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Summary
The activation of Wnt/β‐catenin signaling in cells of the osteoblastic lineage leads to an increase in bone mass through
a dual mechanism: increasing osteoblastogenesis and decreasing osteoclastogenesis. The predominance of one mecha‐
nism over another depends on the maturational state of the osteoblast in which β‐catenin accumulation occurs. The ac‐
tivation of Wnt/β‐catenin signaling in cells of the osteoclastic lineage and its possible effects on the regulation of bone
mass is less known. Previous studies have shown that conditional ablation of β‐catenin in osteoclasts induces a decrease
in bone mass associated with an increase in osteoclasts, and this fact has been attributed to an increase in osteoclasto‐
genesis. However, other alternative possibilities have not been evaluated, such as that a decrease in the normal osteoclast
apoptosis may also contribute to the greater number of osteoclasts. In this paper, to obtain information about this fact,
we generated mice in which β‐catenin was selectively eliminated from cells of the monocyte/macrophage lineage using
an allele flanked by β‐catenin (Catnbf) together with the deletion line LisozimaMCre (LysMCre). The three‐dimensional
analysis of the bones of the Catnbf/f;LysM mice revealed a significant decrease in the thickness of the femoral cortex,
while the trabecular bone of the vertebrae was not affected. This phenotype was associated with a greater number of
osteoclasts on the bone surface. The number of osteoclasts in the cultures from the Catnbf/f;LysM mice was twice as high
as in the cultures obtained from the control mice. The administration of WNT3a attenuated the osteoclast formation in‐
duced by M‐CSF and RANKL in vitro. In addition, WNT3a promoted apoptosis of osteoclasts, and this effect was counte‐
racted, both by the presence of DKK1 and by the absence of β‐catenin. Taken together, these results support a cellular
autonomous effect of β‐catenin in the osteoclast, and provide convincing evidence of the proapoptotic role of β‐catenin
in these cells.
Key words: bone, osteoclasts, lysozyme M, β‐catenin, Wnt, WNT3a.

INTRODUCTION
The accumulated evidence over the past few years has
established that the Wnt/β‐catenin pathway is crucial
for bone formation and the maintenance of skeletal ho‐
meostasis1,2. Wnt proteins exert their cellular functions
by activating different signaling pathways, commonly ca‐
lled canonical pathway and non‐canonical pathways3.
The former acts by controlling the amount of β‐catenin
not associated with cadherin, while the other routes do
not require the presence of β‐catenin4. At present, the
signaling pathway mediated by β‐catenin is the best stu‐
died and understood. Activation of the Wnt/β‐catenin
pathway begins at the cell membrane with the binding
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of certain Wnt ligands, such as Wnt3a, to the transmem‐
brane receptors of the Frizzled family. This binding re‐
cruits the LRP5/6 co‐receptor (low‐density‐lipoprotein
receptor‐related protein 5/6), to form a ternary complex
that destabilizes a cytoplasmic conglomerate of proteins
that would otherwise phosphorylate the β‐catenin of the
cytoplasm for its destruction in the proteasome5‐7. So,
after ligand binding to the receptor, β‐catenin is not
phosphorylated or destroyed, and, therefore, can accu‐
mulate in the cytoplasm, from where it will be transfe‐
rred to the nucleus. There it joins the transcription
factor TCF/LEF (T‐cell factor/lymphoid enhancer factor)
and induces target gene expression8.
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The initial demonstration of the canonical Wnt path‐
way involvement in osteogenesis was provided by the
identification of loss‐of‐function (LOF) and gain‐of‐func‐
tion (GOF) mutations of the LRP5 co‐receptor, respon‐
sible for the osteoporosis‐pseudoglioma syndrome and
of the hereditary phenotype of high bone mass, respec‐
tively9,10. The bone phenotypes of these mutations could
be reproduced in mouse models with the function of the
genetically modified LRP5/6 receptor. These studies re‐
vealed the osteo‐anabolic role of Wnt/β‐catenin signa‐
ling11. More recently, studies carried out with mice in
which β‐catenin activity has been manipulated in cells
of osteoblastic lineage have established that β‐catenin
increases bone mass through different mechanisms de‐
pending on the stage of differentiation in which the os‐
teoblastic cell is found12‐14. Thus, the GOF of β‐catenin
exclusively in precursor cells stimulates its proliferation
and maturation, but suppresses the alternative fate to‐
wards chondrocytic differentiation, thus producing an
increase in bone mass15. Furthermore, when the GOF of
β‐catenin is produced in a later stage of the differentia‐
tion, a high bone mass is also achieved, but this occurs
at indirect mechanism rates, that is, β‐catenin induces
the expression of osteoprotegerin (OPG) in the osteo‐
blast, and OPG attenuates osteoclastogenesis16,17.
