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pB-Catenin-dependent canonical Wnt signaling plays an important role in bone metabolism by controlling
differentiation of bone-forming osteoblasts and bone-resorbing osteoclasts. To investigate its function in
osteocytes, the cell type constituting the majority of bone cells, we generated osteocyte-specific (3-catenin-
deficient mice (Ctnnb1'""***; Dmp1-Cre). Homozygous mutants were born at normal Mendelian frequency
with no obvious morphological abnormalities or detectable differences in size or body weight, but bone mass
accrual was strongly impaired due to early-onset, progressive bone loss in the appendicular and axial skeleton
with mild growth retardation and premature lethality. Cancellous bone mass was almost completely absent,
and cortical bone thickness was dramatically reduced. The low-bone-mass phenotype was associated with
increased osteoclast number and activity, whereas osteoblast function and osteocyte density were normal.
Cortical bone Wnt/B-catenin target gene expression was reduced, and of the known regulators of osteoclast
differentiation, osteoprotegerin (OPG) expression was significantly downregulated in osteocyte bone fractions of
mutant mice. Moreover, the OPG levels expressed by osteocytes were higher than or comparable to the levels
expressed by osteoblasts during skeletal growth and at maturity, suggesting that the reduction in osteocytic
OPG and the concomitant increase in osteocytic RANKL/OPG ratio contribute to the increased number of
osteoclasts and resorption in osteocyte-specific 3-catenin mutants. Together, these results reveal a crucial novel

function for osteocyte (3-catenin signaling in controlling bone homeostasis.

The adult skeleton is continuously remodeled in a tightly
regulated manner by the coupled activity of bone-resorbing
osteoclasts and bone-forming osteoblasts to maintain skeletal
integrity and bone homeostasis (24, 46). A similar complex
regulatory network of defined, but not necessarily coupled,
osteoblast and osteoclast action is required during develop-
ment and growth, when bone modeling ensures functional
bone morphology and bone mass accrual, which in mice occurs
throughout the first 3 to 4 months of life until peak bone mass
is reached.

Osteoblasts differentiate from mesenchymal bone marrow
progenitor cells into bone-forming osteoblasts that reside on
the bone surface and deposit new bone matrix. In contrast,
osteoclasts are derived from hematopoietic bone marrow pre-
cursor cells that belong to the myeloid monocyte/macrophage
lineage (63). However, the majority, i.e., more than 90 to 95%
of all bone cells in the adult skeleton, are osteocytes (10),
terminally differentiated cells of the mesenchymal osteoblast
lineage residing in small lacunae found at regular intervals
within the mineralized bone matrix. They extend long thin
cellular protrusions or dendrites, which travel through small
channels (canaliculi) inside the compact bone, but also reach
the bone surface and bone marrow compartment (8, 30). By
forming gap junctions to neighboring cells, osteocytes are con-
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nected not only to each other but also to cells on the bone
surface, including osteoblasts, bone lining cells, and possibly
osteoclasts. They thus form a complex cellular network that
seems ideally suited for mechanosensation and integration of
local and systemic signals to ensure skeletal integrity and bone
homeostasis (9, 10). Moreover, it was recently demonstrated
that bone homeostasis and adaptation to regular or diminished
skeletal loading are strongly disturbed in mice selectively de-
pleted of osteocytes (61). Therefore, while osteocytes are cel-
lular descendants of former bone matrix-producing osteo-
blasts, osteocytes have a unique cellular identity that is
reflected by their specific location inside the bone matrix, their
specialized cellular morphology adapted to being trapped in
the mineralized bone compartment, and finally a specific mo-
lecular signature that clearly distinguishes osteoblasts and os-
teocytes from each other (52).

Wnt/B-catenin signaling, which is also known as canonical
Wnt signaling, is a key signaling pathway required for normal
bone and cartilage formation and for bone homeostasis (40,
55). Canonical Wnt signaling is initiated by secreted Wnt li-
gands binding to a dual-receptor complex formed by low-den-
sity lipoprotein receptor-related protein 5 or 6 (Lrp5/6) and
the seven-transmembrane domain receptor frizzled. This trig-
gers a downstream signaling cascade leading to inhibition of
cytoplasmic glycogen synthase kinase 33 (GSK38), which in
turn relieves B-catenin, the central mediator of canonical Wnt
signaling, from its constitutive proteosomal degradation.
B-Catenin then accumulates in the cytoplasm and translocates
into the nucleus where it associates with members of the T-
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cell-specific transcription factor (TCF)/lymphoid enhancer
binding factor (Lef) family to control Wnt/B-catenin target
gene transcription. In contrast to canonical Wnt signaling, non-
canonical Wnt signaling is B-catenin independent and can ac-
tivate several downstream pathways, including the Wnt/planar
cell polarity and the Wnt-cGMP/Ca®" pathway (17, 55).

In bone, both canonical Wnt signaling and noncanonical
Wnt signaling are involved in the control of osteoblastogenesis,
although the role of noncanonical Wnt signaling is still less
understood (17, 55). Canonical Wnt/B-catenin signaling is re-
quired for commitment of mesenchymal stem cells to the os-
teoblast lineage and for osteoblastic precursor proliferation
and differentiation (18, 19, 25-27). Conditional deletion of the
B-catenin gene in osteoblasts in vivo using alpha 1 type I colla-
gen Cre (Collal-Cre) (19) or osteocalcin-Cre (OC-Cre) (26)
revealed an essential function for -catenin-dependent Wnt
signaling in controlling osteoclast differentiation and bone ho-
meostasis, respectively. Osteoblast-specific B-catenin-deficient
mice develop a low-bone-mass phenotype due to increased
osteoclastic bone resorption as a result of decreased expression
of the osteoclast differentiation inhibitor osteoprotegerin
(OPG). Since in these mouse models, B-catenin function was
deleted not only in osteoblasts but also in the cellular progeny
of the mesenchymal osteoblast lineage, including osteocytes
and bone lining cells, the relative contributions of these cell
types to the observed bone resorption phenotype and the spe-
cific role of Wnt/B-catenin signaling in osteoblasts versus their
descendants remain to be addressed in detail. Previous studies
have implicated Wnt/B-catenin signaling in osteocyte mech-
anosensation, as Wnt/B-catenin signaling is activated upon me-
chanical loading in osteocytes and is generally assumed to be a
major signaling pathway required for mechanotransduction in
bone in vivo (9, 11, 39, 56-58).

To determine the in vivo function of 3-catenin in osteocytes,
we generated osteocyte-specific B-catenin loss-of-function mice
by crossing mice with a floxed B-catenin gene (13) with DmpI-
Cre transgenic mice expressing Cre recombinase selectively in
osteocytes (42). Here, we report that mice in which B-catenin
has been conditionally knocked out in osteocytes (B-catenin
cKO mice) develop an early-onset, severe low-bone-mass phe-
notype that is caused by elevated osteoclastic bone resorption
mimicking the previously reported osteoblast-specific B-cate-
nin loss-of-function phenotype (19, 26). Therefore, selective
deletion of the B-catenin gene in the late-stage mesenchymal
osteoblast lineage, i.e., in terminally differentiated osteocytes,
is as detrimental to the skeleton as its earlier loss in the lin-
eage, i.e., in osteoblasts, revealing an essential novel function
for B-catenin signaling specifically in osteocytes that is required
for normal bone homeostasis in vivo.

