such as fibronectin, receptor activator for nuclear factor kB ligand (RANKL) and BMP1/Tolloid, a
metalloprotease that promotes BMP signaling. We therefore speculate that sSFRP4 can function as one of the key
molecules that determine the axis between cortical and trabecular bone mass by modulating the fate of osteoblas-
tic cell lineages through the interaction of yet-unrecognized target molecules that exert a negative influence on
Wnt signaling solely in the cortical bone region.

Functional loss of sFRP4 leads to dramatic prevention of natural age-associated bone
loss. While we discovered that functional loss of sFRP4 gives rise to increased trabecular bone mass with
the synergistic enhancement of bone formation through the activation of osteoblasts and the inactivation of
osteoclasts, we also demonstrated that this augmented effect of osteogenesis maintains bone mass and prevents
age-dependent bone loss in aged mice (Fig. 5). Activation of the Wnt signaling pathway through the loss of
sFRP4 function has beneficial effects on aged bone?!. Indeed, phenotypic observations of LRP5 and Wnt10b
gain-of-function and sFRP1 loss-of-function have revealed that adequate Wnt signaling regulation is a criti-
cal element for not only skeletal bone formation but also bone remodeling throughout life”*!*2. Evidence of
the importance of sSFRP4-mediated Wnt signal modulation in bone physiology has demonstrated that sFRP4
can be age-dependently up-regulated in a Senescence-accelerated mouse strain (SAMP6)* (a human model
of age-related bone loss) and that functional activation of this gene in the osteoblastic cell lineage results in a
decrease of trabecular bone mass, which phenotype is opposite to that of sSFRP4 L4<#1aZ mytants that inextricably
associate with each other’. Moreover, our previous studies have shown that among sFRPs, sSFRP4 expression is
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selectively activated under continual oxidative stress such as that of aging, which leads to low bone mass because
of osteoblastic inactivation by suppressed Wnt signaling®®?"**, In contrast to other sFRP gene families that contain
numerous CpG loci that form typical CpG-islands, the basic promoter region of the sFRP4 gene locus contains
scattered CpG-loci®®. When methylated, sSFRP4 gene silencing is achieved by MeCP2 protein binding at its typical
site (cgcgtctggataaata) located adjacent to TATA-box, then oxidative stress rapidly derepresses the epigenetically
silenced sFRP4 gene by sequestering MeCP2 while keeping methylated cytosine unchanged®. Thus, after sSFRP
gene silencing by age-dependent promoter methylation, highlighted was the intriguing possibility that of these,
reactivated sFRP4 plays the central role in age-related bone loss as the only potential endogenous modulator of
the Wnt signaling pathway for the bone remodeling process in response to oxidative stress or aging (Fig. 6).

To summarize, this study of sFRP4-LacZ knock-in mice revealed that sFRP4 affects the physiology of both
osteoblasts and osteoclasts by modulating the Wnt signaling pathway. Loss of sFRP4 leads to the promotion of
osteo-progenitor proliferation/differentiation and the suppression of osteoclastic activity. These mechanisms syn-
ergistically enhance bone deposition during mouse developmental and remodeling processes of aging. Effective
bone therapeutic drugs that enhance both promotion of osteogenesis and prevention of osteolysis are currently
unknown*®*". Accordingly, by providing a detailed understanding of how sFRP4-mediated Wnt signaling con-
tributes to bone biology (for example, characterization of the crystal structure or in silico design of specific pep-
tide inhibitors of sFRP4), our findings could have future clinical implications for the development of novel drugs
effective in the treatment of age-related bone loss.