The indirect participation of osteoclasts as mediators
of some of the effects of Wnt/β‐catenin signaling raised
the question of whether this pathway could also have a
direct role in the function of osteoclasts when activated
in them. Otero et al.18 and Albers et al.19 eliminated β‐ca‐
tenin from osteoclast precursors using the mouse model
LisozimaMCre (LysMCre), and found a decrease in bone
mass in the trabecular compartment, with a parallel in‐
crease in the number of osteoclasts, thus showing that the
β‐catenin of osteoclasts is, in fact, involved in bone home‐
ostasis. These authors, however, attributed the increased
number of osteoclasts to an exclusive increase in osteo‐
clastogenesis, without considering possible effects on
apoptosis. We believe it is important to clarify this issue,
since β‐catenin is part of a signaling pathway that is cu‐
rrently considered an interesting therapeutic target. To
obtain an idea of this problem, we have generated a simi‐
lar mouse model, in which we have analyzed its phe‐
notype, and also possible effects on osteoclast apoptosis.

MATERIAL AND METHODS
1. Reagents
The WNT3a protein, the Dickkopf 1 protein (DKK1), the
macrophage colony stimulating factor (M‐CSF) and the
soluble receptor activator of nuclear factor kappa‐B li‐
gand recombinant proteins (sRANKL) were purchased
from R & D Systems (Minneapolis, USA).
2. Mutant mice
All procedures with animals were carried out in accor‐
dance with European Union standards and 3R principles.
The experiments were reviewed and approved by the Bioe‐
thics Committee of the University of Cantabria. The mouse
with the β‐catenin allele flanked by the flox20 sequence and
the LysMCre21 line have previously been described and ob‐
tained from the Jackson Laboratory. Mice were genotyped
by PCR, using genomic DNA extracted from tail biopsy. The
primers used for the detection of LysMCre were the follo‐
wing; foward GCGGTCTGGCAGTAAAAACTATC and reverse:
GTGAAACAGCATTGCTGTCACTT, and the product size 102
bp. Reverse: CACCATGTCCTCTGTCTATTC, and the product

size in this case would be 324 bp. The experimental mice
were generated by a mating strategy consisting of two
steps. The LysMCre heterozygous mice were crossed with
mice whose β-catenin gene was flanked by flox sequences
in homozygosis (β-cateninf/f). To generate mice homozy‐
gous for the conditional allele of β-catenin with and without
the Cre allele, the β-cateninf/+ mice;LysMCre crossed with
the β-cateninf/f mice.
3. Micro-CT
A micro‐CT analysis of the fifth lumbar vertebra was ca‐
rried out after dissecting the bones, cleaning them, fixing
them in ethanol, loading them in 12.3 mm diameter exa‐
mination tubes and obtaining an image (µCT40, Scanco
Medical, Basserdorf, Switzerland ). The scans were inte‐
grated into 3‐D voxel images (1,024 x 1,024 pixel matri‐
ces for each individual planar stack) and a Gaussian
filter (sigma=0.8, support=1) was used to reduce signal
noise. A threshold of 200 was applied to all the analyzed
scans. The scans were performed at a medium resolu‐
tion (E=55 kVp, I=145 µA, integration time=200 ms).
The entire vertebral body was scanned with a transverse
orientation that excluded pedicles and joint processes.
The manual analysis excluded the cortical bone from the
analysis. All trabecular measurements were made by
manually drawing contours every 10 to 20 cuts and
using the voxel count for bone volume per tissue volume
and spherical filling distance transformation rates wi‐
thout assumptions about bone shape as a rod or plate.
trabecular microarchitecture. The cortical thickness was
measured in the middle of the femoral diaphysis.