MATERIALS AND METHODS

Mice. Mice with the targeted B-catenin gene, in which exons two to six of the
B-catenin gene are located within loxP sites (Ctnnb1'**//**F), were obtained from
the Jackson Laboratory (13). DmpI-Cre transgenic mice expressing Cre under
the control of a 14-kb regulatory fragment of the osteocyte marker gene
Dmpl have been previously described (42) and were maintained on a mixed
CD1-C57BL/6 background. Heterozygous osteocyte-specific B-catenin cKO
mice (Ctnnb1 ", Dmp1-Cre) generated from crosses of both mouse lines were
backcrossed with Ctnnb1'@""o*F mice, and the progeny were analyzed. Data
obtained from heterozygous and homozygous floxed B-catenin littermates lacking
Dmp1-Cre were pooled and used as controls. In addition, 4-month-old C57BL/
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6JOlaHsd female mice from Charles River Laboratories, Germany, were ob-
tained for isolation of adult femoral osteoblast- and osteocyte-enriched cell
fractions. All mice were kept in cages under standard laboratory conditions with
a constant temperature of 22°C and a cycle of 12 h of light and 12 h of dark. The
mice were fed a standard rodent diet (catalog no. 3302; Provimi Kliba SA,
Switzerland) with water ad [libitum. Protocols, handling, and care of the mice
conformed to the institutional policies and the Swiss federal law for animal
protection under the control of the Basel-Stadt Cantonal Veterinary Office,
Switzerland.

Radiography and microcomputed tomography (nCT) analyses. Whole-body
radiographs were taken after sacrifice of the animals in lateral and frontal
positions (high-resolution MX-20 specimen radiography system; Faxitron, Buf-
falo Grove, IL). Generation of three-dimensional (3D) bone reconstruction
images and evaluation of bone structure were accomplished by ex vivo measure-
ments using a Scanco vivaCT40 (voxel size, 10.5 wm; high resolution; Scanco
Medical). For cancellous and cortical bone analyses, fixed thresholds of 225 and
300, respectively, were used to determine the mineralized bone fraction. A
Gaussian filter was applied (o = 0.7; support = 1) to remove noise, and 30 slices
were evaluated.

Peripheral quantitative computed tomography (pQCT) analyses. Cross-sec-
tional total bone mineral density (BMD), bone mineral content (BMC), and
cortical thickness were evaluated in five consecutive slices spaced 1.8 to 2 mm
apart along the long bone axis of the left femur using an adapted Stratec-Norland
XCT-2000 fitted with an Oxford (Oxford, United Kingdom) 50-um X-ray tube
(GTA6505M/LA) and a collimator with a 0.5-mm diameter. The following setup
was chosen for the measurements: voxel size, 0.07 mm by 0.07 mm by 0.4 mm;
scan speed scout view, 10 mm/s; final scan, 5 mmy/s, 1 block, contour mode 1, peel
mode 2; and cortical and inner threshold, 350 mg/cm?.

Bone histomorphometry. All mice received fluorochrome markers by subcu-
taneous injection 10 days (alizarin complexone [Merck]; 20 mg/kg of body
weight) and 3 days prior to necropsy (calcein [Fluka]; 30 mg/kg) to evaluate bone
formation dynamics. The left femur was fixed for 24 h in 4% phosphate-buffered
paraformaldehyde, dehydrated, defattened at 4°C, and embedded in methyl-
methacrylate resin. For each animal, a set of 5-pm nonconsecutive longitudinal
sections was cut in the frontal midbody plane (Leica RM2155 microtome; Leica
Microsystems). Fluorochrome marker-based dynamic bone parameters were de-
termined using a Leica DM microscope fitted with a Sony DXC-950P camera
and adapted Quantimet 600 software (Leica). Microscopic images of the speci-
men were digitized and evaluated semiautomatically (X200 magnification) as
previously described (33). The bone surface, single- and double-labeled bone
surface, and interlabel width were measured in the cancellous bone compartment
and at the endocortex of the distal femur metaphysis. Mineralizing surface was
calculated as follows: MS/BS = [(dLS + sLS/2)/BS] X 100, where MS is the
mineralizing surface, BS is the bone surface, and dLS and sLS are the double-
labeled and single-labeled bone surface, respectively. The mineral apposition
rate (MAR) (nm/day) in the cancellous bone compartment corrected for section
obliquity was calculated, and the daily bone formation rate (BFR/BS, where BFR
is the bone formation rate) (wm/day) was derived. Osteoblast and osteoid surface
per bone surface and the number of osteocytes per cortical bone area were
determined on Goldner-stained sections. Osteoclast number was determined on
5-pwm femoral microtome sections stained for tartrate-resistant acid phosphatase
(TRAP) activity. Bone histomorphometric nomenclature was applied as recom-
mended by Parfitt et al. (53).

General histopathology and whole-mount skeletal staining. Tissue and organ
samples (lungs, heart, liver, gallbladder, kidneys, urinary bladder, ovaries, uterus,
vagina, brain, thymus, spleen, pancreas, tongue, stomach, small and large intes-
tine, mesenteric and mandibular lymph nodes, trachea, esophagus, aorta, skin,
mammary gland area, skeletal muscle, peripheral nerve, adrenal glands, pituitary
gland, thyroid with parathyroid glands, eyes, Harderian glands, lacrimal glands,
sternum, and humerus with elbow joint) from homozygous and heterozygous
mutant and control mice were fixed in neutral phosphate-buffered formalin, and
the bones were demineralized with formic acid. All fixed organs/tissues were
trimmed, embedded in paraffin wax, sectioned, and stained with hematoxylin and
eosin (H&E) to determine histopathological phenotypic abnormalities. Whole-
body skeletal staining of cartilage and bone with alcian blue and alizarin red S
was performed as previously described (28).

TUNEL and immunofluorescence staining. The femora of mutant and control
pups (three per group) were dissected, fixed in 4% paraformaldehyde in 0.1 M
phosphate buffer, decalcified for 3 days (15% EDTA-0.5% paraformaldehyde),
cryoprotected, and embedded in Tissue-Tek optimum-cutting-temperature
(O.C.T.) compound (Sakura Finetek). Five-micrometer cryostat sections ob-
tained with the CryoJane tape-transfer system (Instrumedics) were processed for
detection of apoptotic osteocytes based on terminal deoxynucleotidyltransferase-
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mediated dUTP-biotin nick end labeling (TUNEL) technology using the in situ
cell death detection kit with fluorescein (Roche Applied Science), followed by
overnight incubation at 4°C with goat anti-sclerostin (R&D Systems) primary
antibody in 10% normal donkey serum in phosphate-buffered saline (PBS) con-
taining 0.1% Triton X-100 and fluorophore-conjugated secondary antibodies
according to standard procedures. Images were collected on a Leica TCS SP2
confocal microscope.

Clinical blood biochemistry, serum bone biomarkers, and RANKL determi-
nation. Blood samples for clinical biochemistry, alkaline phosphatase (ALP),
osteocalcin, and receptor activator of NF-«kB ligand (RANKL) assessment and
for determination of C-telopeptide fragments of collagen type I (CTX-I) and
TRAP activity were collected under CO, narcosis by heart puncture. Clinical
biochemistry parameters, including serum ALP levels, were determined with a
Synchron CX5 analyzer or a COBAS MIRA S system using standard test Kits
(Roche Diagnostics; Axon Lab). Serum osteocalcin concentration was quantified
using an immunoradiometric assay (IRMA) kit (Immutopics). Free RANKL
levels, i.e., the levels of RANKL not bound to osteoprotegerin (OPG), were
measured by enzyme-linked immunosorbent assay (ELISA) (R&D Systems)
according to the manufacturer’s instructions with the detection minimum being
below 5 pg/ml. Serum CTX-I concentration and TRAP activity were determined
by ELISA (Immunodiagnostic Systems).

