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Introduction
Bone remodeling is a continuous process mediated by two cell 
types, bone-forming osteoblasts and bone-resorbing osteoclasts 
(Harada and Rodan, 2003; Teitelbaum and Ross, 2003). Under-
standing the mechanisms controlling their differentiation and/or 
function is of utmost clinical importance, especially in the con-
text of osteoporosis, a highly prevalent disorder caused by a 
relative increase of bone resorption over bone formation. Given 
the fact that therapeutic options for the treatment of osteoporosis 
are still limited, it is especially important to identify novel targets 
that can be used to develop specific agonists or antagonists, either 
blocking bone resorption or activating bone formation. In this 
regard it was of hallmark importance that two regulatory path-
ways have been identified over the last years that play crucial 
roles in the control of bone remodeling. In terms of osteoclast 
differentiation one of the most relevant factors is the cytokine 
Rankl, whose deficiency in mice and humans causes osteope-
trosis (Boyle et al., 2003). The binding of Rankl to its receptor 
Rank can be physiologically inhibited by its decoy receptor os-
teoprotegerin (Opg), whose inactivation causes excessive bone 

resorption (Bucay et al., 1998). In terms of bone formation, Wnt 
signaling appears to be one of the most important regulatory 
pathways, which was first hypothesized based on the finding 
that inactivating mutations of the Wnt coreceptor low-density 
lipoprotein receptor-related protein 5 (Lrp5) cause osteoporosis, 
whereas activating mutations result in excessive bone formation 
(Gong et al., 2001; Boyden et al., 2002; Little et al., 2002).

Ligands of the Wnt family, which play various roles in de-
velopment and physiology, bind to a heterodimeric complex 
consisting of a Frizzled (Fzd) receptor and a coreceptor, Lrp5 or 
Lrp6 (Clevers and Nusse, 2012). Because mutations of the human 
LRP5 gene cause osteosclerosis or osteoporosis, respectively, 
it became evident that Wnt signaling is a relevant pathway regu-
lating bone remodeling, which has been confirmed through the 
analysis of various mouse models (Baron et al., 2006). For in-
stance, Lrp5-deficient mice display low bone formation, and the 
same phenotype was found in transgenic mice overexpressing 
Dickkopf-1 (Dkk1), a secreted Wnt signaling antagonist bind-
ing to Lrp5 (Kato et al., 2002; Li et al., 2006). Because the ma-
jority of Wnt ligands activate a signaling pathway that involves 

Although Wnt signaling is considered a key regu-
latory pathway for bone formation, inactivation 
of -catenin in osteoblasts does not affect their 

activity but rather causes increased osteoclastogenesis 
due to insufficient production of osteoprotegerin (Opg). 
By monitoring the expression pattern of all known genes 
encoding Wnt receptors in mouse tissues and bone cells 
we identified Frizzled 8 (Fzd8) as a candidate regulator 
of bone remodeling. Fzd8-deficient mice displayed osteo-
penia with normal bone formation and increased osteo-
clastogenesis, but this phenotype was not associated with 

impaired Wnt signaling or Opg production by osteo-
blasts. The deduced direct negative influence of canonical 
Wnt signaling on osteoclastogenesis was confirmed in vitro 
and through the generation of mice lacking -catenin in 
the osteoclast lineage. Here, we observed increased bone 
resorption despite normal Opg production and a resis-
tance to the anti-osteoclastogenic effect of Wnt3a. These 
results demonstrate that Fzd8 and -catenin negatively 
regulate osteoclast differentiation independent of osteo-
blasts and that canonical Wnt signaling controls bone  
resorption by two different mechanisms.
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performed qRT-PCR to monitor the expression pattern of all 
genes encoding Wnt receptor components in various mouse tis-
sues and in cultured osteoblasts and osteoclasts (Fig. 1 A). The 
most striking result obtained from these analyses was that Fzd8 
was highly expressed in both bone-remodeling cell types, 
whereas its expression was barely detectable at the tissue level. 
To follow up on this observation we monitored Fzd8 expression 
during the course of primary osteoclast and osteoblast differen-
tiation (Fig. 1 B). When compared with the expression of Fzd9, 
Fzd8 was expressed at higher levels in both bone cell types, and 
although its expression in osteoblasts increased significantly 
between day 15 and day 25 of differentiation, we observed a 
sharp increase between day 1 and day 4 of osteoclastogenesis. 
The presence of Fzd8 in both bone cell types at the protein level 
was further confirmed by immunohistochemistry on human 
bone sections (Fig. 1 C). Taken together, these results raised  
the possibility that Fzd8 could be involved in the regulation of 
bone remodeling, which led us to analyze the skeletal pheno-
type of Fzd8-deficient mice.

Bone formation is unaffected in Fzd8-
deficient mice
The skeletal phenotype of Fzd8-deficient mice was analyzed by 
non-decalcified histology and histomorphometry of spine sec-
tions using wild-type littermates as a control. Although we did 
not detect significant differences between the two groups at 6 wk 
of age, there was a significant reduction of the trabecular bone 
volume in Fzd8-deficient mice at 24 wk of age (Fig. 2 A), and 
the same was the case for Fzd8+/ littermates (BV/TV: 11.7 ± 
1.5% in Fzd8+/ mice vs. 15.1 ± 1.5% in wild-type controls). 
Cellular and dynamic histomorphometry revealed that there 
was no difference between wild-type and Fzd8-deficient mice 
in terms of osteoblast number and bone formation rate (Fig. 2 B). 
Consistently, mineralization was not impaired in Fzd8-deficient 
primary osteoblast cultures and the same was the case for the 
response to the noncanonical Wnt ligand Wnt5a (Fig. 2 C). 
Because Lrp5 deficiency has been reported to cause persistent 
embryonic eye vascularization and increased serotonin synthe-
sis in the duodenum, we further quantified the number of hya-
loid vessels and circulating serotonin concentrations in wild-type 
and Fzd8-deficient littermates, but here we failed to detect sig-
nificant differences (Fig. S1). Taken together, these results dem-
onstrated that the osteopenia caused by Fzd8 deficiency is not 
related to a defect of bone formation.