4. Bone histology
The lumbar vertebrae (L1, L2 and L3) and the left femur
were fixed in 4% paraformaldehyde overnight at 4ºC
and decalcified for eight to nine days in 9% EDTA (pH
7.4) before inclusion in paraffin. The histomorphometric
examination was performed on longitudinal sections of
7 µm of the femur for cortical bone and on the frontal
sections of the vertebrae for spongy bone.
5. Cell cultures
To quantify the osteoclast progenitor cells, the bone ma‐
rrow (BM) was purged from the long bones and seeded
at a density of 50,000 cells/cm2 in 48‐well plates. After
remaining 4‐5 days in the culture dish with α‐MEM me‐
dium (Invitrogen), supplemented with 10% FBS, 1% PSG,
30 ng/ml M‐CSF and 30 ng/ml sRANKL (R & R). D
Systems), the osteoclasts were fixed with 10% formalin
for 15 min and stained for tartrate‐resistant acid phos‐
phatase (TRAP). Osteoclasts were quantified taking into
account multinuclear cells and positive for TRAP staining.
For the rest of the cultures, purified bone marrow cells
were used, ie not adhered to the plate. Macrophages and
osteoclasts were developed from bone marrow (BM) cells
not adhered to the culture dish, and cultured for 4 days
in the presence of M‐CSF (130 ng/ml) to obtain macro‐
phages, or for 4 days in the presence of M‐CSF (30 ng/ml)
and 30 ng/ml of RANKL to obtain osteoclasts.
6. Real-time quantitative PCR (Quantitative real-time
PCR, qRT-PCR)
The total RNA was extracted with TRIzol reagents (Life
Technologies). 1 µg of total RNA was used to produce
first strand cDNA using the enzyme m‐MLV RT (Invitro‐
gen). The qRT‐PCR was carried out using PreMix Ex taq
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(Takara) and the data was analyzed using the Biorad
software. The primers and probes for β‐catenin
[Mm01350385_g1 (fam)] and gapdh [Mm99999915_g1
(vic)] were manufactured by the TaqMan Gene Expres‐
sion Assays service (Applied Biosystems). The relative
levels of mRNA expression were normalized with the S2
ribosomal protein gene by the ΔCt method22.
7. Analysis by Western blot
The protein levels of β‐catenin and β‐actin were analy‐
zed using a mouse monoclonal antibody that recognizes
β‐catenin (BD Biosciences), and a mouse monoclonal an‐
tibody that recognizes β‐actin (Sigma‐Aldrich).
8. Analysis of apoptosis
Osteoclasts derived from OM cells not adhered to the
culture dish extracted from Catnbf/f;LysMCre mice and
their controls were obtained. Once developed the oste‐
oclasts in the culture dish were treated with WNT3a.
After 24 hours of treatment, the cultures were fixed and
stained by TUNEL and TRAP. The total number of oste‐
oclasts and the number of apoptotic osteoclasts in each
plate were quantified. They were considered apoptotic
when at least one of their nuclei was TUNEL positive.
The TUNEL method was carried out using the FragEL
DNA fragmentation detection kit (EMD Chemicals, San
Diego, California, USA) before staining for TRAP. Multi‐
nuclear TRAP positive and TUNEL positive cells were
enumerated.
The activity of caspase‐3 was measured by determi‐
ning the degradation of the fluorometric substrate DEVD
(Biomol Research Laboratories, Plymouth Meeting,
Pennsylvania, USA), and the protein concentration was
measured using a kit compatible with Bio‐Rad detergent
(Bio‐Rad Laboratories, Hercules, California, USA).
9. Statistic analysis
All data are reported as the mean ± standard deviation.
The mean values of each group were compared using the
two‐tailed Student's t‐test.