RNA extraction and quantitative real-time PCR (qPCR) expression analyses.
Total RNA from mutant and control mice was isolated from cortical bone of
femoral diaphyses as previously described (32). Osteoblast and osteocyte selec-
tive total RNA was isolated by sequential enzymatic digestion of adult wild-type
femora using a modified version of the protocol of Gu et al. (21). Briefly, the soft
tissue and periosteum were removed, epiphyses were cut off, and bone marrow
was flushed with PBS. The diaphyses were incubated at 37°C for 20 min with
shaking in 0.2% collagenase type IV (Sigma) in isolation buffer containing 25
mM HEPES (pH 7.4), 70 mM NaCl, 10 mM NaHCO;, 60 mM sorbitol, 30 mM
KCl, 3 mM K,HPO,, 1 mM CaCl,, 0.1% bovine serum albumin (BSA), and 0.5%
glucose followed by rinsing with PBS. Supernatants were collected and centri-
fuged at 800 X g for 8 min, and cell pellets were resuspended in TRIzol
(Invitrogen) and frozen at —80°C (fraction 1). The remaining diaphyses were
digested in PBS containing 5 mM EDTA and 0.1% BSA at 37°C for 20 min and
rinsed once with PBS, and supernatants were collected and stored as described
above (fraction 2). The diaphyses were then incubated twice in 0.2% collagenase
solution at 37°C for 30 min for femora from 6-week-old mice or for 60 min for
femora from 4-month-old mice and rinsed with PBS, and the supernatants were
collected and stored as before to yield fractions 3 and 4. Fraction 5 was obtained
following digestion of the diaphyses in PBS containing 5 mM EDTA and 0.1%
BSA at 37°C for another 30 min for femora from 6-week-old or for 45 min for
femora from 4-month-old mice. The cells were collected as described above. The
remaining femoral diaphyses were transferred into TRIzol together with 5-mm
stainless steel beads (Qiagen), homogenized using a FastPrep FP120 homoge-
nizer (Thermo Scientific) at speed 5 for 30 s, and stored at —80°C (fraction 6).
Total RNA was extracted from cell fractions 1 to 6 according to the manufac-
turer’s recommendations followed by DNase I treatment and RNA cleanup using
the RNase-free DNase set and RNeasy MinElute cleanup kits (Qiagen), respec-
tively. Total RNA was reverse transcribed with the high-capacity cDNA re-
verse transcription kit (Applied Biosystems) according to the manufacturer’s
protocol. Gene expression analyses were performed with an ABI Prism 7900HT
sequence detection system (Applied Biosystems) using TagMan universal PCR
master mix and mouse TagMan probes according to the manufacturer’s instruc-
tions (Applied Biosystems).

Statistical analyses. All data shown represent means plus standard errors of
the means (SEMs). Statistical analyses were performed using Student’s ¢ tests
(two-tailed) or one-way analysis of variance (ANOVA).

RESULTS

Generation of osteocyte-specific B-catenin loss-of-function
mice. To investigate the role of B-catenin in osteocytes in vivo,
we generated osteocyte-specific B-catenin loss-of-function mice
by crossing conditional B-catenin mutant mice (13) with DmpI-
Cre mice expressing Cre recombinase selectively in osteocytes
under the control of a 9.6-kb promoter fragment of the
dentin matrix protein 1 (Dmpl) osteocytic marker gene (42,
62). Homozygous osteocyte-specific B-catenin mutant mice
(Ctnnb1'*""*<"; DmpI-Cre) were born at normal Mendelian
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FIG. 1. Analysis of newborn osteocyte-specific -catenin gene cKO
mice. (A and B) Representative photographic images (A) and whole-
body skeletal radiographies (B) of postnatal day 1 (P1) homozygous
osteocyte-specific  B-catenin-deficient (cKO) and control mice.
(C) Whole-mount skeleton staining of P2 homozygous (cKO) and
heterozygous (HET) osteocyte-specific B-catenin ¢KO and control
mice. (D and E) Quantification of body weight (D) and femoral length
and width (E) of P1 ¢cKO and control littermates. The values are means
plus standard errors of the means (error bars). There were six mice in
each group.

frequency (data not shown) with no obvious morphological
abnormalities or detectable differences in size or body weight
relative to control littermates (Fig. 1A and D). Perinatal skel-
etal examination by whole-body skeletal radiography and skel-
etal staining did not reveal any distinct phenotypic differences
in bone density or overall distribution of cartilaginous and
bony tissue in mutant versus control pups (Fig. 1B and C).
Similarly, femoral length and width were comparable between
osteocyte-specific B-catenin conditional knockout (cKO) and
control littermate mice (Fig. 1E), consistent with little to no
Dmpl-Cre activity in osteocytes during embryonic develop-
ment (42).

Osteocyte-specific deletion of Wnt/B-catenin signaling
induces progressive bone loss and premature lethality. We
monitored the overall bone phenotype of homozygous osteo-
cyte-specific B-catenin-deficient mice compared to control lit-
termates during skeletal growth by whole-body skeletal radi-
ography and microcomputed tomography (nCT) imaging of
the tibia. A progressive loss of bone density was detected
throughout the skeleton in mice lacking B-catenin in osteocytes
(Fig. 2 and Fig. 3A and B). Three-dimensional wCT recon-
struction images of the proximal tibia half revealed that bone
loss occurred throughout the tibia ranging from the midshaft to
the proximal metaphysis, including the epiphysis (Fig. 3A and
B). In growing female mice, the loss of bone mass appeared to
be even more severe than in male mice. In addition, homozy-
gous mutant female mice were slightly smaller in overall body
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FIG. 2. Time course of the skeletal phenotype of osteocyte-specific B-catenin cKO mice. Representative whole-body skeletal radiographies of
5-week-old (A to D), 8-week-old (E and F), 12-week-old (G to J), and 15-week-old (K and L) homozygous osteocyte-specific B-catenin-deficient
(cKO) and control littermate female (A, B, G, and H) and male (C to F and I to L) mice.

size than control littermate females. While the femoral bone
length was normal at birth, it decreased significantly by about
11% in male mice and 15% in female mice in 2-month-old
osteocyte-specific B-catenin-deficient mice relative to heterozy-
gous mutant or control littermate mice (Fig. 3C). The cross-
sectional total bone mineral content (BMC) in the distal femur
metaphysis was significantly reduced by about 40% in homozy-
gous mutants of either sex compared to control mice (Fig. 3D).
Moreover, in both sexes, body weight decreased by about 35%
in homozygous, but not in heterozygous, mutant mice relative
to controls (Fig. 3E). Correspondingly, homozygous osteocyte-
specific loss of B-catenin resulted in premature lethality at
about 3 months of age with only a few individual animals,
mostly male mice, surviving up to 5 months of age (Fig. 2 and
data not shown).

Since high DmpI-targeted Cre expression has been reported
in odontoblasts (42), we next characterized jaw and tooth
structures of 2-month-old B-catenin mutant and control mice.
Surprisingly, and in contrast to the distinct phenotypic abnor-
malities in the appendicular and axial skeleton, the incisors
appeared normal in B-catenin-deficient mice (Fig. 2 and data
not shown). Therefore, feeding the mice a hard or soft diet had
no effect on their skeletal phenotype.

To further investigate the underlying basis of the observed
premature lethality and to exclude any extraskeletal pheno-
typic abnormalities possibly induced by DmpI-Cre-mediated

deletion of B-catenin, we subjected 2- and 3-month-old mutant
and control littermates to a full histopathological analysis.
Consistent with osteocyte-specific deletion of B-catenin, geno-
type-related histopathological findings were present only in
skeletal tissue of homozygous B-catenin-deficient mice. No ab-
normal findings were present in the other tissues and organs
investigated, including the heart and vasculature (data not
shown). Thus, extraskeletal defects do not appear to underlie
the premature lethality observed in homozygous B-catenin mu-
tants. Skeletal defects were manifold with moderate to marked
bone thinning and accompanying skeletal deformation and
fractures in the appendicular and axial skeleton. Consistent
with frequent skeletal fractures and associated muscle injury,
serum creatine kinase levels were increased by about 175% in
2-month-old B-catenin-deficient female mice (1.8 microkatals
[wKat]/liter for control females and 4.9 pKat/liter for cKO
females; P < 0.01) and increased but not significantly by about
40% in mutant male mice (1.7 wKat/liter for control males and
2.4 pKat/liter for cKO males), respectively. In contrast, no
significant differences in the calcium and phosphorus concen-
trations were observed (data not shown).