Increased osteoclastogenesis in Fzd8-
deficient mice
We next determined osteoclast number and osteoclast surface  
in 24-wk-old wild-type and Fzd8-deficient littermates and ob-
served that both parameters were significantly increased in the 
latter ones (Fig. 3 A). To address the question of whether this 
phenotype is explained by impaired Opg production in osteo-
blasts, we isolated primary osteoblasts and monitored canonical 
Wnt signaling after Wnt3a administration. By Western blotting 
using antibodies against phosphorylated Lrp6 and -catenin, 
we did not detect any difference between wild-type and Fzd8-
deficient cells (Fig. 3 B). Consistent with these findings, there 

stabilization and nuclear translocation of -catenin (canonical 
Wnt signaling), it was also important to study the influence of 
-catenin on osteoblast differentiation and function. Here it was 
found that -catenin inactivation in mesenchymal progenitor 
cells causes an arrest of osteoblast differentiation and severe 
defects of skeletal development (Day et al., 2005; Hill et al., 
2005). In contrast, -catenin inactivation in mature osteoblasts 
or in terminally differentiated osteocytes did not affect bone 
formation, but caused a significant increase in osteoclastogen-
esis, and the opposite phenotype was observed upon osteoblast-
specific activation of -catenin (Glass et al., 2005; Holmen 
et al., 2005; Kramer et al., 2010). All of these latter phenotypes 
were molecularly explained by the fact that -catenin is re-
quired to induce the expression of the osteoclastogenesis in-
hibitor Opg in osteoblasts, thereby demonstrating an indirect 
influence of canonical Wnt signaling on bone resorption medi-
ated by -catenin expression in osteoblasts. Moreover, given 
the striking phenotypic differences caused by Lrp5 or -catenin 
inactivation, it has to be concluded that the Lrp5-dependent 
control of bone formation is not mediated through canonical 
Wnt signaling.

Another key question is which of the 10 known Fzd recep-
tors are required to regulate Wnt signaling in the context of 
bone remodeling. Because Fzd proteins are serpentine receptors 
and therefore belong to the major class of target proteins for 
currently available drugs, addressing this questions could also 
be relevant in terms of identifying novel therapeutic options to 
treat skeletal disorders (Wise et al., 2002; Overington et al., 
2006). Using genome-wide expression analysis of primary os-
teoblasts we have previously identified Fzd9 as the only Fzd 
gene with differential expression during the early stages of osteo
blastogenesis (Albers et al., 2011). Moreover, we found that 
Fzd9-deficient mice display low bone formation and osteopenia, 
similar to mice lacking Lrp5. Importantly, canonical Wnt sig-
naling was not impaired in Fzd9-deficient osteoblasts, and there 
was no secondary increase in osteoclastogenesis due to reduced 
Opg production. These results suggested that Fzd9 regulates  
osteoblast function through noncanonical Wnt signaling path-
ways, whereas canonical Wnt signaling in osteoblasts has to be 
controlled by other Fzd receptors.

With the aim to identify such receptors we have monitored 
the expression of all known Fzd genes in various tissues and bone 
cells. Because we observed high expression levels of Fzd8 in  
osteoblasts and osteoclasts, we analyzed the skeletal phenotype  
of Fzd8-deficient mice. Here we observed osteopenia and in-
creased osteoclastogenesis, but no impairment of canonical Wnt 
signaling or Opg production in osteoblasts, thus suggesting a 
direct negative influence of canonical Wnt signaling on osteoclast 
differentiation. To confirm this hypothesis we generated mice 
specifically lacking -catenin in the osteoclast lineage, where 
we observed an Opg-independent increase of bone resorption.

Results
Fzd8 expression in bone cells
To address the question of which of the 10 known Fzd genes 
could be involved in the regulation of bone remodeling, we first 
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Figure 1.  Fzd8 expression in bone cells. (A) qRT-PCR expression analysis for Wnt receptor-encoding genes using cDNA from various tissues and bone 
cells. Expression levels were normalized to Gapdh as indicated. Error bars represent mean ± SD (n = 4). (B) qRT-PCR expression analysis for Fzd8 and Fzd9 
during the course of osteoclast and osteoblast differentiation. Error bars represent mean ± SD (n = 4). Asterisks indicate statistically significant differences 
compared with the earliest stage of differentiation. (C) Immunohistochemistry on human bone sections demonstrates the presence of FZD8 in osteoblasts 
(top) and osteoclasts (bottom). Bars, 25 µm.
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in these cells in the presence of Wnt3a (Fig. 4 A). Importantly, 
however, a compensatory induction of other Fzd genes in Fzd8-
deficient mice was not observed in vivo (Fig. 4 B), thus implying 
that the failure to demonstrate a cell-autonomous defect of 
Fzd8-deficient osteoclasts is potentially explained by a Wnt3a-
dependent induction of other Fzd genes in Fzd8-deficient cultures 
specifically ex vivo.