RESULTS
1. The specific elimination of β-catenin from osteoclast
precursors
Conditional inactivation of β-catenin (Catnb) in cells of
osteoclastic lineage was performed by crossing mice
harboring a β-catenin floxeado allele (Catnbf)20 with
mice expressing the Cre recombinase enzyme under the
control of the gene regulatory elements Lysozyme
(LysMCre)21. This Cre line induces the recombination of
the floxeado allele specifically in cells of monocyte‐ma‐
crophage lineage and neutrophils. From this crossing,
two cohorts (males and females) of animals were gene‐
rated; an experimental cohort, with Catnbf/f;LysMCre ge‐
notype and another control with Catnbf/f genotype.
The Catnbf/f;LysMCre mice were born in the expected
Mendelian proportion, with similar body weight (Figure
1A) to the controls of the same litter and showed no evi‐
dent phenotype. The cleavage of the β-catenin gene was
confirmed by qRT‐PCR. The β-catenin mRNA levels were
analyzed in ex vivo cultures of bone marrow (BM) derived
macrophages and osteoclasts. The macrophages and os‐
teoclasts obtained from Catnbf/f;LysMCre mice exhibited a
70% and 60% decrease in β-catenin expression, respec‐
tively (Figure 1B). We attribute the limited efficacy of re‐
combination to the presence of cells from lineages other

than myeloid in the culture plate that expressed normal
levels of β-catenin. As expected, the expression level of β‐
catenin mRNA in kidney, liver and spleen was indistin‐
guishable between the two genotypes (Figure 1C).
2. Animals lacking β-catenin in osteoclast precursors
have a lower cortical bone thickness
At 28 weeks of age, a cohort of 15 animals was sacrificed
by sex and genotype and the bone architecture of the fifth
lumbar vertebra and the right femur was examined by
micro‐CT. The analysis revealed a reduced thickness of the
cortical bone (Figure 2A), both in the males and in the fe‐
males Catnbf/f;LysMCre. However, the absence of β‐catenin
in the osteoclast precursors did not significantly alter the
trabecular bone mass, neither in the vertebrae nor in the
femur (Figure 2B). Neither the intertrabecular space, the
trabecular thickness and the number of trabeculae (not
shown) were affected. These results suggest that Wnt/β‐
catenin signaling in osteoclasts is important for the main‐
tenance of cortical bone mass.
3. Catnbf/f;LysMCre mice present more osteoclasts in
the endosteum and more osteoclast progenitors in
the bone marrow (BM)
Next, we wanted to quantify the number of osteoclasts
present on the surface of the cortical bone. What we
found was that, according to a decreased cortical thick‐
ness, the number of osteoclasts on the endocortical sur‐
face of the femur of the Catnbf/f;LysMCre mice was
increased, as compared to the control animals (Figure
3A). The vertebral trabecular bone seemed to show the
same tendency. However, the difference was not signifi‐
cant (p=0.06).
To examine whether the greater number of osteoclasts
in bone could be explained by an increase in osteoclasto‐
genesis, the number of these progenitors in MO was quan‐
tified. For this purpose, the MO cells obtained from the
long bones of a 28‐week‐old mice were cultured in the
presence of RANKL and M‐CSF for 5 days. Three mice
were used per genotype and determinations were made
in triplicate for each of them. The number of osteoclasts
that developed in cultures from Catnbf/f;LysMCre mice
showed a normal morphology (Figure 3B). However, the
amount was twice as high as in the cultures from the con‐
trol litter (426±18 per well vs 238±77, p=0.015) (Figure
3B). This result suggests that Wnt/β‐catenin signaling in
osteoclast precursors and their offspring attenuates the
number of mature osteoclasts.
4. Proapoptotic effect of WNT3a requires the presence
of β-catenin
To examine the cellular mechanisms through which
Wnt/β‐catenin decreased the number of osteoclasts, we
first determined whether the addition of WNT3a to the cul‐
ture plate of the osteoclast precursors interfered with the
development thereof. As shown in Figure 4A, the presence
of WNT3a in the culture medium decreased the number of
osteoclasts induced by the presence of M‐CSF and RANKL.
In addition, this fact seemed to be dose dependent. Western
blot analysis confirmed an increase in β‐catenin levels in
osteoclasts exposed to WNT3a (Figure 4B). In addition, tre‐
atment of the culture with DKK1, an inhibitor of the
LRP5/6 co‐receptor, prevented the increase of β‐catenin
induced by WNT3a. The set of these findings indicates that
WNT3a inhibits the development of osteoclasts by stimu‐
lating the canonical Wnt pathway.
