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Mutations in WNT1 cause osteogenesis imperfecta (OI) and early-onset osteoporosis, identifying it as a key Wnt ligand in
human bone homeostasis. However, how and where WNT1 acts in bone are unclear. To address this mechanism, we
generated late-osteoblast-specific and osteocyte-specific WNT1 loss- and gain-of-function mouse models. Deletion of
Wnt1 in osteocytes resulted in low bone mass with spontaneous fractures similar to that observed in OI patients.
Conversely, Wnt1 overexpression from osteocytes stimulated bone formation by increasing osteoblast number and
activity, which was due in part to activation of mTORC1 signaling. While antiresorptive therapy is the mainstay of OI
treatment, it has limited efficacy in WNT1-related OI. In this study, anti-sclerostin antibody (Scl-Ab) treatment effectively
improved bone mass and dramatically decreased fracture rate in swaying mice, a model of global Wnt1 loss. Collectively,
our data suggest that WNT1-related OI and osteoporosis are caused in part by decreased mTORC1-dependent
osteoblast function resulting from loss of WNT1 signaling in osteocytes. As such, this work identifies an anabolic function
of osteocytes as a source of Wnt in bone development and homoeostasis, complementing their known function as targets
of Wnt signaling in regulating osteoclastogenesis. Finally, this study suggests that Scl-Ab is an effective genotype-specific
treatment option for WNT1-related OI and osteoporosis.
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Introduction
Wnt signaling is a well-established pathway that regulates skele-
tal development and homeostasis (1). Genetic studies of LRP5 in 
human and mouse strongly suggest that canonical Wnt signaling 
regulates postnatal bone formation (2–5). Further genetic studies 
with β-catenin and other Wnt ligands using various mouse models 
provided additional evidence that corroborate the critical function 
of Wnt signaling in skeletal development and bone homeostasis  
(6–17). Several recent studies also reported that Wnt signaling 
directly regulates osteoclast function (18–22). Despite the estab-
lished function of Wnt signaling in bone, the role of specific Wnt 
ligands in human bone homeostasis was not clear. Our group and 
others reported that heterozygous loss-of-function mutations in 
WNT1 can cause dominantly inherited early-onset osteoporosis, 
while biallelic mutations resulting in complete loss of function 
lead to recessively inherited osteogenesis imperfecta (OI) (23–29). 
The semidominant inheritance of this mutation spectrum under-
scores the strict temporal, spatial, and dosage requirement of this 
essential Wnt ligand in human bone homeostasis. Moreover, we 
have established a swaying mouse model (Wnt1sw/sw mice, which 
carry a mutation in Wnt1) as a murine model of WNT1-related OI 
(30). These human and mouse genetic studies strongly suggest 
that WNT1 is a major Wnt ligand regulating human bone homeo-

stasis; however, the mechanistic basis of WNT1 action in bone 
homeostasis and its cellular source and targets in bone are unclear.

Osteocytes are one of the major cell types in bone. They are 
differentiated from osteoblasts and embedded in bone matrix. 
It was originally believed that osteocytes are quiescent cells in 
bone matrix, but numerous studies now show that osteocytes play 
essential roles in bone homeostasis by regulating osteoblasts and 
osteoclasts (31). For example, osteocytes can regulate osteoclasto-
genesis by expressing RANKL and its decoy receptor osteoprote-
gerin (7, 32–36). Osteocytes can also regulate osteoblast differenti-
ation by secreting sclerostin (SOST), an inhibitor of Wnt signaling 
(37–39). However, whether osteocytes can directly regulate bone 
formation as a “Wnt-sending” cell type is not clear.