Activating canonical Wnt signaling  
in osteoclast progenitors inhibits  
their differentiation
Although it was essentially impossible for us to demonstrate a 
cell-autonomous defect of Fzd8-deficient osteoclast progeni-
tors, our results raised the possibility that canonical Wnt signal-
ing has a direct negative influence on osteoclastogenesis, in 
addition to its known indirect effect by increasing Opg produc-
tion by osteoblasts. To address this possibility we first analyzed 
the effects of lithium chloride (LiCl), Wnt3a, and Wnt5a on os-
teoclast differentiation using wild-type bone marrow progenitor 
cells. In the first set of experiments we added these three Wnt 
signaling activators to the medium during the whole course of 
differentiation (together with 1,25 dihydroxyvitamin-D3), 
whereas M-Csf and Rankl, according to standard protocols, 
were only added from day 4 to day 7 of differentiation. By quan-
tifying the number of tartrate-resistant acid phosphatase (TRAP)–
positive multinucleated cells we observed a dose-dependent 

were no significant differences between the two genotypes 
when we monitored expression of osteoblast differentiation 
markers or of known target genes of canonical Wnt signaling, 
such as Axin2 or Tnfrsf11b, the latter one encoding Opg (Fig. 3 C). 
Most importantly, however, these genes were also expressed  
at normal rate in bones from Fzd8-deficient mice (Fig. 3 D), and 
there was no significant difference in the serum levels of Rankl 
and Opg levels between wild-type and Fzd8-deficient litter-
mates (Fig. 3 E).

Because these results ruled out a requirement of Fzd8  
for canonical Wnt signaling and Opg production in osteoblasts, 
we next addressed the question of whether the increased osteo-
clastogenesis observed in Fzd8-deficient mice is explained by 
an osteoblast-independent cell-autonomous defect. For that 
purpose we isolated bone marrow cells from wild-type and 
Fzd8-deficient mice and differentiated them into osteoclasts  
ex vivo in the absence or presence of Wnt3a. Here we observed 
a near complete inhibition of osteoclastogenesis caused by 
Wnt3a, not only in wild type, but also in Fzd8-deficient cultures 
(Fig. 3 F). Because these findings were not sufficient to demon-
strate a cell-autonomous defect of Fzd8-deficient osteoclast 
progenitors, we next performed qRT-PCR to monitor the ex-
pression of all genes encoding Wnt receptors. Here we found 
that none of these were expressed at a higher rate in Fzd8-
deficient cultures in the absence of Wnt3a, but that all Fzd 
genes, with the exception of Fzd9, were significantly overexpressed 

Figure 2.  Phenotypic analysis of Fzd8-deficient mice. (A) Von Kossa/van Gieson staining of spine sections from wild-type and Fzd8-deficient mice at the 
indicated ages. Histomorphometric quantification of the trabecular bone volume (BV/TV) is given on the right. Bars, 1 mm. (B) Quantification of osteoblast 
number per bone perimeter (Ob.N/B.Pm) and bone formation rate per bone surface (BFR/BS) in 24-wk-old wild-type and Fzd8-deficient mice. (C) Alizarin 
red staining of primary calvarial osteoblasts from wild-type and Fzd8-deficient mice after 10 d of differentiation (left) and Western blotting with the indicated 
antibodies after administration of Wnt5a at day 10 of differentiation (right). The black arrows indicate the position and molecular weight of the nearest 
marker. All error bars represent mean ± SD (n = 6). Asterisks indicate statistically significant differences between the two groups.
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addition of M-Csf and Rankl, we next addressed the question of 
whether the Wnt3a-mediated inhibition of osteoclastogenesis 
would also occur at an early stage of differentiation, which we 
did by modifying the timing of Wnt3a and Rankl administration. 
When both molecules were present during the whole course of 
differentiation, Wnt3a caused inhibition of osteoclastogenesis, 
similar to the experiments described above (Fig. 5 B). In contrast, 

inhibition of osteoclastogenesis caused by LiCl and Wnt3a, 
which are both known to activate canonical Wnt signaling in 
various cell types (Fig. 5 A). In contrast, Wnt5a, a ligand known 
to activate noncanonical Wnt signaling pathways, did not in-
hibit, but activated osteoclast differentiation, in line with data 
published by others (Maeda et al., 2012). Because the induction 
of Fzd8 expression during osteoclastogenesis occurs before the 

Figure 3.  Increased osteclastogenesis in Fzd8-deficient mice. (A) Quantification of osteoclast number per bone perimeter (Oc.N/B.Pm) and osteoclast 
surface per bone surface (OcS/BS) in 24-wk-old wild-type and Fzd8-deficient mice. Error bars represent mean ± SD (n = 6). Asterisks indicate statistically 
significant differences between the two groups. (B) Western blot analysis for phosphorylated Lrp6 and -catenin after stimulation of wild-type and Fzd8-
deficient osteoblasts by Wnt3a at day 10 of differentiation. The black arrows indicate the position and molecular weight of the nearest marker. (C) qRT-PCR 
expression analysis of the indicated genes in Fzd8-deficient osteoblasts relative to wild-type cultures. Error bars represent mean ± SD (n = 4). (D) qRT-PCR 
expression analysis of the same genes in Fzd8-deficient marrow-flushed bones relative to wild-type littermates. Error bars represent mean ± SD (n = 4).  
(E) Serum levels of Opg and Rankl in 24-wk-old wild-type and Fzd8-deficient littermates. Error bars represent mean ± SD (n = 6). (F) TRAP activity staining 
of bone marrow cells differentiated in the presence of M-Csf and Rankl with or without Wnt3a as indicated. Bars, 50 µm. Quantification of TRAP-positive 
multinucleated cells in wild-type and Fzd8-deficient cultures is given on the right. Error bars represent mean ± SD (n = 6). Asterisks indicate statistically 
significant differences compared with control-treated cells.
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(CRD; Fig. 5 E), which can be used to block receptor binding 
(DeAlmeida et al., 2007; Schulte and Bryja, 2007).