We next analyzed canonical Wnt signaling target gene ex-
pression in cortical bone of femoral diaphyses. As expected,
B-catenin expression was significantly decreased in homozy-
gous osteocyte-specific B-catenin cKO female mice relative to
control mice (Fig. 4A). Consistent with the loss of B-catenin
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FIG. 3. Analysis of juvenile osteocyte-specific B-catenin ¢cKO mice. (A and B) Representative whole-body skeletal radiographies (left two
columns) and wCT images of the proximal tibia to the midshaft level (right two columns) of 1-month-old (top row) and 2-month-old (bottom row)
homozygous osteocyte-specific B-catenin-deficient (cKO) and control littermate male mice (A) and female mice (B). (C to E) Quantification of
femoral length (C), cross-sectional total BMC in the distal femur metaphysis (D), and body weight (E) of 2-month-old homozygous (cKO) and
heterozygous (HET) osteocyte-specific B-catenin-deficient and control littermates. There were 3 to 11 mice in a group. Values for the mutant that
were significantly different from the value for control littermate mice of the same gender using unpaired Student’s 7 tests are shown as follows: *,

P < 0.05; *%, P < 0.01.
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function, known target genes of Wnt/B-catenin signaling, such
as Axin2 (29, 36, 43) and Smad6 (70), were also significantly
downregulated by about 30 to 60%, respectively, in homozy-
gous mutants relative to control mice (Fig. 4B and C). In
accordance with the mostly normal bone phenotype, neither
B-catenin expression nor Axin2 or Smad6 expression was sig-
nificantly downregulated in heterozygous osteocyte-specific
B-catenin-deficient mice compared to controls.
Osteocyte-specific deletion of 3-catenin causes cortical and
cancellous bone loss in the appendicular and axial skeleton.
We further characterized the low-bone-mass phenotype in
2-month-old osteocyte-specific B-catenin-deficient mice by per-
forming ex vivo multiple-slice peripheral quantitative com-
puted tomography (pQCT) and high-resolution wCT analyses
of the appendicular and axial skeleton. In homozygous B-cate-
nin mutant mice, femoral cross-sectional total bone mineral
density (BMD) was significantly reduced by about 35 to 45% in
males (data not shown) and 40 to 55% in females (Fig. 4D),
depending on the respective femoral position analyzed. Het-
erozygous loss of osteocyte B-catenin function did not signifi-
cantly alter BMD compared to control littermates of either sex
(Fig. 4D and data not shown). Similarly, cortical thickness as
assessed by high-resolution wCT was reduced by about 20% in
the distal femur metaphysis and by about 35% in the distal
diaphysis of homozygous mutant female mice relative to con-
trol animals (Fig. 4E). Moreover, in the distal femur meta-
physis, the relative cortical bone volume was significantly
smaller by about 12%. Metaphyseal cortical bone density was
significantly reduced by about 13% compared to control mice,
and diaphyseal cortical bone density was mildly yet significantly
reduced by about 6% (data not shown). Reduction in cortical
bone density was related to cortical porosity in the cKO ani-
mals, while bone material density was unaltered (data not
shown). Consequently, as observed in the tibia (Fig. 3A and B),
3D reconstruction of the entire femur by pCT imaging re-
vealed focal cortical thinning in homozygous osteocyte-specific
B-catenin cKO mice of either sex to the extent that at certain
sites cortical bone was completely absent, resulting in distinct
perforations of the cortical shell being most severe in the
metaphyseal regions (Fig. 4F and data not shown). Moreover,
a dramatic lack of nearly all cancellous bone structures (tra-
beculae) was detected in homozygous osteocyte-specific
B-catenin mutants of either sex (Fig. 4F and G). While the
number of trabeculae decreased by over 95%, trabecular thick-
ness and material BMD of the few remaining trabeculae were
not significantly altered in homozygous osteocyte-specific
B-catenin-deficient mice compared to control mice (Table 1).
Interestingly, relative cancellous bone volume decreased by
about 10% in heterozygous male mice and almost 25% in
heterozygous female mice relative to control littermates (Fig.
4G), demonstrating slightly enhanced sensitivity to B-catenin
gene dosage reduction in female mice compared to male mice.
Vertebral cancellous bone volume was almost completely ab-
sent in homozygous osteocyte-specific B-catenin cKO mice rel-
ative to control mice of either sex (Fig. 4H and I). Conse-
quently, vertebral fractures and fibrotic scar tissue formation
were frequently observed, while the overall bone marrow com-
position was normal in homozygous B-catenin mutants (Fig. 4H
and data not shown). Osteocyte-specific heterozygosity of
B-catenin function caused a significant reduction of about 20%
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in lumbar vertebra L3 cancellous bone volume in both sexes
(Fig. 4I).

Osteocyte-specific deletion of (-catenin causes increased
osteoclastic bone resorption. To determine whether bone loss
induced by osteocyte-specific B-catenin deficiency was due to
enhanced bone resorption, altered bone formation, or a com-
bination of the two, we next performed static and dynamic
bone histomorphometry on the distal femur metaphyses of
2-month-old mice. At the endocortex, the number of oste-
oclasts as determined by quantification of TRAP-positive cells
strongly increased by over four- to fivefold in homozygous
B-catenin mutant mice of either sex (Fig. SA and B). The
relative osteoclast surface was similarly increased by five- to
sevenfold in homozygous B-catenin mutant male and female
mice compared to control animals (Table 2). Consequently,
the relative eroded bone surface as a measure of osteoclastic
bone resorption was elevated by about 8-fold in homozygous
mutant male and over 35-fold in mutant female mice, while
double-labeled bone surface and mineralizing surface reflect-
ing sites of active bone mineralization significantly decreased
by about 35% and 27% in mutant male mice and almost 55%
and 45% in homozygous B-catenin-deficient female mice rela-
tive to controls (Table 2). These results are however likely
impacted by the extreme nature of bone resorption, which even
in the short 1-week interval between the application of the two
fluorochrome labels probably led to removal of part of the
bone containing fluorochrome markers.

We then determined the number of osteoclasts in the can-
cellous bone compartment. In homozygous mutant female
mice, essentially the entire cancellous bone was lost, and
growth plates were either missing or severely damaged, in line
with the mild growth retardation observed in homozygous mu-
tant animals (Fig. 3B and C, Fig. 4F and G, and data not
shown). We therefore limited our histomorphometric evalua-
tion of the cancellous bone compartment to male mice in
which the overall bone phenotype although similar was slightly
less severe. On the very few remaining trabeculae, the number
of osteoclasts increased by about 10% but not statistically sig-
nificant (Fig. 5C and D). Osteoclast morphology was compa-
rable between genotypes in both bone compartments (Fig. 5B
and D and data not shown). Double-labeled surface and min-
eralizing trabecular bone surface were mildly decreased by
about 10% (not statistically significant) in homozygous cKO
relative to control males (Table 1). Moreover, osteoblast
and osteoid surface, the latter representing newly deposited
unmineralized collagenous extracellular matrix, were ele-
vated by about 85% in the cancellous bone compartment
and by about 20% (not statistically significant) at the en-
docortex in mutant males compared to control littermates
(Tables 1 and 2). Likewise, osteoblastic mineral apposition
rate was increased by about 30 to 45% in both bone com-
partments (Tables 1 and 2), and bone formation rates were
comparable between osteocyte-specific B-catenin mutant
and control littermate males (Fig. SE and F), indicating
normal to slightly elevated osteoblast number and activity.