Methods

sFRP4 LacZ reporter knock-in mice. The knock-in schematic is shown in Supplementary Fig. 1. A
targeting vector was designed to produce a null-allele mutation of sFRP4 by replacing the first exon including
the start codon (ATG) with a nlacZ-neo selection cassette (Supplementary Fig. 1a). The sFRP4 mutant mice
(Accession No. CDB0587K: http://www2.clst.riken.jp/arg/mutant%20mice%20list.html) were then estab-
lished as described (http://www?2.clst.riken.jp/arg/Methods.html). The PCR assay used to genotype the mice
was conducted with the use of purified DNA from tail lysates with the following primers (Supplementary
Fig. 1a): 5'-TCCTCATCAGTGCAGACTGG-3’ (P1), 5'-GCAGGAACTCCAGGGTACAG-3’ (P2), and
5'-GATTCTCCGTGGGAACAAAC-3’ (P3). All animal experimental procedures and protocols were approved
by the Committee on Animal Research at Ehime University (Permit Number: 05-KU-24-16) and Institutional
Animal Care and Use Committee of RIKEN Kobe Branch (Permit Number: AH13-03-65); the experiments were
carried out in accordance with the approved guidelines. Mice were sacrificed by cervical dislocation.

X-gal staining in skeletons. LacZ reporter gene expression was detected as previously described with the
following modifications. Dissected adult bones were fixed in 0.8% paraformaldehyde (PFA) and 0.02% glutaral-
dehyde in PBS for 2days at 4 °C and washed five times in PBS. The bones were decalcified in 20% EDTA for 5 days
and then washed three times in PBS for 1 h before X-gal staining by standard procedures 373, The bones were
washed once with PBS and then fixed in 4% PFA at 4°C overnight. Individual bones were rinsed in 70-100%
ethanol, embedded in paraffin wax, sectioned at 6 pm, and counterstained with eosin. Neonatal and embryonic
skeletons were not decalcified before X-gal staining.

Histological analysis. Postnatal and adult mouse femurs were dissected and fixed in 4% PFA/PBS for 2 days
at 4°C. Bone tissues were decalcified in 20%EDTA for 5days. Embryonic and neonatal tissues were fixed over-
night in 4%PFA/PBS, but not decalcified. Fixed skeletal tissues were dehydrated through ethanol and embedded
in paraffin; 8-jum serial sections were then prepared for histological analysis*’. Hematoxylin and Eosin (HE) stain-
ing and immunohistochemical analyses were carried out by standard procedures using the following antibodies
(Ab)**: anti-Cathepsin K (1:300, cat. no. ab19027, abcam)?!, anti-Osterix (1:1000, cat. no. ab22552, abcam)™,
anti-Axin2 (1:300, cat. no. ab32197, abcam)®, anti-Osteocalcin (1:1000, cat. no. M173, Takara)**, anti-Alkaline
Phosphatase (1:500, cat. no. M190, Takara). Bone-tissue cells with positive immunohistochemical signals rep-
resenting equal areas of control and sFRP4 KO mice were counted and their average numbers were compared.

Staining and visualization of whole skeletons. Mouse embryos were fixed for 48 hours at 4°C in
4%PFA/PBS and for 48 hours in 95% ethanol, stained with Alcian blue for 48 hours by incubation in 0.03% Alcian
blue (Muto chemicals) dissolved in 70% ethanol/20% acetic acid. After washing in 95% ethanol for five days, the
embryos were stained with 0.1% Alizarin red S (Sigma) in 1% KOH for 48 hours, washed in 95% ethanol, cleared
in 1% KOH and taken through graded steps into and stored in 60% glycerol.

Analysis of bone phenotype by pCT system.  After fixation with 70% ethanol, femora were scanned
with a Scanco Medical pCT35 System (SCANCO Medical) to measure bone structural parameters according to
the manufacturer’s instructions and the recent guidelines of the American Society for Bone and Mineral Research
(ASBMR)*¢. uCT analyses were conducted as described®. Image reconstruction was done on 6-pm voxels. The
following bone structural parameters were calculated and statistically analyzed by pCT: Bone mineral density
(BMD, g/cm?), Bone volume fraction (BV/TV, %), Trabecular number (Tb.N, 1/mm), Trabecular spacing (Tb.
Sp, mm), Cortical thickness (Ct.Th, mm), Connectivity density (Conn-Dens, 1/mm?) and Structure model index
(SMI).