We next differentiated the bone marrow progenitor cells 
in the presence of Wnt3a and/or a monoclonal antibody neutral-
izing Opg (Glass et al., 2005) and found that Wnt3a signifi-
cantly reduced osteoclastogenesis also in the presence of the 
antibody (Fig. 6 A). Moreover, we applied CD11b immuno
affinity to separate CD11b-negative stromal cells from CD11b-
positive osteoclast progenitors and analyzed the effects of 
Wnt3a on the differentiation of the latter ones. Here we found 
that Wnt3a also inhibited osteoclastogenesis (Fig. 6 B), despite 
the fact the Opg was undetectable in the medium of the cells, in 
contrast to unsorted cells, where Opg concentration was above 
100 pg/ml. We further analyzed the effects of Wnt3a on gene 
expression in Cd11b-sorted cultures, and here we did not ob-
serve an induction of Tnfsf11 and Tnfrsf11b expression, albeit 

when Wnt3a was only added from day 4 to day 7 of differentia-
tion, it did not mediate an inhibitory defect on osteoclastogene-
sis, and the effect of LiCl was also reduced (Fig. 5 C).

Based on these findings, we next monitored the effects of 
Wnt3a on gene expression at day 3 of differentiation and treated 
the cells with Wnt3a for 6 h to subsequently perform qRT-PCR. 
Although we did not observe an effect of Wnt3a on the expres-
sion of Ctsk (encoding Cathepsin K) or Tnfrsf11a (encoding 
Rank), Wnt3a administration resulted in a significant induction 
of Axin2 and Tnfrsf11b expression, as expected, yet the expres-
sion of Tnfsf11 (encoding Rankl) was induced to the same extent 
(Fig. 5 C). We additionally applied Western blotting with anti-
bodies against phosphorylated Lrp6 and -catenin to demon-
strate activation of canonical Wnt signaling by Wnt3a in the 
same cultures, and here we could also observe that this effect is 
abrogated by the presence of the Fzd8 cysteine-rich domain 

Figure 4.  Compensatory induction of Fzd 
genes in Wnt3a-treated Fzd8-deficient osteo-
clast cultures. (A) qRT-PCR expression analysis 
of the indicated genes in wild-type and Fzd8-
deficient bone marrow cultures differentiated 
in the presence of M-Csf and Rankl with or 
without Wnt3a as indicated. Error bars repre-
sent mean ± SD (n = 4). Asterisks indicate sta-
tistically significant differences compared with 
control-treated cells. Number signs indicate 
statistically significant differences between  
wild-type and Fzd8-deficient cultures. (B) qRT-PCR 
expression analysis of the indicated genes in 
Fzd8-deficient marrow-flushed bones relative 
to wild-type littermates. Error bars represent 
mean ± SD (n = 4).
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Figure 5.  Inhibition of osteoclastogenesis by canonical Wnt signaling. (A) Quantification of TRAP-positive multinucleated cells generated in the presence of 
different concentrations of LiCl, Wnt3a, or Wnt5a as indicated. (B) Quantification of TRAP-positive multinucleated cells generated after 7 d of culture in the 
permanent presence of recombinant Wnt3a and Rankl as indicated. (C) Quantification of TRAP-positive multinucleated cells generated after 7 d of culture, 
when Wnt3a (or LiCl) and Rankl were added from day 4 of culture. (D) qRT-PCR expression analysis for the indicated genes in bone marrow cultures at 
day 3 of differentiation after treatment with 200 ng/ml Wnt3a for 6 h. All error bars represent mean ± SD (n = 6). Asterisks indicate statistically significant  
differences compared with controls. (E) Western blot analysis for phosphorylated Lrp6 and -catenin after stimulation of bone marrow cultures at day 3 of  
differentiation by Wnt3a in the absence or presence of the Fzd8-CRD. The black arrows indicate the position and molecular weight of the nearest marker.
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Axin2 expression was increased (Fig. 6 C). Collectively, these 
results suggested that canonical Wnt signaling negatively regu-
lates osteoclastogenesis independent of Opg, which led us to 
address the question of whether a specific deletion of -catenin 
in cells of the osteoclast lineage would affect bone resorp-
tion in vivo.

Mice lacking -catenin in the osteoclast 
lineage display increased bone resorption 
despite normal Opg production  
by osteoblasts
Here we took advantage of a mouse model carrying loxP sites 
within the Ctnnb1 gene that was crossed with transgenic mice 
expressing the Cre-recombinase under the control of the LysM 
promoter (Clausen et al., 1999; Brault et al., 2001). The result-
ing Ctnnb1fl/fl/LysM+/cre mice were first monitored for specificity 
of recombination using genomic PCR from various tissues and 
primary bone cells, and consistent with the LysM expression 
pattern we observed recombination in spleen and cultured os-
teoclasts, but not in osteoblasts (Fig. S2 A). Likewise, primary 
osteoblasts from Ctnnb1fl/fl/LysM+/cre mice mineralized normally 
(Fig. S2 B), displayed normal Tnfsf11 and Tnfrsf11b expression 
(Fig. S1 C), and responded to the Wnt3a administration in the 
same way as Ctnnb1fl/fl/LysM+/+ cells (Fig. S1 D). We next ana-
lyzed the skeletal phenotype of the Ctnnb1fl/fl/LysM+/cre mice by 
non-decalcified histology and observed osteopenia at 12 wk of age 
(Fig. 7 A). Histomorphometry confirmed that Ctnnb1fl/fl/LysM+/cre 
mice displayed a significant reduction of the trabecular bone 
volume compared with Cre-negative littermates, whereas the 
bone formation rate, as well as osteoblast number and surface, 
were unaffected (Fig. 7 B).