Mammalian target of rapamycin complex 1 (mTORC1) sig-
naling regulates cell metabolism, growth, proliferation, and sur-
vival (40, 41). mTORC1 signaling can be activated by various 
nutritional and environmental signals, including growth factors 
and amino acids. The mTORC1 complex is composed of multiple 
components, including mTOR (a serine/threonine kinase), RAP-
TOR (regulatory-associated protein of mTOR), mLST8 (an mTOR- 
associated mammalian homolog of LST8), PRAS40 (proline-rich 
AKT substrate 40 kDa), and DEPTOR (DEP domain–containing 
mTOR-interacting protein). The tuberous sclerosis heterodimer 
(TSC1/2) negatively regulates mTORC1 signaling by inhibiting 
Rheb (the small GTPase) that is necessary for mTORC1 kinase 
activity. Rapamycin is a bacterial macrolide that inhibits mTORC1 
signaling by forming a complex with FKBP12. Eukaryotic initiation 
factor 4E–binding protein 1 (4E-BP1) and p70 ribosomal S6 kinase 1 
(S6K1) are well-known downstream targets of mTORC1 signaling. 
Interestingly, recent studies have shown that specific Wnt ligands 
may regulate osteoblast differentiation, partly through mTORC1 
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in osteoblasts is partly mediated by mTORC1 signaling. In addi-
tion, Scl-Ab treatment improved low bone mass and dramatically 
decreased fracture rate in a WNT1-related OI mouse model (sway-
ing mice, hereafter referred to as Wnt1sw/sw). Overall, our data sup-
port the model wherein osteocytes serve as a source of WNT1 and 
the bone fragility of WNT1-related OI patients is caused in part by 
decreased osteoblast function due to the loss of WNT1 signaling 
from osteocytes to osteoblasts. Finally, this study suggests that 
Scl-Ab may be an effective genotype-specific treatment option for 
WNT1-related patients with OI and osteoporosis.

Results
Specific deletion of Wnt1 in late osteoblasts and osteocytes caused 
spontaneous fractures and severe loss of bone. To elucidate the 
bone-specific function of Wnt1, we generated a Wnt1 conditional 
knockout mouse model (Wnt1fl/fl) by using embryonic stem cells 
derived from the European Conditional Mouse Mutagenesis Pro-
gram (EUCOMM) allele (Wnt1EUCOMM; Supplemental Figure 1A; 
supplemental material available online with this article; https://
doi.org/10.1172/JCI92617DS1). We have previously shown that 
subsets of osteocytes are a potential source of WNT1 in bone via 
lineage tracing experiments (25); therefore, we deleted Wnt1 in 
late osteoblasts and osteocytes by generating Wnt1fl/fl Dmp1-Cre 
mice. Strikingly, Wnt1fl/fl Dmp1-Cre mice showed spontaneous 
fractures (fracture rate of 67%) and low bone mass in both males 
and females, without an effect on growth or behavior (Figure 1, A 
and B, and Supplemental Figure 2, A and B). X-ray images of the 
hindlimbs showed severe osteopenia in Wnt1fl/fl Dmp1-Cre mice, as 

signaling (12, 42–44). However, whether mTORC1 is necessary for 
WNT1-induced osteoblast differentiation remains unclear.

Current pharmacological treatment options for OI predomi-
nantly rely on antiresorptive therapy with bisphosphonates, which 
inhibits bone resorption by blocking osteoclast differentiation and 
activity (45, 46). Interestingly, bisphosphonate therapy has been 
reported to be less effective in patients with WNT1-related OI 
compared with responses observed in patients with other forms 
of OI (47). As such, there is an unmet need of new therapeutic 
approaches for the treatment of WNT1-related OI and osteopo-
rosis. Sclerostin inhibits WNT signaling by binding to and inter-
fering with WNT ligand engagement with LDL receptor–related 
protein 5/6 (LRP5/6) (37–39), and has been validated as a potent 
therapeutic target for increasing bone formation in vivo (48–51). In 
fact, anti-sclerostin antibody (Scl-Ab) is currently in phase III clin-
ical trials as an anabolic therapy for postmenopausal osteoporo-
sis (NCT02016716, ClinicalTrials.gov). But the efficacy of Scl-Ab 
for treating WNT1-related OI patients who may have significant-
ly reduced endogenous WNT signaling is unknown. At the same 
time, Scl-Ab may improve bone mass and fracture rates if there is 
the potential of additional WNT ligands that can work redundant-
ly in bone. Therefore, it is necessary to examine the efficacy of 
Scl-Ab for treating WNT1-related OI patients as a potential, gen-
otype-specific therapeutic approach.