Enzyme-linked Immunoassays. The serum levels of osteocalcin and Trap5b were measured by
Enzyme-linked Immunoassays (ELISAs) that were conducted according to the protocols of the Mouse
Gla-Osteocalcin High Sensitive EIA Kit (Takara Bio, Shiga, Japan) for osteocalcin, and Mouse TRAP™ Assay

SCIENTIFICREPORTS | 6:25198 | DOI: 10.1038/srep25198 11


http://www2.clst.riken.jp/arg/mutant%20mice%20list.html
http://www2.clst.riken.jp/arg/Methods.html

www.nature.com/scientificreports/

(Immunodiagnostic Systems, Tyne, UK) for Trap5b. The absorbance at 450nm was determined with the use of a
plate reader: Flex Station 96ED (Molecular Devices, CA, USA). Mouse serum was collected by cardiac puncture.

RNA extraction and RT-qPCR. Total RNA was isolated from the primary osteoblasts and pulverized long
bone (marrow-free trabecular bones) with the use of an RNeasy Mini kit (Qiagen KK, Tokyo, Japan) according
to the manufacturer’s instructions. Primary osteoblasts were isolated from calvariae of neonates. Briefly, tissue
from each dissected calvaria was digested with 0.05% trypsin/1 mM EDTA (Wako, Osaka, Japan), incubated for
20min at 37 °C, then Dulbecco’s modified Eagle’s medium with 15% fetal bovine serum was added to inactivate
the trypsin. Digested cells were incubated for 24 h at 37°C, and the adhering cells were used as primary oste-
oblasts. To assess the mRNA expression of Osterix, Runx2, osteocalcin, TRAP, cathepsin K, Axin2, 3-catenin,
LEF1 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 1 mg of total RNA was reverse-transcribed
to synthesize cDNA that was then amplified and quantified by the ABI PRISM 7300 Real Time PCR system
(Applied Biosystems, Foster City, CA) with a use of sets of primers and probes (assay ID; Osterix, Mm03413826_
mH; Runx2, Mm00501578_m1; osteocalcin, Mm04209856_m1; TRAP, Mm00475698_m1; cathepsin K,
Mm00484039_m1; Axin2, Mm00443610_m1; 3-catenin, Mm00483033_m1; LEF1 and GAPDH, No. 430813).
mRNA expression was quantified relative to that of GAPDH in each reaction, according to the manufacturer’s
protocol.

Statistical analysis. Statistical analyses of bone were carried out by Student’s t-test to determine the signif-
icance between groups. P < 0.05 was considered statistically significant. All results are expressed as means =+ SD.

References

1. Ducy, P, Schinke, T. & Karsenty, G. The osteoblast: a sophisticated fibroblast under central surveillance. Science 289, 1501-1504
(2000).

2. Teitelbaum, S. L. Bone resorption by osteoclasts. Science 289, 1504-1508 (2000).

3. Yamaguchi, A., Komori, T. & Suda, T. Regulation of osteoblast differentiation mediated by bone morphogenetic proteins, hedgehogs,
and Cbfal. Endocr rev. 21, 393-411, doi: 10.1210/edrv.21.4.0403 (2000).

4. Lian, J. B. et al. Networks and hubs for the transcriptional control of osteoblastogenesis. Rev Endocr Metabolic Disord 7, 1-16, doi:
10.1007/s11154-006-9001-5 (2006).

5. Nishimura, R. et al. Signal transduction and transcriptional regulation during mesenchymal cell differentiation. J Bone Miner Metab.
26, 203-212, doi: 10.1007/s00774-007-0824-2 (2008).

6. Hu, H. et al. Sequential roles of Hedgehog and Wnt signaling in osteoblast development. Development 132, 49-60, doi: 10.1242/
dev.01564 (2005).

7. Babij, P. et al. High bone mass in mice expressing a mutant LRP5 gene. ] Bone Miner Res. 18, 960-974, doi: 10.1359/
jbmr.2003.18.6.960 (2003).

8. Boyden, L. M. et al. High bone density due to a mutation in LDL-receptor-related protein 5. N Engl ] Med. 346, 1513-1521, doi:
10.1056/NEJMoa013444 (2002).