In contrast, TRAP activity staining and cellular histomor-
phometry revealed that osteoclastogenesis was significantly in-
creased in Ctnnb1fl/fl/LysM+/cre mice (Fig. 8 A), and the same was 
the case for bone-specific collagen degradation products (Cross-
laps) in the serum (Fig. 8 B). Most importantly, however, the 
serum concentrations of Opg and Rankl were not significantly 
different between Ctnnb1fl/fl/LysM+/+ and Ctnnb1fl/fl/LysM+/cre mice, 
and Tnfsf11 and Tnfrsf11b expression was unaffected in the latter 
ones, both in vivo and in vitro (Fig. 8 C). Finally, we analyzed 
the effects of Wnt3a on osteoclast differentiation from bone mar-
row progenitor cells of Ctnnb1fl/fl/LysM+/+ and Ctnnb1fl/fl/LysM+/cre 
mice. Here we found that the significant reduction of osteo-
clastogenesis caused by Wnt3a administration was fully abro-
gated in Ctnnb1fl/fl/LysM+/cre cultures, thereby demonstrating that 
these effects depend on the presence of -catenin (Fig. 8 D). Col-
lectively, our findings provide evidence for a direct inhibitory  
effect of canonical Wnt signaling on osteoclastogenesis, which 
is independent from the known indirect effect mediated through 
-catenin expression in osteoblasts.

Discussion
Although it is commonly accepted that intact Wnt signaling is 
essential for proper bone formation and remodeling, there are 
still many open questions regarding the specific mechanisms in-
volved in this type of regulation, and there is still a controversial 

Figure 6.  Opg-independent inhibition of osteoclastogenesis by Wnt3a. 
(A) Quantification of TRAP-positive multinucleated cells generated after 
7 d of culture in the presence of Wnt3a and/or an anti-Opg antibody. 
Error bars represent mean ± SD (n = 6). Asterisks indicate statistically 
significant differences compared with controls. (B) Quantification of TRAP-
positive multinucleated cells generated from unsorted or CD11b-purified 
bone marrow cells after 7 d of culture in the presence of Wnt3a. Error 
bars represent mean ± SD (n = 6). Asterisks indicate statistically significant 
differences compared with controls. (C) qRT-PCR expression analysis of the 
indicated genes in CD11b-purified bone marrow cells after treatment with 
200 ng/ml Wnt3a for 6 h relative to untreated cells. Error bars represent 
mean ± SD (n = 4). Asterisks indicate statistically significant differences 
compared with controls.
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by osteoblasts are unaffected by the absence of Lrp5, -catenin 
inactivation in mature osteoblasts does not impair bone forma-
tion. This has been demonstrated by three different strategies 
using Col1a1-Cre, Osteocalcin-Cre, or Dmp1-Cre transgenic 
mice, and in all cases -catenin inactivation specifically caused 
increased bone resorption due to reduced Opg production (Glass 
et al., 2005; Holmen et al., 2005; Kramer et al., 2010).

We have previously analyzed two mouse models with im-
paired Wnt signaling in osteoblasts, mice lacking the Wnt receptor 
Fzd9 and mice overexpressing the Dkk1 receptor Krm2 in osteo-
blasts. Here we found that Fzd9 deficiency results in a significant 
reduction of bone formation without affecting osteoclastogenesis, 
whereas Krm2-transgenic mice display severe osteoporosis caused 
by both reduced bone formation and increased osteoclastogenesis 
(Schulze et al., 2010; Albers et al., 2011). Importantly, although 
primary osteoblasts from Krm2-transgenic mice displayed im-
paired canonical Wnt signaling and Tnfrsf11b expression, also 
resulting in reduced serum levels of Opg, Fzd9-deficient osteo
blasts responded normally to Wnt3a stimulation, and their cell-
autonomous defect was related to a disturbance of noncanonical 
Wnt signaling pathways. Collectively, these findings demonstrated 
that canonical Wnt signaling in osteoblasts is not controlled by 
Fzd9, and that other Fzd receptors are required for the known 
effects of -catenin. To identify such a receptor we analyzed the 
expression pattern of all known Fzd genes and subsequently ana-
lyzed the impact of Fzd8 deficiency on bone remodeling because 
this gene was found highly and differentially expressed in cultured 
osteoblasts and osteoclasts.