In this study, we determined the bone-specific function of 
Wnt1 by generating late-osteoblast/osteocyte-specific Wnt1 loss- 
and gain-of-function mouse models. Our pharmacological and 
genetic rescue experiments showed that the function of WNT1 

Figure 1. The phenotypes of bone-specific Wnt1 loss-of-function (Dmp1-Cre Wnt1fl/fl) mouse models. (A) X-ray radiograph and micro-CT (μCT) images of 
female WT and Dmp1-Cre Wnt1fl/fl mice at 2 months old. The white arrow indicates a fracture site in the mutant mouse. (B) Quantification results of μCT 
analysis; femoral trabecular bone for bone volume/total volume (BV/TV), trabecular number (Tb.N), trabecular thickness (Tb.Th), and trabecular space  
(Tb.Sp), and cortical bone for cortical thickness (Cort.Th). Results are shown as means ± SD (n = 8 per group). (C) Histomorphometric analysis of L4 verte-
brae; osteoclast numbers per bone surface (N.Oc/BS), osteoblast numbers per bone surface (N.Ob/BS), mineral surface per bone surface (MS/BS), mineral 
apposition rate (MAR), and bone formation rate (BFR) in WT and Dmp1-Cre Wnt1fl/fl mice. Results are shown as means ± SD (n = 6 for WT, n = 8 for Dmp1-
Cre Wnt1fl/fl). The comparison between WT and Wnt1 loss-of-function mice is determined by Student’s t test. **P < 0.01, ***P < 0.001.
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Overexpressing Wnt1 in late osteoblasts and osteocytes showed a 
high bone mass phenotype. To gain further insight into the therapeu-
tic potential of Wnt1 in bone mass accretion, we generated Dmp1-
Cre Rosa26Wnt1/+ mice overexpressing Wnt1 in late osteoblasts and 
osteocytes (Supplemental Figure 1B). In agreement with the loss-
of-function study, both male and female Dmp1-Cre Rosa26Wnt1/+ 
mice showed a dramatic high bone mass phenotype in femurs and 
vertebrae (Figure 2, A–C, and Supplemental Figure 2, D–F). X-ray 
images of the hindlimbs showed increased bone mass in Dmp1-
Cre Rosa26Wnt1/+ mice, and μCT analysis revealed an approximately 
5-fold increase in trabecular bone mass in mutant mice, which was 
associated with increased trabecular number and thickness (Fig-
ure 2, A and B). Additionally, cortical bone thickness increased 
about 60% in mutant mice compared with WT controls (Figure 
2B). Histomorphometric analysis showed significant increases 
in osteoblast number, mineralizing surface, mineral apposition 
rate, and bone forming rate, whereas osteoclast number per bone 
surface was unaffected in mutant mice (Figure 2C). Interestingly, 
serum CTX level is increased in Dmp1-Cre Rosa26Wnt1/+ mice (Sup-
plemental Table 1), consistent with higher total osteoclast num-
ber resulting from increased total bone surface (data not shown). 
These data strongly suggest that the high bone mass is caused by 
increased osteoblast number and activity in Dmp1-Cre Rosa26Wnt1/+ 
mice in opposite fashion to the conditional loss-of-function model.

Overexpression of Wnt1 increased osteoblast differentiation and 
mineralization in vitro. To verify the function of Wnt1 in osteoblast 
differentiation and bone mineralization, we performed in vitro func-
tional studies using a mouse stromal cell line (ST2) transduced with 