9. Gong, Y. et al. LDL receptor-related protein 5 (LRP5) affects bone accrual and eye development. Cell 107, 513-523 (2001).

10. Little, R. D. et al. A mutation in the LDL receptor-related protein 5 gene results in the autosomal dominant high-bone-mass trait.
Am ] Hum Genet. 70, 11-19, doi: 10.1086/338450 (2002).

11. Van Wesenbeeck, L. et al. Six novel missense mutations in the LDL receptor-related protein 5 (LRP5) gene in different conditions
with an increased bone density. Am ] Hum Genet. 72, 763-771, doi: 10.1086/368277 (2003).

12. Gordon, M. D. & Nusse, R. Wnt signaling: multiple pathways, multiple receptors, and multiple transcription factors. ] Biol Chem.
281, 22429-22433, doi: 10.1074/jbc. R600015200 (2006).

13. Kawano, Y. & Kypta, R. Secreted antagonists of the Wnt signalling pathway. J Cell Sci. 116, 2627-2634, doi: 10.1242/jcs.00623 (2003).

14. Bovolenta, P, Esteve, P, Ruiz, . M., Cisneros, E. & Lopez-Rios, ]. Beyond Wnt inhibition: new functions of secreted Frizzled-related
proteins in development and disease. J Cell Sci. 121, 737-746, doi: 10.1242/jcs.026096 (2008).

15. Belaya, Z. E. et al. Serum extracellular secreted antagonists of the canonical Wnt/beta-catenin signaling pathway in patients with
Cushing’s syndrome. Osteoporos Int. 24, 2191-2199, doi: 10.1007/s00198-013-2268-y (2013).

16. Cho, H. Y. et al. Transgenic mice overexpressing secreted frizzled-related proteins (sFRP)4 under the control of serum amyloid P
promoter exhibit low bone mass but did not result in disturbed phosphate homeostasis. Bone 47, 263-271, doi: 10.1016/j.
bone.2010.05.010 (2010).

17. Garufi, G., Seyhan, A. A. & Pasarica, M. Elevated secreted frizzled-related protein 4 in obesity: a potential role in adipose tissue
dysfunction. Obesity 23, 24-27, doi: 10.1002/0by.20915 (2015).

18. Marsit, C. J., McClean, M. D,, Furniss, C. S. & Kelsey, K. T. Epigenetic inactivation of the SFRP genes is associated with drinking,
smoking and HPV in head and neck squamous cell carcinoma. Int ] Cancer. 119, 1761-1766, doi: 10.1002/ijc.22051 (2006).

19. Qi, J., Zhy, Y. Q,, Luo, J. & Tao, W. H. Hypermethylation and expression regulation of secreted frizzled-related protein genes in
colorectal tumor. World J Gastroenterol. 12, 7113-7117 (2006).

20. Mori, K. et al. Diabetic osteopenia by decreased beta-catenin signaling is partly induced by epigenetic derepression of sSFRP-4 gene.
PLos one 9, €102797, doi: 10.1371/journal.pone.0102797 (2014).

21. Nakanishi, R. et al. Osteoblast-targeted expression of Sfrp4 in mice results in low bone mass. ] Bone Miner Res. 23, 271-277, doi:
10.1359/jbmr.071007 (2008).

22. Leimeister, C., Bach, A. & Gessler, M. Developmental expression patterns of mouse sFRP genes encoding members of the secreted
frizzled related protein family. Mech Dev. 75, 29-42 (1998).

23. Witte, E, Dokas, J., Neuendorf, E, Mundlos, S. & Stricker, S. Comprehensive expression analysis of all Wnt genes and their major
secreted antagonists during mouse limb development and cartilage differentiation. Gene Expr Patterns. 9, 215-223, doi: 10.1016/j.
2ep.2008.12.009 (2009).

24. Tho, E. H. et al. Wnt/beta-catenin/Tcf signaling induces the transcription of Axin2, a negative regulator of the signaling pathway. Mol
Cell Biol. 22, 1172-1183 (2002).

25. Nakamura, T. et al. Estrogen prevents bone loss via estrogen receptor alpha and induction of Fas ligand in osteoclasts. Cell 130,
811-823, doi: 10.1016/j.cell.2007.07.025 (2007).