Although Fzd8-deficient mice displayed osteopenia due 
to increased osteoclastogenesis, similar to mice lacking -catenin 
in osteoblasts, we were able to rule out that this defect is medi-
ated through impaired Wnt signaling in osteoblasts, and most 
importantly, there was no reduction of Opg levels in the serum 
of Fzd8-deficient mice. Although we did not observe increased 
osteoclastogenesis of Fzd8-deficient bone marrow cells ex vivo, 
neither in the absence nor in the presence of Wnt3a, we were 
able to demonstrate that canonical Wnt signaling inhibits osteo-
clastogenesis independent of Opg production by osteoblasts, 
which was finally confirmed through the generation of mice 
lacking -catenin in the osteoclast lineage. At that point it is 
important to state that two other studies have been published at 
the time of our analysis where Lysm-Cre mediated inactivation 
of -catenin has been reported to cause osteopenia due to in-
creased osteoclastogenesis (Wei et al., 2011; Otero et al., 2012). 
However, although both studies provided evidence for a direct 
inhibitory effect of canonical Wnt signaling on osteoclast for-
mation, they did not demonstrate that -catenin signaling and 
Opg production were unaffected in osteoblasts in these mice. 
Therefore, it is in our opinion important that we could addition-
ally show (1) specificity of recombination in our mouse model, 
(2) unaffected differentiation and gene expression in primary 
osteoblasts from these mice, (3) normal Opg serum levels, and 
(4) abrogation of the inhibitory effect of Wnt3a on osteoclasto-
genesis. Moreover, we could identify Fzd8 as a negative regula-
tor of bone resorption, at least in vivo, which is particularly 
relevant because Fzd8-deficient mice do not display obvious 
pathologies elsewhere.

debate regarding the mechanism of Lrp5 action (Yadav et al., 
2008; Cui et al., 2011). What is obvious, however, is that ubiq-
uitous inactivation of Lrp5 causes a bone-remodeling pheno-
type that is fundamentally different from the phenotypes observed 
in various mouse models with cell type–specific inactivation of 
-catenin. More specifically, although -catenin inactivation in 
mesenchymal progenitor cells causes severe skeletal defects, 
because osteoblastogenesis is shifted toward ectopic chondro-
genesis, Lrp5-deficient mice do not display such defects of skel-
etal development (Kato et al., 2002; Day et al., 2005; Hill et al., 
2005). Likewise, while osteoclastogenesis and Opg production 

Figure 7.  Phenotypic analysis of Ctnnb1fl/fl/LysM+/cre mice. (A) Von 
Kossa/van Gieson-staining of non-decalcified spine sections from 12-wk-
old Ctnnb1fl/fl/LysM+/+ and Ctnnb1fl/fl/LysM+/cre mice. Bars, 1 mm. (B) His-
tomorphometric quantification of trabecular bone volume (BV/TV), bone 
formation rate (BFR/BS), osteoblast number (Ob.N/B.Pm), and osteoblast 
surface (ObS/BS) in the same mice. All error bars represent mean ± SD 
(n = 6). Asterisks indicate statistically significant differences between the 
two groups.
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administration of either a Dkk1-neutralizing antibody or of  
recombinant Wnt3a attenuated the development of osteolytic 
lesions in immunodeficient mice engrafted with multiple my-
eloma cells (Yaccoby et al., 2007; Qiang et al., 2008; Heath et al., 
2009). Therefore, it is conceivable to speculate that Fzd8 might 
serve as a novel target protein for anti-resorptive treatment of 
various bone loss disorders. In this regard it can be an advantage 
that the crystal structure of the Fzd8-CRD has already been 
characterized (Dann et al., 2001), which could allow in silico 
design of specific agonists.

Materials and methods
Expression analysis
RNA was isolated from various tissues, marrow-flushed bones, or primary 
bone cells using the RNeasyMini kit (QIAGEN), and DNase digestion was 
performed according to the manufacturer’s instructions. Concentration and 
quality of RNA were measured using an ND-1000 system (NanoDrop 
Technology). For cDNA synthesis, 1 µg of RNA was reverse transcribed  
using SuperScriptIII (Invitrogen) according to the manufacturer’s instructions. 
qRT-PCR expression analysis was performed using a StepOnePlus system 

Despite the fact that we were not able to detect a cell- 
autonomous defect of Fzd8-deficient osteoclasts, likely ex-
plained by a compensatory induction of other Fzd genes, this 
latter notion is potentially relevant because Fzd8 is a serpentine 
receptor, i.e., it belongs to the major class of target proteins for 
currently available drugs (Wise et al., 2002; Overington et al., 
2006). Given the fact that activating Wnt signaling is now con-
sidered one of the most promising approaches to treat individuals 
with osteoporosis, multiple myeloma, or metastatic bone dis-
ease (Rachner et al., 2011; Rachner et al., 2012), it is surprising 
that there is still limited knowledge on the specific roles of Fzd 
receptors in bone cells. Of note, the Wnt-mediated interaction 
between osteoblasts and osteoclasts is not only relevant for osteo
porosis, but also for the development of osteolytic lesions, par-
ticularly in individuals with multiple myeloma. This was first 
shown by genome-wide expression analysis demonstrating ele-
vated expression of the Wnt antagonist Dkk1 by myeloma tumor 
cells (Tian et al., 2003). The potential therapeutic relevance of 
these findings was confirmed in animal experiments, where the 