reflected by the increased lucency of the trabecular and cortical 
bones. Consistent with this observation, micro–computed tomog-
raphy (μCT) analysis of femurs showed a 4-fold reduction in tra-
becular bone volume (BV/TV) with decreased trabecular number 
(Tb.N) and thickness (Tb.Th) in Wnt1fl/fl Dmp1-Cre mice (Fig-
ure 1B). In addition, cortical bone thickness (Cort.Th) in Wnt1fl/fl  
Dmp1-Cre mice was 30% less than that in WT mice (Figure 1B). 
Similarly, mutant mice displayed low bone mass in the vertebrae 
(Supplemental Figure 2C). To understand the cellular mecha-
nisms of spontaneous fractures and low bone mass in Wnt1fl/fl  
Dmp1-Cre mice, we performed bone histomorphometric anal-
ysis. Interestingly, Wnt1fl/fl Dmp1-Cre mice showed a significant 
decrease in mineral apposition rate and bone formation rate, but 
osteoblast and osteoclast numbers per bone surface were unal-
tered (Figure 1C). Serum CTX level was also unchanged in Wnt1fl/fl  
Dmp1-Cre mice (Supplemental Table 1). These data indicate that 
Wnt1 deletion causes osteopenia and fractures primarily due to 
defects in osteoblast activity. Altogether, the specific deletion of 
Wnt1 in late osteoblasts and osteocytes caused spontaneous frac-
tures and severe loss of bone, which demonstrates a phenotypic 
overlap with the swaying mouse model, a global loss-of-function 
mouse model of WNT1-related OI (30). Together, these data sup-
port an essential requirement of WNT1 function in osteocytes as 
the dominant contributor to the pathogenesis of WNT1-related 
OI and osteoporosis. Moreover, current data further support that 
the skeletal abnormalities in WNT1-related OI patients could be 
caused by abnormalities in osteoblast function and that osteocytes 
are the main source of WNT1.

Figure 2. The phenotypes of bone-specific Wnt1 gain-of-function (Dmp1-Cre Rosa26Wnt1/+) mouse models. (A) X-ray radiograph and μCT images of female 
WT and Dmp1-Cre Rosa26Wnt1/+ mice at 2 months old. (B) Quantification results of μCT analysis; femoral trabecular bone for bone volume/total volume 
(BV/TV), trabecular number (Tb.N), trabecular thickness (Tb.Th), and trabecular space (Tb.Sp), and cortical bone for cortical thickness (Cort.Th). Results 
are shown as means ± SD (n = 6 per group). (C) Histomorphometric analysis of L4 vertebrae; osteoclast numbers per bone surface (N.Oc/BS), osteoblast 
numbers per bone surface (N.Ob/BS), mineral surface per bone surface (MS/BS), mineral apposition rate (MAR), and bone formation rate (BFR) in WT and 
Dmp1-Cre Rosa26Wnt1/+ mice. Results are shown as means ± SD (n = 6 per group). The comparison between WT and Wnt1 gain-of-function mice is deter-
mined by Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001.
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sistent with enhanced osteoblast differentiation, Wnt1 overexpres-
sion markedly enhanced in vitro mineralization (Figure 3B). Based 
on our mouse genetics and in vitro studies, we conclude that late- 
osteoblast/osteocyte-derived WNT1 contributes to bone homeosta-
sis by regulating osteoblast function. In addition, these results con-
firm that impaired osteoblast function due to loss of Wnt1 in osteo-
cytes is a possible pathogenic mechanism of WNT1-related OI.

a helper-dependent adenoviral vector (HDAd) coding mouse Wnt1 
(HDAd-mWnt1). We confirmed that the viral system efficiently over-
expressed Wnt1 in ST2 cells (Figure 3A). Notably, overexpression of 
Wnt1 increased the expression of osteoblast differentiation markers 
such as Runx2, alkaline phosphatase, and osteocalcin (Figure 3A). 
These results suggest that osteoblast differentiation is accelerated by 
Wnt1 expression in this early and continuous exposure model. Con-