In female mice, relative osteoblast and osteoid surfaces were
not significantly different at the endocortex of homozygous
mutant compared to control mice (Table 2). Similar to male
mice, osteoblastic mineral apposition rate reflecting osteoblast
performance was significantly increased by about 40% at the
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FIG. 4. Characterization of femoral and vertebral bone of osteocyte-specific B-catenin cKO mice. (A to C) Relative expression normalized to
18S for B-catenin (A) and downstream Wnt/B-catenin target genes Axin2 (B) and Smad6 (C) in cortical femoral bone from 2-month-old female
mice. (D and E) Femoral cross-sectional total BMD (D) and cortical thickness (E) of 2-month-old homozygous (cKO) and heterozygous (HET)
B-catenin-deficient and control littermate female mice as evaluated by ex vivo pQCT analyses (D) of five consecutive slices S1 to S5 spaced equally
along the femoral axis from the distal metaphysis (S1) to the proximal end of the diaphysis (S5) or by ex vivo wCT analyses (E) in the distal
metaphysis and diaphysis. (F) Representative wCT images of the femur from 2-month-old homozygous B-catenin-deficient (cKO) and control
littermate female mice. (G and I) Quantification of relative cancellous bone volume in the distal femur metaphysis with representative 3D-
reconstructed pCT images from male mice (G) and lumbar vertebra L3 (I) of 2-month-old homozygous (cKO) and heterozygous (HET)
B-catenin-deficient and control littermates. (H) Representative H&E stained images of thoracic vertebrae from 3-month-old homozygous cKO and
control female mice depicting a vertebral fracture (arrowhead) and extensive scar tissue formation (arrow). The boxes outlined by a broken line
in the top row are shown at higher magnification in the bottom row. There were 3 to 11 mice in each group. Values for the mutant that were
significantly different from the value for control littermate mice using unpaired Student’s ¢ tests are shown as follows: *, P < 0.05; **, P < 0.01.
Bars, 1 mm (F, top row), 0.5 mm (F, bottom row), 0.5 mm (G), 0.25 mm (H, magnified view).
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TABLE 1. Bone structure and histomorphometric indices in the cancellous bone compartment of the distal femur metaphyses of control and
osteocyte-specific B-catenin gene cKO mice

Mean + SEM in”:

Bone structure parameter

or histomorphometric Female mice Male mice

index”

Control cKO* Control cKO*

Tb.N (1/mm) 40=*=03 0.1 = 0.0** 53*+03 0.2 = 0.6%*
Tb.Th (pum) 37.6 = 1.5 412 =158 427+ 14 435 2.6
mBMD (mg/cm3) 820.7 = 9.1 793.9 = 28.0 795.5 =89 793.8 = 16.3
dLS/BS (%) ND ND 41.1 =43 36.2 9.5
MS/BS (%) ND ND 50.6 = 3.4 442 7.2
MAR (pm/day) ND ND 1.6 = 0.1 2.0 =0.1*
Ob.S/BS (%) ND ND 224 1.7 41.7 = 0.7%*
OS/BS (%) ND ND 219+ 15 39.8 = 0.8%*

“ Abbreviations: BS, bone surface; dLS, double-labeled surface; MAR, mineral apposition rate; mBMD, material bone mineral density; MS, mineralizing surface;
Ob.S, osteoblast surface; OS, osteoid surface; Tb.N, trabecular number; Tb.Th, trabecular thickness.

 There were 2 to 11 mice in each group. ND, not determined.

¢ Values for the 2-month-old homozygous cKO mice that were significantly different from the value for control littermate mice of the same gender using unpaired

Student’s ¢ tests are shown as follows: *, P < 0.05; #*, P < 0.01.

endocortex of homozygous mutant female mice compared to
control mice (Table 2). However, since the relative mineraliz-
ing surface was decreased (Table 2), probably as a result of the
vast increase in bone resorption, the overall bone formation
rate was not significantly different in homozygous cKO female
mice compared to control mice (Fig. SE).

Finally, to further assess osteoclast and osteoblast function
in osteocyte-specific B-catenin loss-of-function mice, we mea-
sured serum bone biomarkers. Serum tartrate-resistant acid
phosphatase (TRAP) activity was increased by about 25% (not
significantly statistically) in 2-month-old homozygous osteocyte
B-catenin-deficient male mice (3.4 U/liter in control males and
4.2 Ulliter in cKO males) and by about 55% in cKO female
mice (1.7 Ulliter in control females and 2.7 Ulliter in cKO
females). Similarly, the concentration of C-telopeptide frag-
ments of collagen type I (CTX-I) was elevated by about 55%
(not significantly statistically) in 2.5-month-old mutant male
mice (75.6 ng/ml in control males and 116.6 ng/ml in cKO
males) and by about 35% in 2-month-old mutant female mice
(53.7 ng/ml in control females and 73.0 ng/ml) in cKO females.
Serum osteocalcin levels as a biomarker for active osteoblastic
bone formation were comparable in hetero- and homozygous
osteocyte-specific B-catenin mutant mice (Fig. 5G). Serum al-
kaline phosphatase (ALP) activity was not significantly differ-
ent in mutant male mice but was mildly increased by about
15% in homozygous osteocyte-specific B-catenin mutant fe-
male mice (Fig. SH), consistent with overall normal to slightly
elevated osteoblast activity.

Osteocyte density is normal in osteocyte-specific [3-catenin
loss-of-function mice. Osteocyte apoptosis has been shown to
result in increased osteoclast recruitment and bone resorption
(1, 16, 20, 22, 34, 49, 61). We therefore determined the levels
of expression of the apoptosis facilitators Bcl2-like 11/Bim and
BCL2-associated X protein (Bax) (38, 65) in femoral diaphyses
of 2-month-old mutant and control female mice. Neither Bcl2-
like 11/Bim nor Bax expression were significantly altered in
osteocyte-specific B-catenin mutant mice relative to control
mice (Fig. 6A and B). We next quantified cortical osteocyte
density in femoral cortical bone from 2-month-old hetero- and
homozygous osteocyte-specific B-catenin-deficient and control
mice (Fig. 6C). Cortical osteocyte density was normal irrespec-

tive of osteocyte B-catenin gene dosage. Moreover, osteocyte
apoptosis was low, and no major differences were detected in
B-catenin mutant femora compared to controls (Fig. 6D), as
assessed in 2-week-old mice by TUNEL staining combined
with immunofluorescence detection of the osteocyte marker
sclerostin (64, 68). Similarly, we did not find any evidence for
increased presence of empty osteocyte lacunae in 2-month-old
homozygous B-catenin cKO mice relative to control mice (data
not shown). Thus, osteocyte-specific loss of B-catenin gene
function does not appear to result in significantly elevated
apoptotic or necrotic osteocyte death.