Figure 8.  Opg-independent increase of osteclas-
togenesis in Ctnnb1fl/fl/LysM+/cre mice. (A) TRAP 
activity staining on spine sections shows increased 
osteoclastogenesis in Ctnnb1fl/fl/LysM+/cre mice. 
Histomorphometric quantification of osteoclast 
number (Oc.N/B.Pm) and osteoclast surface 
(OcS/BS) is given on the right. Bars, 50 µm.  
(B) Concentrations of collagen degradation prod-
ucts (Crosslaps), Opg, and Rankl in the serum 
of Ctnnb1fl/fl/LysM+/+ and Ctnnb1fl/fl/LysM+/cre 
mice. All error bars represent mean ± SD (n = 6).  
Asterisks indicate statistically significant differences 
between the two groups. (C) qRT-PCR expres-
sion analysis of the indicated genes in marrow-
flushed bones (left) or in bone marrow–derived 
osteoclast cultures (right) from Ctnnb1fl/fl/LysM+/cre 
mice relative to Ctnnb1fl/fl/LysM+/+ littermates. Error 
bars represent mean ± SD (n = 4). (D) Quanti-
fication of TRAP-positive multinucleated cells in  
Ctnnb1fl/fl/LysM+/+ and Ctnnb1fl/fl/LysM+/cre bone 
marrow cells differentiated by addition of M-Csf, 
Rankl in the absence of presence of Wnt3a, as in-
dicated. All error bars represent mean ± SD (n = 6).  
Asterisks indicate statistically significant differences 
compared with untreated controls.
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Mice
Fzd8-deficient mice (C57BL/6 genetic background) were obtained from 
the Jackson Laboratory (#005804). Offspring from heterozygous matings 
was genotyped for the presence of the wild type (5-GTAGTCCTCCAG-
GCAGATGGGCGTG-3 and 5-AGTGACCTCGCTCCTAGCCGCCTTG-3) 
and mutant allele (5-GACGTTGTTTGTCTTCAAGAAGCTTC-3and  
5-AGTGACCTCGCTCCTAGCCGCCTTG-3), respectively. Mice with loxP 
sites located in introns 1 and 6 of the Ctnnb1 gene were obtained from the 
Jackson Laboratory (#004152) and crossed with LysM-Cre mice (provided 
by T.J. Jentsch, Max Planck Institute for Molecular Genetics, Berlin, Ger-
many) to generate Ctnnb1fl/fl/LysM+/+ and Ctnnb1fl/fl/LysM+/cre littermates 
for skeletal analysis. Specificity of recombination was assessed by genomic 
PCR using primers amplifying the floxed (5-AAGGTAGAGTGATG
AAAGTTGTT-3 and 5-CACCATGTCCTCTGTCTATTC-3) and recombined 
allele (5-AATCACAGGGACTTCCATACCAG-3 and 5-GCCCAGCCTTA
GCCCAACT-3), respectively.

Histological analysis
All mice received two injections of calcein 9 and 2 d before sacrifice. Dis-
sected skeletons were fixed in 3.7% PBS-buffered formaldehyde for 18 h 
before they were stored in 80% ethanol. To perform non-decalcified histol-
ogy, we dehydrated a part of the spine (vertebral bodies L1 to L4) in  
ascending alcohol concentrations, before they were embedded into methyl
metacrylate. Using a Microtec rotation microtome (Techno-Med GmbH) we 
cut 4-µm-thick sections in the sagittal plane. The sections were subsequently 
stained by von Kossa/van Gieson (for static hisotmorphometry) and tolu-
idine blue (for cellular histomorphometry) staining procedures (Albers et al., 
2011). Whereas the latter staining is achieved by incubation of the sec-
tions with 1% toluidine blue solution (pH 4.5) for 30 min, the von Kossa/
van Gieson is a multistep procedure staining mineralized bone matrix in 
black and non-mineralized osteoid in red. More specifically, after staining 
with 3% silver nitrate for 5 min and incubation in 5% sodium thiosulfate for 
5 min, counterstaining with van Gieson solution (0.25% acid fuchsin, 0.5% 
nitric acid [conc], 10% glycerine, and picric acid to saturation) was per-
formed for a further 20 min. Static and cellular histomorphometry was per-
formed on toluidine blue–stained sections, whereas dynamic histomor-
phometry for determination of the bone formation rate was performed on 
nonstained sections. All histomorphometric measurements were performed 
using the OsteoMeasure histomorphometry system (Osteometrics Inc., 
USA) according to American Society for Bone and Mineral Research stan-
dards (Parfitt et al., 1987). Here we followed the manufacturer’s instruc-
tions by labeling the mineralized and nonmineralized bone surfaces, marking 
osteoblasts and osteoclasts, or labeling the calcein bands on unstained  
12-µm sections for dynamic histomorphometry. TRAP activity staining was 
performed on decalcified sections that were preincubated in 10 mM so-
dium tartrate dissolved in 40 mM acetate buffer (pH 5) and then stained 
with 0.1 mg/ml Naphthol AS-MX Phosphate (#N-5000; ) in the same  
buffer, including 0.6 mg/ml Fast Red Violet LB salt (#F-3881; Sigma- 
Aldrich). Staining of hyaloid vessels was performed as described pre
viously (Albers et al., 2011). In brief, eyeballs were fixed in 3.7% PBS-buffered 
formaldehyde for 18 h, then dehydrated in ascending alcohol concentra-
tions and embedded into paraffin. Sections of 5 µm were cut and stained 
by the hematoxylin/eosin procedure. For quantification we determined  
the number of stained hyaloid vessels per section. All histological im-
ages were captured at room temperature using a microscope (Axioskop; 
Carl Zeiss) with a 1.25× (no medium, NA 0.035), 20× (no medium, NA 
0.045), or 40× (no medium, NA 0.75) objective fitted with a camera  
(Axiocam; Carl Zeiss). Image acquisition was performed using Axiovision 
Software (Carl Zeiss).

Serum analysis
Serum concentrations of serotonin, bone-specific collagen degradation 
products (Crosslaps), Opg, and Rankl were quantified using antibody-
based detection kits (#BA 10-0900, LDN; #AC-06F1, Immunodiagnostic 
Systems; #MOP00, R&D Systems; #MTR00, R&D Systems).

Statistical analysis
All data are presented as means ± SDs. Statistical analysis was performed 
using unpaired, two-tailed Student’s t test. For the comparison of more than 
two means, ANOVA (IBM SPSS Statistics 20) was used. P-values <0.05 
were considered statistically significant.