Figure 3. mTORC1 signaling mediated enhanced osteoblast differentiation and mineralization by Wnt1 overexpression in vitro. (A) Quantitative reverse 
transcriptase PCR (RT-PCR) of Wnt1, Runx2, alkaline phosphatase, and osteocalcin in control helper-dependent adenovirus–treated (HDAd-GFP) and WNT1 
helper-dependent adenovirus–treated (HDAd-mWnt1) ST2 cells. Results are shown as fold change of the mean of control group ± SD (n = 3 per group). (B) 
Mineralization assay by alizarin red staining on the seventh day after control virus–treated and HDAd-mWnt1–treated ST2 cells. (C) The representative 
Western blot analysis showed activated pS6 relative to total S6 and pAkt (Ser473) relative to total Akt of control virus– and HDAd-mWnt1–treated ST2 
cells. Results are shown as fold change of the mean of control group ± SD (n = 3 per group). The Western blot represents 3 individual experiments. (D and 
E) Quantitative RT-PCR of alkaline phosphatase (D) and Lef1 (E) after control treatment (DMSO) or pharmacological inhibition of mTOR signaling by rapa-
mycin in control virus– and HDAd-mWnt1–treated ST2 cells. Results are shown as fold change of the mean of control group ± SD (n = 3 per group). (F) Min-
eralization assay after control treatment (DMSO) or pharmacological inhibition of mTOR signaling by rapamycin in control virus– and HDAd-mWnt1–treated 
ST2 cells. The comparison between control and HDAd-mWnt1–treated groups is determined by Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001.
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differentiation and in vitro mineralization in a β-catenin–indepen-
dent manner. To verify these results in vivo, we performed a phar-
macological rescue experiment by treating Dmp1-Cre Rosa26Wnt1/+ 
mice with rapamycin. Interestingly, 1 month of rapamycin treat-
ment significantly reversed the high bone mass phenotype of 
Dmp1-Cre Rosa26Wnt1/+ mice (Figure 4, A and B). X-ray radiography 
revealed a reduction in trabecular bone and cortical bone thick-
ness of rapamycin-treated Dmp1-Cre Rosa26Wnt1/+ mice (Figure 
4A). μCT parameters showed that rapamycin fully normalized 
cortical bone thickness and partially reduced trabecular bone vol-
ume (Figure 4B), suggesting a differential impact of mTORC1 sig-
naling on WNT1 function in trabecular versus cortical bone com-
partments. Histomorphometric analysis showed that inhibition 
of mTORC1 in the WNT1 gain-of-function model was associated 
with reduced mineral apposition rate and bone formation rate, but 
not changes in osteoclast and osteoblast number (Figure 4C). This 
pharmacological rescue experiment supports that mTORC1 par-
tially mediates the gain of WNT1 signaling in osteoblasts.

Genetic activation of mTORC1 signaling rescued the low bone 
mass phenotype of the swaying mice. To test the physiological rele-
vance of Wnt1-induced mTORC1 signaling, we determined wheth-
er genetic activation of mTORC1 signaling could rescue the low 
bone mass caused by loss of Wnt1 signaling in bone. To this end, 
we activated mTORC1 signaling in late osteoblasts/osteocytes by 
deleting Tsc1, a negative regulator of mTORC1, in Wnt1sw/sw mice 
(Tsc1fl/fl Wnt1sw/sw Dmp1-Cre). As expected, Tsc1fl/fl Wnt1sw/sw Dmp1-

Phenotypes caused by gain of WNT1 signaling can be reversed 
by rapamycin. Previous studies by others have shown that Wnt 
signaling can regulate canonical β-catenin pathways as well as 
noncanonical targets like the mTOR pathway (12, 42–44). Inter-
estingly, recent studies have demonstrated that WNT ligands may 
activate mTOR signaling in osteoblasts to affect their differenti-
ation (12, 42). Consistent with these studies, we found that Wnt1 
overexpression significantly increased phosphorylation of S6, a 
major downstream target of mTORC1, but not phosphorylation of 
Akt, a major downstream target of mTORC2 (Figure 3C). Based 
on these results, we hypothesized that mTORC1 signaling may 
mediate WNT1 function in osteoblast differentiation and miner-
alization. To test this hypothesis, we performed a pharmacological 
rescue experiment by treating ST2 cells overexpressing Wnt1 with 
rapamycin, an inhibitor of mTORC1 signaling (52). Rapamycin 
treatment significantly reduced the expression of Wnt1-induced 
alkaline phosphatase (Figure 3D). We also examined the expres-
sion of Axin2 and Lef1, major downstream targets of β-catenin–
dependent Wnt signaling. The expression level of Axin2 was not 
detectable (data not shown), while the expression of Lef1 was sig-
nificantly induced by Wnt1 expression (Figure 3E). However, the 
Wnt1-induced Lef1 expression was not rescued by rapamycin treat-
ment (Figure 3E). Consistent with rescued expression of alkaline 
phosphatase, rapamycin treatment significantly reduced Wnt1- 
induced in vitro mineralization (Figure 3F). Collectively, these 
data suggest that mTORC1 mediates Wnt1-induced osteoblast 