26. Liu, Y. et al. Osterix-cre labeled progenitor cells contribute to the formation and maintenance of the bone marrow stroma. PLos one
8, 71318, doi: 10.1371/journal.pone.0071318 (2013).

27. Mizoguchi, T. et al. Osterix marks distinct waves of primitive and definitive stromal progenitors during bone marrow development.
Dev Cell 29, 340-349, doi: 10.1016/j.devcel.2014.03.013 (2014).

28. Rawadi, G., Vayssiere, B., Dunn, E, Baron, R. & Roman-Roman, S. BMP-2 controls alkaline phosphatase expression and osteoblast
mineralization by a Wnt autocrine loop. ] Bone Miner Res. 18, 1842-1853, doi: 10.1359/jbmr.2003.18.10.1842 (2003).

SCIENTIFICREPORTS | 6:25198 | DOI: 10.1038/srep25198 12



www.nature.com/scientificreports/

29. Baron, R. & Kneissel, M. WNT signaling in bone homeostasis and disease: from human mutations to treatments. Nat Med. 19,
179-192, doi: 10.1038/nm.3074 (2013).

30. Glass, D. A. 2" & Karsenty, G. In vivo analysis of Wnt signaling in bone. Endocrinology 148, 2630-2634, doi: 10.1210/en.2006-1372
(2007).

31. Herr, P, Hausmann, G. & Basler, K. WNT secretion and signalling in human disease. Trends Mol Med. 18, 483-493, doi: 10.1016/j.
molmed.2012.06.008 (2012).

32. Albers, J. et al. Canonical Wnt signaling inhibits osteoclastogenesis independent of osteoprotegerin. J Cell Biol. 200, 537-549, doi:
10.1083/jcb.201207142 (2013).

33. Qiang, Y. W. et al. Characterization of Wnt/beta-catenin signalling in osteoclasts in multiple myeloma. Br ] Haematol. 148, 726-738,
doi: 10.1111/j.1365-2141.2009.08009.x (2010).

34. Nakanishi, R. ef al. Secreted frizzled-related protein 4 is a negative regulator of peak BMD in SAMP6 mice. ] Bone Miner Res. 21,
1713-1721, doi: 10.1359/jbmr.060719 (2006).

35. Beamer, W. G., Donahue, L. R., Rosen, C. J. & Baylink, D. J. Genetic variability in adult bone density among inbred strains of mice.
Bone 18, 397-403 (1996).

36. Matsushita, M. et al. Age-related changes in bone mass in the senescence-accelerated mouse (SAM). SAM-R/3 and SAM-P/6 as new
murine models for senile osteoporosis. Am J Pathol. 125, 276-283 (1986).

37. Haraguchi, R. et al. Molecular analysis of coordinated bladder and urogenital organ formation by Hedgehog signaling. Development
134, 525-533, doi: 10.1242/dev.02736 (2007).

38. Tan, S. H. et al. Wnts produced by Osterix-expressing osteolineage cells regulate their proliferation and differentiation. Proc Natl
Acad Sci USA 111, E5262-5271, doi: 10.1073/pnas.1420463111 (2014).

39. Moverare-Skrtic, S. et al. Osteoblast-derived WNT16 represses osteoclastogenesis and prevents cortical bone fragility fractures. Nat
Med. 20, 1279-1288, doi: 10.1038/nm.3654 (2014).

40. Gaur, T. et al. Canonical WNT signaling promotes osteogenesis by directly stimulating Runx2 gene expression. J Biol Chem. 280,
33132-33140, doi: 10.1074/jbc.M500608200 (2005).

41. Bennett, C. N. et al. Regulation of osteoblastogenesis and bone mass by Wnt10b. Proc Natl Acad Sci USA 102, 3324-3329, doi:
10.1073/pnas.0408742102 (2005).

42. Bodine, P. V. et al. The Wnt antagonist secreted frizzled-related protein-1 is a negative regulator of trabecular bone formation in
adult mice. Mol Endocrinol. 18, 1222-1237, doi: 10.1210/me.2003-0498 (2004).