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Figure 1. Catnbf/f;LysM-cre+/- mice express lower levels of β-catenin in macrophages and osteoclasts. A: total body
weight of two cohorts (15 animals per group) of mice Catnbf/f;LysM-cre+/- and their control litter Catnbf/f of 28
weeks of age. B: quantitative analysis of mRNA by real-time PCR (Real Time-PCR) in macrophages and osteoclasts
developed from non-adherent MO cells cultured in the presence of M-CSF for 4 days, and M-CSF plus RANKL for
5 days, respectively. C: quantitative analysis of soft tissue mRNA (indicated) obtained from 28-week-old mice
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Figure 2. Catnbf/f;LysM-cre+/- mice have lower cortical bone mass. Computed tomography (µ-CT) measurements carried out on the bones of 28-month-old mice (n=12-15 mice per group). A: cortical thickness (Cortical th) determined in femurs. B: BV/TV, bone volume per total tissue volume determined in L5 and right femur (only females are
shown)
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The half‐life of osteoclasts is known to be very short and
they die by apoptosis. Next, we examined the effect of Wnt
signaling on the apoptosis of macrophages and osteoclasts.
As shown in figure 4C, apoptosis was determined by mea‐
suring the activity of caspase‐3 after administration of in‐
creasing doses of WNT3A to the macrophage and
osteoclast cultures. The results showed that WNT3a indu‐
ced apoptosis in both macrophages and osteoclasts. The
proapoptotic effect of WNT3 was also dependent on the
dose used. The effect of WNT3a on osteoclast apoptosis
was also analyzed by TUNEL (Figure 4D), and, in the same
way as observed in the previous experiment, we saw that
treatment with WNT3a increased the percentage of TUNEL
positive osteoclasts. However, the presence of WNT3 had
no deleterious effect on the osteoclast cultures obtained
from Catnbf/f;LysMCre mice (Figure 4D), lacking β‐catenin.
Likewise, the addition of DKK1 to the cultures abolished
the proapoptotic actions of WNT3a (Figure 4D), indicating
that the proapoptotic effect of WNT3a requires the pre‐
sence of β‐catenin. Taken together, these results support
the hypothesis that the canonical signaling pathway of
Wnt/β‐catenin exerts proapoptotic effects on osteoclasts.

DISCUSSION
In this study, we have analyzed the bone characteristics
of animals lacking β‐catenin in cells of the monocyte/ma‐
crophage lineage, which are the precursors of osteoclasts.
These animals show a reduced cortical thickness associa‐
ted with a greater number of osteoclasts on the surface
of the endosteum and a greater number of osteoclast pro‐
genitors in the BM. In addition, we demonstrate that the
stimulation of Wnt/β‐catenin signaling in osteoclasts at‐
tenuates the amount of developed osteoclasts induced by
the presence of M‐SCF and RANKL, and promotes their
apoptosis.
Otero et al.18 and Albers et al.19 used the same LysMCre
line to eliminate β-catenin from osteoclast precursors.
Both groups described a decrease in bone mass in the tra‐
becular compartment, with a parallel increase in the
number of osteoclasts, which they attributed to an exclu‐
sive increase in osteoclastogenesis. However, they did not
address the possibility that a decrease in osteoclastic
apoptosis was also implicated. In our study, we demons‐
trated an increase in osteoclasts on the endocortical sur‐
face of the femoral bone, and an increased number of
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Figure 3. The Catnbf/f; LysM-cre+/- mice have more osteoclasts than the control litter. A: histomorphometric analysis of
decalcified longitudinal sections of the femur and L1-L3 vertebrae of female mice aged 28 months (n=5 mice per group).