Osteocyte-specific deletion of Wnt/B-catenin signaling
causes decreased OPG expression. Osteoclast differentiation
from osteoclast progenitors is controlled by the action of two
major cytokines, macrophage colony-stimulating factor (M-
CSF) and receptor activator of NF-«kB ligand (RANKL) (63),
both of which are expressed by cells of the osteoblast lineage
and stromal cells. Moreover, osteoblasts also secrete osteopro-
tegerin (OPG), a soluble RANKL decoy receptor that antag-
onizes the proosteoclastogenic activity of RANKL by prevent-
ing it from binding to its cognate RANK receptor present on
osteoclasts and their precursor cells (12). Thus, the relative
RANKL/OPG ratio determines bone mass and strength, and
high OPG levels are protective against excessive osteoclastic
bone resorption. Therefore, we next characterized the relative
levels of expression of M-CSF, RANKL, and OPG in cortical
bone samples of 2-month-old osteocyte-specific B-catenin-de-
ficient and control littermate female mice. Neither M-CSF nor
RANKL expression was significantly altered in osteocyte-spe-
cific B-catenin mutants compared to control mice (Fig. 7A and
B). However, consistent with OPG being a Wnt/B-catenin tar-
get gene (19, 26, 69), OPG expression was significantly de-
creased by about 50% in femoral diaphyseal bone (Fig. 7C).
Conversely, serum RANKL protein concentration was ele-
vated by about 35% in osteocyte-specific B-catenin-deficient
mice of either sex (Fig. 7D and data not shown).

To assess whether the observed gene expression differences
in femoral diaphyses from osteocyte-specific 3-catenin mutant
and control mice could indeed be due to changes in osteocytic
gene expression, as assumed given the abundance of osteocytes
in cortical bone relative to bone surface adherent osteoblasts,
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FIG. 5. Histomorphometric analysis of femoral bone of osteocyte-specific B-catenin ¢cKO mice. (A, C, E, and F) Quantification of the number
of osteoclasts (A and C) and bone formation rate (BFR) at endocortical (A and E) and cancellous (C and F) femoral bone surfaces in 2-month-old
homozygous (cKO), heterozygous (HET) osteocyte-specific B-catenin-deficient and control mice. (B, C, D, and F) Representative images of TRAP
staining at the femoral endocortex of female mice (B [the arrows delineate the extent of cortices]) and the cancellous bone compartment in male
mice (D) or depicting fluorochrome marker labeling in male femora (C and F). (G and H) Quantification of serum osteocalcin levels (G) and ALP
levels (H) in 2-month-old mice. There were 2 to 11 mice in each group. Values for the mutant that were significantly different from the value for
control littermate mice using unpaired Student’s ¢ tests are shown as follows: *, P < 0.05; **, P < 0.01. Bars, 50 um (B and D), 2 pm (E), and

10 pm (F).

we next analyzed selective osteoblast- and osteocyte-enriched
cell populations obtained by sequential enzymatic digestion of
femoral diaphyses from 6-week-old osteocyte-specific B-cate-
nin mutant and control male mice. Based on the respective
expression of osteocyte marker genes DmpI (10, 62) and Sost
(10, 57, 64, 68) as well as the osteoblast marker integrin binding
sialoprotein (6), fraction 6 was found to be strongly enriched in
osteocytes, while cell fraction 3 of control femora and fraction
one in homozygous osteocyte-specific B-catenin mutants, re-
spectively, were identified as containing mostly osteoblasts
(Fig. 8B and data not shown). Cortical osteocytes of control

bone expressed about 40% higher levels of B-catenin than
osteoblasts did, whereas this ratio was inverted in osteocyte-
specific B-catenin mutant mice, indicating specific loss of
B-catenin gene function in about 50% of cortical osteocytes
(Fig. 8A). Interestingly, at 6 weeks of age, femoral osteocytes
of control mice expressed considerably higher levels of the
osteoclastogenic regulators OPG and RANKL than femoral
osteoblasts (Fig. 8C and D). Moreover, osteocyte-specific
B-catenin deficiency resulted in a selective decrease of OPG
expression in osteocytes relative to osteoblasts, whereas osteo-
cytic RANKL expression was not significantly altered (Fig. 8C
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TABLE 2. Histomorphometric indices in the distal femur metaphysis endocortex of control and osteocyte-specific B-catenin ¢cKO mice

Histomorphometric

Mean = SEM in”:

. " Female mice Male mice
index
Control cKO“ Control cKO°

dLS/BS (%) 724 £ 6.0 33.7 £ 6.4%* 78.1 £4.0 49.7 £ 5.2%*
MS/BS (%) 77.0 £5.2 433 + 4.5%* 83.0 = 3.0 60.2 + 6.2*
MAR (pm/day) 25+0.1 3.5 +0.3* 3.1+£0.2 46 1.1
Ob.S/BS (%) 80.0 = 2.1 67255 4277+ 2.4 529 £ 11.5
OS/BS (%) 73.9 £2.3 61.7 =54 46.1 £3.2 53.8 £ 10.8
Oc.S/BS (%) 2404 17.1 = 1.5%* 2.6 £ 0.6 13.2 = 1.7*
ES/BS (%) 1.1 =04 42.6 £ 5.6%* 33+0.6 26.0 = 8.0%*

¢ Abbreviations: BS, bone surface; dLS, double-labeled surface; ES, eroded surface; MAR, mineral apposition rate; MS, mineralizing surface; Ob.S, osteoblast

surface; Oc.S, osteoclast surface; OS, osteoid surface.
 There were 3 to 11 mice in each group.

¢ Values for 2-month-old homozygous cKO mice that were significantly different from the value for control littermate mice of the same gender using unpaired

Student’s ¢ tests are shown as follows: *, P < 0.05; #*, P < 0.01.

and D). Therefore, these data suggest that the selective de-
crease in osteocyte OPG expression contributes to the elevated
bone resorption present in osteocyte-specific B-catenin-defi-
cient mice.

Finally, to determine whether cortical osteocytes also ex-
press significant levels of OPG and RANKL at skeletal matu-
rity, we performed quantitative gene expression analyses using
cellular fractions isolated from the femora of 4-month-old
wild-type mice. As in femora of younger mice, cell fractions 3
and 6 were identified as containing mostly osteoblasts or os-
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FIG. 6. Analysis of femoral cortical osteocyte number and apopto-
sis in osteocyte-specific B-catenin cKO mice. (A to C) Quantification of
relative expression of the proapoptotic marker genes BCL2-like 11/Bim
(A) and Bax (B) normalized to 18S and osteocyte density (C) in
femoral cortical bone of homozygous (cKO) and heterozygous (HET)
B-catenin-deficient and control female mice. N.Ot/mm? number of
osteocytes per square millimeter. (D) Representative confocal micro-
scopic images depicting TUNEL-positive osteocytes (green) express-
ing the osteocyte marker sclerostin (red) in femoral cortex of P14
homozygous cKO and control mice. There were 3 to 11 mice in each
group.

sclerostin

Control

teocytes, respectively, based on the relative expression levels of
the osteoblast marker gene ALP and the osteocyte marker
Dmpl as well as other markers (Fig. 8E and F and data not
shown). Compared to skeletally growing mice, osteoblastic
OPG expression was increased, while osteoblastic RANKL ex-
pression was slightly lower. Importantly, cortical osteocytes of
skeletally mature mice expressed OPG and RANKL at levels
comparable to those found in osteoblasts (Fig. 8G and H).