43. Lee, H. X,, Ambrosio, A. L., Reversade, B. & De Robertis, E. M. Embryonic dorsal-ventral signaling: secreted frizzled-related
proteins as inhibitors of tolloid proteinases. Cell 124, 147-159, doi: 10.1016/j.cell.2005.12.018 (2006).

44. Hausler, K. D. et al. Secreted frizzled-related protein-1 inhibits RANKL-dependent osteoclast formation. ] Bone Miner Res. 19,
1873-1881, doi: 10.1359/JBMR.040807 (2004).

45. Lee, J. L., Lin, C. T., Chueh, L. L. & Chang, C. J. Autocrine/paracrine secreted Frizzled-related protein 2 induces cellular resistance
to apoptosis: a possible mechanism of mammary tumorigenesis. J Biol Chem. 279, 14602-14609, doi: 10.1074/jbc.M309008200
(2004).

46. Phan, T. C,, Xu, J. & Zheng, M. H. Interaction between osteoblast and osteoclast: impact in bone disease. Histol Histopathol. 19,
1325-1344 (2004).

47. Sun, S. Bone disease drug discovery: examining the interactions between osteoblast and osteoclast. Expert Opin Ther Targets 12,
239-251, doi: 10.1517/14728222.12.2.239 (2008).

48. Haraguchi, R. et al. The hedgehog signal induced modulation of bone morphogenetic protein signaling: an essential signaling relay
for urinary tract morphogenesis. PLos one 7, 42245, doi: 10.1371/journal.pone.0042245 (2012).

49. Nakagawa, M. et al. Efficient Genetic Analysis of Microdissected Samples by Agarose-Bead Method: Alterations of beta-Catenin
Gene in Fundic Gland Polyp and Heterotopic Gastric Mucosa of Duodenum. Acta Histochem Cytochem. 46, 19-24, doi: 10.1267/
ahc.12022 (2013).

50. Haraguchi, R., Kitazawa, R. & Kitazawa, S. Epigenetic regulation of Tbx18 gene expression during endochondral bone formation.
Cell Tissue Res. 359, 503-512, doi: 10.1007/s00441-014-2028-0 (2015).

51. Dominici, M. et al. Restoration and reversible expansion of the osteoblastic hematopoietic stem cell niche after marrow
radioablation. Blood 114, 2333-2343, doi: 10.1182/blood-2008-10-183459 (2009).

52. Lomashvili, K. A., Narisawa, S., Millan, J. L. & O’Neill, W. C. Vascular calcification is dependent on plasma levels of pyrophosphate.
Kidney Int. 85, 13511356, doi: 10.1038/ki.2013.521 (2014).

53. Gauger, K. J., Shimono, A., Crisi, G. M. & Schneider, S. S. Loss of SFRP1 promotes ductal branching in the murine mammary gland.
BMC Dev Biol. 12, 25, doi: 10.1186/1471-213X-12-25 (2012).

54. Amano, K., Densmore, M. J. & Lanske, B. Conditional Deletion of Indian Hedgehog in Limb Mesenchyme Results in Complete Loss
of Growth Plate Formation But Allows Mature Osteoblast Differentiation. ] Bone Miner Res. 30, 2262-2272, doi: 10.1002/jbmr.2582
(2015).

55. Hikita, A. et al. Analyses of bone modeling and remodeling using in vitro reconstitution system with two-photon microscopy. Bone
76, 5-17, doi: 10.1016/j.bone.2015.02.030 (2015).

56. Bouxsein, M. L. et al. Guidelines for assessment of bone microstructure in rodents using micro-computed tomography. ] Bone Miner
Res. 25, 1468-1486, doi: 10.1002/jbmr.141 (2010).

57. Kondoh, S. et al. Estrogen receptor alpha in osteocytes regulates trabecular bone formation in female mice. Bone 60, 68-77, doi:
10.1016/j.bone.2013.12.005 (2014).