Photomicrographs (x40) show representative areas of the endosteal bone surface after TRAP staining. B: number of TRAPpositive cells developed from MO cells, obtained from the femurs of 28-week-old mice, and cultured in the presence of MCSF and RANKL for 5 days. Cultures were performed in triplicate of each of three animals separately. Each bar represents
triplicates of each mouse, n=3 per group. Photomicrographs (x40) show representative areas of the culture plate
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Figure 4. WNT3a induces apoptosis of osteoclasts through the canonical Wnt pathway. A: number of TRAP-positive cells generated
from MO cells not adhered to the plate obtained from C57BL/6 mice and cultured with M-CSF, RANKL and placebo (veh) or increasing
doses of recombinant protein WNT3a as indicated. B: Western blot analysis of β-catenin in mature osteoclasts treated with veh,
WNT3a, DKK1 or both. C: caspase 3 activity in mature macrophages and osteoclasts generated from non-adherent MO cells obtained
from C57BL/6 mice and treated with veh or with different doses of WNT3a for 16 hours. D: TUNEL assay performed on mature osteoclast cultures generated from MO cells of Catnbf/f;LysM-cre mice cultured with M-CSF and RANKL for 5 days and treated with veh
or WNT3a (50 ng/ml) for 24 hours. hours. E: activity of caspase 3 in mature osteoclasts generated from nonadherent MO cells of
C57BL/6 mice, and treated with veh, WNT3a (50 ng/ml) or DKK1 (1 µg/ml) for 24 h. AFU, arbitrary fluorescent units
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osteoclasts generated in cell cultures obtained from
Catnbf/f;LysMCre animals, compared to controls. We also
observed that the stimulation of Wnt/β‐catenin signaling
in the MO cells obtained from wild mice decreases the
number of osteoclasts developed in the culture plate. Our
results, therefore, coincide with those of Otero et al.18 and
Albers et al.19. In addition, we have addressed the ques‐
tion of a possible involvement of osteoclastic apoptosis as
part of the mechanism of action underlying the observed
phenotypic findings. Our findings, in this sense, indicate
that the decrease in the number of osteoclasts induced by
the activation of Wnt/β‐catenin is clearly due to the sti‐
mulation of apoptosis of macrophages and osteoclasts.
Several studies have shown that alterations in the
survival of osteoclasts modify bone mass23‐26. In fact, it
is well established that estrogen protects the skeleton,
in part, through proapoptotic effects on osteoclasts27,28.
The elimination of estrogen receptor alpha in cells of the
osteoclastic lineage, similar to the elimination of β‐cate‐
nin, increases the number of osteoclasts and decreases
bone mass. Unlike estrogen, glucocorticoids promote the
loss of bone mass, at least in part, through the prolon‐
gation of the useful life of osteoclasts29.
Wnts proteins have a positive effect on the survival
of osteoblasts and also on osteoblastic progenitors that
have not yet been compromised30. This antiapoptotic
action of Wnts proteins on osteoblasts has been postu‐
lated as one of the mechanisms by which Wnt signaling
increases bone mass31. Although the Wnt/β‐catenin
pathway is best known for its pro‐survival effects, it can
also exert proapoptotic actions. For example, the apop‐
tosis of rat cardiomyoblasts induced by reoxygenation
after hypoxia is regulated by WNT3a, through a mecha‐

nism dependent on β‐catenin32. In addition, in line with
these findings, Wnt/β‐catenin signaling decreases the
cellular invasiveness of melanoma33, enhancing the ex‐
pression of proapoptotic proteins, such as BIM and
PUMA, and decreasing levels of antiapoptotic proteins,
such as MCL34.
In our study, through the analysis of caspase activity,
or TUNEL assays, we have found that WNT3a induces
osteoclast apoptosis. This effect is contrary to its pre‐
viously mentioned pro‐survival effect on osteoblasts30.
Interestingly, like Wnts, estrogens and glucocorticoids
exert opposite effects on the apoptosis of osteoblasts
and osteoclasts29,35,36.
To conclude, our findings suggest that the inhibitory
effects of β‐catenin on osteoclasts may be attributed to
proapoptotic effects and support the claim that the os‐
teoprotective effects of the canonical Wnt pathway also
result from direct action through the osteoclastic lineage
cells. Therefore, Wnt/β‐catenin signaling in the bone en‐
vironment has an osteoprotective effect exerted through
both the osteoblastic and osteoclastic lineages.
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