Online supplemental material
Fig. S1 shows that there is no persistence of hyaloid vessels in the eye
balls of Fzd8-deficient mice, and that circulating serotonin levels are un
affected by the Fzd8 deficency. Fig. S2 shows the specificity of recombination  

and predesigned TaqMan gene expression assays (Applied Biosystems). 
Gapdh expression was used as an internal control. Immunohistochemistry 
was performed on decalcified human bone sections derived from healthy 
donors at autopsy. After blocking nonspecific binding sites with 2.5% BSA, 
incubation with an antibody against human FZD8 (#AF2440; R&D Sys-
tems) was performed overnight. After incubation with a biotinylated sec-
ondary antibody and streptavidin/HRP, peroxidase activity was detected 
with DAB as a chromogenic substrate.

Primary osteoblasts
Primary osteoblasts were isolated by sequential collagenase digestion and 
differentiated for 10 d by the addition of 50 µg/ml ascorbic acid and 10 mM 
-glycerophosphate. Assessment of mineralization by alizarin red staining 
was performed as described previously (Albers et al., 2011). In brief, cells 
were washed with PBS and fixed in 90% ethanol for 1 h. After washing 
twice with distilled water, cells were stained with alizarin red S solution 
(40 mM, pH 4.2) for 10 min. After additional washing steps with distilled 
water, images were taken with a digital camera (EOS 10D; Canon). Quan-
tification was performed by dissolving the cell-bound alizarin red S in 10% 
acetic acid, incubating for 30 min at room temperature, and for 10 min at 
85°C. After a centrifugation step the supernatant was neutralized with 
10% ammonium hydroxide solution, and the absorbance was measured  
at 405 nm. To analyze the response to Wnt ligands cells were serum 
starved overnight and then stimulated by the addition of Wnt5a (#645WN, 
100 ng/ml; R&D Systems) or Wnt3a (#1324WN, 100 ng/ml; R&D Sys-
tems). Whereas RNA was isolated after 6 h for qRT-PCR expression analy-
sis, protein extracts were isolated after 30 min by cell lysis with RIPA buffer 
(1% NP-40, 1% sodium deoxycholate, 0.1% sodium dodecylsulfate, 150 mM 
sodium chloride, 2 mM EDTA, and 10 mM sodium phosphate) containing 
a protease and phosphatase inhibitor cocktail (Roche). Western blotting 
was performed after SDS-PAGE and transfer of the thereby separated pro-
teins to Hybond PVDF membranes (GE Healthcare). After blocking the 
membranes in TBST (TBS containing 0.1% Tween 20) including 5% nonfat 
dry milk, they were incubated with different primary antibodies at a dilu-
tion of 1:1,000 at 4°C overnight. These were directed against phospho-
Erk1/2 (#9101; Cell Signaling Technology), Erk1/2 (#4695; Cell Signal-
ing Technology), -actin (#MAB1501; EMD Millipore), phospho-Lrp6 
(#2568; Cell Signaling Technology), or phospho--catenin (#9561; Cell 
Signaling Technology), respectively. Washing Steps were performed with 
TBST. Secondary HRP-conjugated antibodies (Dako) were used at a dilu-
tion of 1:2,000. Image acquisition was performed using a gel photoscan-
ner (Scanjet G4050; Hewlett Packard).

Primary osteoclasts
For osteoclastogenesis, the bone marrow was flushed out of the femora 
from 12-wk-old C57BL/6 mice with -MEM containing 10% fetal bovine 
serum. Cells were plated at a density of 5 × 106 cells/ml and grown in  
-MEM containing 10% fetal bovine serum and 10 nM 1,25 dihydroxyvita
min-D3. On the following day the medium was removed, and the remain-
ing adherent cells were cultured for three further days, before M-CSF  
(Peprotech) and RANKL (Peprotech) were added to a final concentration of  
20 ng/ml and 40 ng/ml, unless stated otherwise. LiCl, Wnt3a (#1324WN; 
R&D Systems) or Wnt5a (#645WN; R&D Systems) was added from the 
day of seeding until the day of analysis, unless stated otherwise. For TRAP 
staining, the cells were washed with PBS and then fixed for 5 min in cold 
methanol. After two washing steps with distilled water, the fixed cells were 
first dried for 2 min before they were subjected to the TRAP-specific sub-
strate Naphthol AS-MX Phosphate (Sigma-Aldrich). For quantification of 
osteoclastogenesis we determined the number of TRAP-positive multinucle-
ated cells per well. For Western blot analysis cells were treated at day 3 of 
differentiation with Wnt3a (#1324WN, 100 ng/ml; R&D Systems) and 
the Fzd8-CRD (#112-FZ; R&D Systems) for 30 min. To demonstrate that the 
inhibitory effect of Wnt3a on osteoclastogenesis is mediated in an Opg- 
independent manner, cells were differentiated in the presence of an Opg-
neutralizing antibody (#AF459, 200 ng/ml; R&D Systems), as described 
previously (Glass et al., 2005). Alternatively, bone marrow cells were 
sorted by CD11b immunoaffinity (#130-049-601; Miltenyi Biotec) to purify 
CD11b-positive osteoclast progenitors as described previously (Schulze 
et al., 2011). In brief, bone marrow cells were suspended in buffer  
containing 5% BSA (#130-091-222, #130-091-376; Miltenyi Biotec) 
and incubated with CD11b MicroBeads (10 µl per 107 cells) at 4°C for  
15 min. The cell mixture was then applied to the column in the prepared 
magnetic field, and CD11b-negtaive cells were eluted with buffer. The 
CD11b-positive fraction was released by removing the columns from  
the magnetic field.
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