Acknowledgements

We express our appreciation to Mss. Yuki Takaoka, Chie Arimatsu, Yukimi Utsunomiya, Kyoko Shimazu, Miyako
Nagao and Messrs. Kazuki Inoue and Hitoshi Iwata for their valuable assistance. This work was supported in
part by a Grant-in-Aid for Scientific Research from the Ministry of Education, Culture, Sports, Science and
Technology, Japan (15K08136 and 25860143 to R.H., 18590372, 21590419, 24590461 and 15K08426 to R.K.,
21790351 to K.M., 16590278, 19390100, 19659086 and 26670176 to S.K.). The funders had no role in study
design, data collection and analysis, decision to publish, or preparation of the manuscript.

Author Contributions

R.H., RK,, K.M. and S.K. conceived and designed the experiments. R.H., R.K., KM., R.T., HK,, A.T. and S.K.
conducted the experiments. R.H., RK., K.M,, R.T. and S.K. analyzed the data. R.H., R.K.,, KM., HK,, Y.I, TA.
and S.K. contributed reagents/materials/analysis tools. R.H., R.K. and S.K. wrote the paper.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

SCIENTIFICREPORTS | 6:25198 | DOI: 10.1038/srep25198 13


http://www.nature.com/srep

www.nature.com/scientificreports/

How to cite this article: Haraguchi, R. et al. sSFRP4-dependent Wnt signal modulation is critical for bone
remodeling during postnatal development and age-related bone loss. Sci. Rep. 6,25198; doi: 10.1038/srep25198
(2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

BN o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

SCIENTIFICREPORTS |6:25198| DOI: 10.1038/srep25198 14


http://creativecommons.org/licenses/by/4.0/

	sFRP4-dependent Wnt signal modulation is critical for bone remodeling during postnatal development and age-related bone los ...
	Results

	Generation of sFRP4 knock-in mice. 
	Regulation of sFRP4 expression during bone formation and remodeling. 
	Bone phenotypes of sFRP4-deficient mice. 
	Histological and molecular aspects of sFRP4-deficient bone. 
	Bone phenotypes of aged sFRP4-deficient mice. 

	Discussion

	Unique expression of sFRP4 gene in skeletal bone tissues. 
	Regulative role of sFRP4-mediated Wnt signaling modulation on the bone formation and bone resorption. 
	Phenotypic difference between trabecular and cortical bone in sFRP4 deficient mice. 
	Functional loss of sFRP4 leads to dramatic prevention of natural age-associated bone loss. 

	Methods

	sFRP4 LacZ reporter knock-in mice. 
	X-gal staining in skeletons. 
	Histological analysis. 
	Staining and visualization of whole skeletons. 
	Analysis of bone phenotype by μCT system. 
	Enzyme-linked Immunoassays. 
	RNA extraction and RT-qPCR. 
	Statistical analysis. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Temporally restricted manner of sFRP4 gene expression in the developing skeleton of mouse limb.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ Abnormal bone formation induced by targeted inactivation of the sFRP4 gene.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ Histological examination of osteogenic cell lineages in sFRP4 LacZ/LacZ mice.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ Histological molecular characterization of sFRP4 LacZ/LacZ mice.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ sFRP4 gene inactivation prevents age-related bone loss.
	﻿Figure 6﻿﻿.﻿﻿ ﻿ (a–d) Contribution of sFRP4 to bone remodeling.



 
    
       
          application/pdf
          
             
                sFRP4-dependent Wnt signal modulation is critical for bone remodeling during postnatal development and age-related bone loss
            
         
          
             
                srep ,  (2016). doi:10.1038/srep25198
            
         
          
             
                Ryuma Haraguchi
                Riko Kitazawa
                Kiyoshi Mori
                Ryosuke Tachibana
                Hiroshi Kiyonari
                Yuuki Imai
                Takaya Abe
                Sohei Kitazawa
            
         
          doi:10.1038/srep25198
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 Macmillan Publishers Limited
          10.1038/srep25198
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep25198
            
         
      
       
          
          
          
             
                doi:10.1038/srep25198
            
         
          
             
                srep ,  (2016). doi:10.1038/srep25198
            
         
          
          
      
       
       
          True
      
   