DISCUSSION

Here, we describe the consequences of loss of Wnt/B-catenin
signaling specifically in osteocytes using a conditional mouse
genetic approach (Ctnnb1'*"***; Dmp1-Cre mice). Unexpect-
edly, osteocyte-specific deletion of the B-catenin gene led to
early-onset, dramatic bone loss due to elevated osteoclast
number and activity, which correlated with the selective down-

A M-CSF EXPRESSION B RANKL EXPRESSION
140 1254
120 i
100 100
< 80 @ 751
& 60 = 50
40
20 254
0 0]
Control HET  cKO Control ~ HET cKO
OPG EXPRESSION D SERUM RANKL
1259 250
100 200 2
751 E 150
& >
501 2 100
251 50
0+ o/
Control HET  cKO Control  HET cKO

FIG. 7. Analysis of the levels of expression of osteoclastic differ-
entiation factors in osteocyte-specific B-catenin ¢cKO mice. (A to C)
The level of expression normalized to 18S of M-CSF (A), RANKL (B),
and OPG (C) in cortical bone of femur diaphyses from 2-month-old
homozygous (cKO) and heterozygous (HET) B-catenin-deficient and
control littermate female mice. (D) Quantification of RANKL protein
in serum of 2-month-old homozygous (cKO) and heterozygous (HET)
B-catenin-deficient and control littermate males. There were 4 to 9
mice in each group. Values for the mutant that were significantly
different (P < 0.05) from the value for control littermate mice using
unpaired Student’s ¢ tests are indicated (*).
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FIG. 8. Ana1y51s of the levels of expression of osteoclastlc differ-
entiation factors in osteoblast- and osteocyte-enriched femoral bone
fractions. (A to D) Relative expression of B-catenin (A), the osteocyte
marker Dmpl (B), and osteoclastic differentiation regulators OPG
(C) and RANKL (D) in osteoblast (Ob)- and osteocyte (Ot)-enriched
femoral bone fractions from 6-week-old homozygous (cKO) B-catenin-
deficient and control littermate male mice. (E to H) Expression nor-
malized to 18S for the osteoblast marker ALP (E), the osteocyte
marker Dmpl (F), and osteoclast regulators OPG (G) and RANKL
(H) in osteoblast (Ob)- and osteocyte (Ot)-enriched fractions of fem-
ora from 4-month-old skeletally mature wild-type female mice. The
threshold cycle (C,) values for each marker are indicated for osteoblast
(A to H)- and osteocyte (E to H)- enriched fractions. There were 2 to
5 mice in each group. Values for the osteblast fraction that were
significantly different from the value for the osteocyte fraction using
paired Student’s ¢ tests are shown as follows: *, P < 0.05; **, P < 0.01.
Values for the mutant mice that were significantly different from the
value for control littermate mice using unpaired Student’s ¢ tests are
shown as follows: x, P < 0.05; xx, P < 0.01.

regulation of the anti-osteoclastogenic factor OPG in cortical
osteocytes. Analysis of B-catenin expression in femoral diges-
tion fractions confirmed that B-catenin expression was indeed
specifically downregulated in osteocytes but was normal in
femoral osteoblast-enriched cell fractions of Ctnnbl'@/o*r,
Dmp1-Cre mice. While specific, B-catenin expression in femo-

B-CATENIN SIGNALING IN OSTEOCYTES 3081

ral osteocyte fractions was however reduced by only about 50%
compared to control osteocytes. Thus, Dmp1-Cre-mediated ho-
mozygous deletion of B-catenin gene function in osteocytes was
incomplete, in line with previous observations (42). Despite
this caveat of the transgenic DmpI-Cre driver line, the bone
phenotypic consequences of the partial loss of osteocyte
B-catenin activity were dramatic, thus underscoring the impor-
tance of Wnt/B-catenin signaling in osteocytes for normal bone
homeostasis.

Overall, the phenotype of osteocyte-specific B-catenin cKO
mice strongly resembles the one described for osteoblast-tar-
geted B-catenin-deficient mice (19, 26). Since in osteoblast-
targeted cKO mice, B-catenin was deleted from the osteoblast
stage of the mesenchymal cell lineage onwards, it was not only
removed in osteoblasts but also in their cellular descendants,
including osteocytes. Thus, it is likely that loss of B-catenin
gene function in osteocytes contributed to the observed bone
resorption phenotype present in osteoblast-targeted B-catenin-
deficient mice. Yet, B-catenin deficiency induced at the early
osteoblast stage by Collal-Cre caused only a comparably mild
bone loss, and homozygous mutants displayed a normal life
span (19). This might be explained by differences in genetic
background as well as incomplete genetic penetrance of
Collol-Cre-mediated B-catenin gene recombination (19). In
contrast, the phenotype of OC-Cre-driven B-catenin deficiency
leading to the loss of B-catenin from the late osteoblast stage
onwards was slightly more severe in terms of lethality com-
pared to osteocyte-specific B-catenin mutants (26). Whereas
OC-Cre-dependent B-catenin mutant mice died within 30 to 45
days after birth, DmpI-Cre-induced mutants were viable for a
few months. Although the low-bone-mass phenotypes of both
models appear qualitatively similar, the absolute decrease in
relative cancellous bone volume and BMD cannot be directly
compared due to differences in the respective applied meth-
odology (26).

In line with overlapping as well as distinct functions of Wnt/
B-catenin signaling in osteoblasts and osteocytes, deletion of
B-catenin in late osteoblasts using OC-Cre resulted in de-
creased osteoblast numbers in vivo (26). In contrast, osteoblast
numbers and osteocyte density were normal in osteocyte-specific
B-catenin-deficient mice. Moreover, it has been demonstrated
that osteoblasts lacking B-catenin enhance osteoclastogenesis in
vitro (19). As expected and consistent with the osteocyte speci-
ficity of our model, in vitro coculture experiments did not
reveal induction of increased osteoclastogenesis by osteoblasts
derived from osteocyte-specific B-catenin ¢cKO mice (data not
shown). Furthermore, whereas in cultured B-catenin-deficient
osteoblasts, expression of the late osteoblastic differentiation
marker osteocalcin was reduced and mineralized nodule for-
mation was diminished (26), serum osteocalcin levels were
normal in osteocyte-specific B-catenin cKO mice. We formally
cannot exclude a minor delay in bone matrix mineralization in
osteocyte-specific B-catenin mutants, since osteoid surface was
significantly increased in the cancellous bone compartment.
However, this was not observed at the endocortex. Moreover,
as osteoblast surface and osteoblastic mineral apposition rates
were also elevated, the increase in trabecular osteoid surface
probably reflects enhanced osteoblastic matrix deposition in an
attempt to compensate for the vast bone loss occurring in
osteocyte-specific B-catenin-deficient mice. In line with largely
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undisturbed bone formation, trabecular thickness and material
BMD were not significantly altered in osteocyte-specific
B-catenin mutants, indicating that in general, mineralization
was normal in osteocyte-specific B-catenin cKO mice. In addi-
tion, the histomorphometric analysis of the cancellous bone
compartment was somewhat hampered by the fact that very
little trabecular bone surface was available in osteocyte-specific
B-catenin mutants. This may also explain the seemingly sur-
prising finding that the number of osteoclasts was only mildly
increased on trabecular bone compared to endosteal bone
surfaces. Hence, it appears that the enhanced phenotypic se-
verity of OC-Cre-driven osteoblast versus DmpI-Cre-depen-
dent osteocyte B-catenin deficiency could be due to the selec-
tive decrease in osteoblast number and activity in OC-Cre- but
not in Dmpl-Cre-dependent B-catenin mutant mice. In con-
trast, both mouse models revealed a comparable elevation in
osteoclastic bone resorption parameters, indicating that
B-catenin expression in osteocytes is at least equally important
for control of bone resorption as it is in osteoblasts.

Osteoclasts have recently been shown to stimulate osteoblast
differentiation by secreting Wnt ligands and chemoattractants,
thereby contributing to coupling of bone resorption and for-
mation during skeletal remodeling (54). Conversely, cells of
the osteoblast lineage are known to impact osteoclastogenesis
in a non-cell-autonomous fashion by expressing the osteoclast
differentiation factor RANKL and its decoy receptor OPG (24,
46). In line with previous findings by us and others (34, 51, 71,
73), cellular fractionation by sequential digestion of femoral
diaphyses revealed that primary osteocytes in skeletally grow-
ing mice and mature mice robustly express OPG and RANKL
at levels exceeding or comparable to those present in osteo-
blasts. Although it is currently unclear whether osteocyte-ex-
pressed cytokines are indeed released into the lacunar-cana-
licular network, theoretical models and tracer experiments
have demonstrated that small globular proteins of up to 7 nm
in diameter and 70 kDa, the estimated size of serum albumin,
can pass through the osteocyte canalicular system (60, 66, 67).
Therefore, theoretically, molecules of the size of monomeric
OPG (60 kDa), but not soluble RANKL, which is thought to be
a nondisulfide-linked homotrimer (35), may pass through the
osteocyte lacunar-canalicular system. In addition, osteocytes
might secrete other small modulators of osteoclast and/or os-
teoblast function and diffusible chemoattractants or chemore-
pellents to establish local chemotactic gradients that might
specifically guide osteoclasts and/or osteoblasts or their respec-
tive precursors to sites of local bone turnover at the bone
surface and/or intracortical bone-vascular endothelial inter-
faces (14, 20, 23, 34, 45).

The level of expression of OPG increased in osteoblast-
targeted B-catenin gain-of-function mice (19). Conversely, it
was found to be decreased in osteoblast- as well as osteocyte-
specific B-catenin cKO mouse models, providing a putative
molecular mechanism contributing to the observed increase in
osteoclastic bone resorption (19, 26). However, given the
slightly less severe low-bone-mass phenotype of constitutive
OPG loss-of-function mice, which is characterized by a high
bone turnover state of excessive bone resorption and elevated
bone formation (15, 48), downregulation of OPG alone cannot
fully account for the observed phenotype of osteoblast- and
osteocyte-targeted B-catenin-deficient mice.
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In osteoblast-targeted B-catenin-deficient mice, RANKL ex-
pression was not significantly altered in vivo (19). Yet, it was
increased in cultured primary calvarial osteoblasts lacking
B-catenin function, whereas the converse was found in osteo-
blasts from Wnt/B-catenin gain-of-function mice (26). Interest-
ingly, in osteocyte-specific B-catenin mutant mice, serum
RANKL levels were slightly increased, whereas RANKL ex-
pression in cortical bone remained normal. There are several
conceivable putative mechanisms that may underlie the ob-
served increase in serum RANKL in osteocyte-specific B-cate-
nin cKO mice. It is possible that loss of B-catenin function in
osteocytes may induce a signal transferred from osteocytes to
osteoblasts and/or bone marrow stroma cells that causes up-
regulation of RANKL expression in these cell types in a non-
cell-autonomous manner. Conversely, it is conceivable that
Wnt/B-catenin signaling in osteocytes might control expression
of a negative regulator of RANKL expression. Alternatively, as
only soluble RANKL, not surface-bound RANKL, is detected,
increased release of cell surface-bound RANKL may have
occurred in osteocyte-specific B-catenin-deficient mice. Finally,
the increase in serum RANKL may be directly linked to the
decreased osteocyte expression of OPG, as RANKL bound
to OPG was not detected by our assay. If true, the level of
osteocyte-expressed RANKL should determine the relative
fraction of osteocyte-secreted OPG that is complexed and
thus trapped in the osteocyte lacunar-canalicular system as
opposed to unbound OPG that may pass through the cana-
licular system into circulation to exert its antiosteoclastic
function. In line with this interpretation, the amount of
detectable RANKL would thus increase in circulation with
reduced osteocytic secretion of OPG. Furthermore, we no-
ticed that osteocyte OPG expression levels were consider-
ably smaller, while osteocyte RANKL expression levels were
slightly higher in skeletally growing control mice undergoing
bone modeling and high bone turnover compared to skele-
tally mature wild-type mice. This thus further suggests that
the osteocyte RANKL/OPG expression ratio is critical for
control of bone homeostasis. While at present, we can nei-
ther distinguish between these possibilities nor do we know
the cellular source of the measured serum RANKL, the net
outcome will be the same, namely, an increase in RANKL/
OPG ratio favoring osteoclastogenesis and osteoclast sur-
vival in osteocyte-specific B-catenin mutant mice. Interest-
ingly, in MLO-Y4 osteocyte-like cells, which express
RANKL and OPG (73), the RANKL/OPG ratio decreases
when cells are subjected to shear stress (71). This suggests
that mechanical load reduces the soluble RANKL/OPG ra-
tio, preventing osteoclast activation by osteocytes. Hence,
one may speculate that mechanosensation and/or transduc-
tion might be compromised in B-catenin-deficient osteo-
cytes, in line with previous findings implicating Wnt/B-cate-
nin signaling in osteocyte mechanotransduction (11, 39,
56-58).

Whnt/B-catenin signaling has been implicated in the regula-
tion of apoptotic cell death of cells of the osteoblast lineage in
some instances (4, 7, 39), but not others (5, 31, 69). Moreover,
osteocyte apoptosis correlates with increased osteoclast re-
cruitment and bone resorption (1, 16, 20, 22, 34, 49, 61). While
the underlying reason for the decreased osteoblast number in
osteoblast-specific OC-Cre-directed B-catenin cKO mice was
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not reported (26), TUNEL analyses of Collal-Cre-mediated
osteoblast-specific B-catenin gain- or loss-of-function mutant
mice revealed normal levels of programmed cell death (19).
Consistent with these reports, cortical osteocyte density and
apoptotic marker gene expression were normal in 2-month-old
osteocyte-specific B-catenin-deficient mice and TUNEL stain-
ing in 2-week-old B-catenin cKO mice was comparable to con-
trol littermate mice. This suggests that B-catenin is not re-
quired for osteocyte viability but that it plays a role is osteocyte
signaling.

With respect to gender specificity, we found that progression
of bone loss was faster and for most parameters analyzed, such
as bone mass, cortical width, serum creatine kinase level, and
osteoclast eroded surface, slightly more severe in female than
male osteocyte-specific B-catenin-deficient mice. Gender-spe-
cific enhanced sensitivity of female mice toward modulation of
Wnt/B-catenin signaling was also reported for other loss-of-
function mutants of Wnt/B-catenin signaling components (37,
50, 72). Whether these observations are due to cross talk of
Whnt/B-catenin and sex steroid signaling pathways or related to
sexually dimorphic bone mass accrual, bone turnover, and/or
osteocyte mechanotransduction (3, 41, 59, 72) is currently un-
known and remains to be addressed by future studies.

Finally, in addition to being an essential mediator of canon-
ical Wnt signaling, B-catenin also binds to cadherins and
a-catenin at adherens junctions linking cell adhesion to the
actin cytoskeleton (47). Moreover, under conditions of ele-
vated oxidative stress, B-catenin has been found to associate
with forkhead box O (FoxO) transcription factors to upregu-
late expression of oxidative stress response target genes at the
expense of canonical Wnt target gene transcription (2, 44).
Therefore, we currently do not exclude the possibility that in
addition to blocking Wnt/B-catenin signaling as demonstrated
by decreased expression of canonical Wnt target genes, other
signaling pathways might be compromised in osteocyte-specific
B-catenin loss-of-function mice. Future investigations will need
to assess the roles of these signaling pathways and of non-
canonical Wnt signaling in osteocytes in vivo.

Together our findings reveal a previously underestimated
novel important function for Wnt/B-catenin signaling in osteo-
cytes. In particular, we demonstrate that osteocyte B-catenin is
required for expression of the antiosteoclastogenic factor OPG
in osteocytes and that osteocytes express RANKL and OPG at
levels comparable to or exceeded those of osteoblasts. These
data suggest that the RANKL/OPG ratio expressed by osteo-
cytes may determine osteoclast recruitment and activation,
which is in line with the long-standing hypothesis of osteocytes
being key regulators of bone homeostasis.
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