Figure 4. WNT1 gain-of-function mouse models showed significantly reduced high bone mass after treatment with the mTORC1 signaling inhibitor 
rapamycin. (A) X-ray radiograph of femurs of female WT and Dmp1-Cre Rosa26Wnt1/+ mice after vehicle control or rapamycin injections in 2-month-old 
mice. (B) μCT analysis of femoral trabecular bone for bone volume/total volume (BV/TV) and of cortical bone for cortical thickness (Cort.Th) in WT and 
Dmp1-Cre Rosa26Wnt1/+ mice treated with vehicle control or rapamycin. Results are shown as means ± SD (n = 5 for WT, n = 4 for Dmp1-Cre Rosa26Wnt1/+). (C) 
Histomorphometric analysis of L4 vertebrae for osteoclast numbers per bone surface (N.Oc/BS), osteoblast numbers per bone surface (N.Ob/BS), mineral 
surface per bone surface (MS/BS), mineral apposition rate (MAR), and bone formation rate (BFR) in WT and Dmp1-Cre Rosa26Wnt1/+ mice treated with 
vehicle control or rapamycin. Results are shown as means ± SD (n = 5 for WT, n = 4 for Dmp1-Cre Rosa26Wnt1/+). The comparisons between vehicle-treated 
WT and vehicle-treated WNT1 gain-of-function groups and between vehicle-treated and rapamycin-treated WNT1 gain-of-function groups are determined 
by Mann-Whitney U test. *P < 0.05, ***P < 0.001.
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Cre mice no longer suffered spontaneous fractures and had high-
er trabecular and cortical bone parameters when compared with 
Wnt1sw/sw mice (Figure 5A). μCT analysis showed partial rescue of 
trabecular bone and full rescue of cortical bone thickness in Tsc1fl/fl  
Wnt1sw/sw Dmp1-Cre mice (Figure 5B). Furthermore, histomorpho-
metric analysis revealed that the rescue phenotype was associated 
with increased bone formation rate and also decreased osteoclast 
numbers (Figure 5C). Based on our mouse rescue studies and in 
vitro experiments, we conclude that mTORC1 partially mediates 
the physiological function of WNT1 signaling in regulating bone 
formation and mineralization.

Scl-Ab treatment significantly improved the low bone mass phe-
notypes of swaying mice. To test both the therapeutic potential of 
anti-sclerostin antibody (Scl-Ab) for WNT1-related OI patients 
and the potential for redundancy of Wnt ligand function in bone, 
we administered Scl-Ab subcutaneously at a dose of 25 mg/kg 
to Wnt1sw/sw mice twice a week from 2 to 8 weeks of age. Remark-
ably, Scl-Ab administration in Wnt1sw/sw mice caused a significant 
improvement in fracture rate from 90% to 12.5% (Table 1), as well 
as increased bone mass (Figure 6A). μCT analysis showed that 
Scl-Ab–treated Wnt1sw/sw mice exhibited a significant increase in 
trabecular bone volume and cortical thickness in both femur and 
lumbar spine (Figure 6B and Supplemental Figure 3). Scl-Ab treat-
ment significantly increased osteoblast activity as indicated by the 

increased mineralized surface, mineral apposition rate, and bone 
formation rate (Figure 6C). More importantly, 3-point bending 
analysis confirmed that the Scl-Ab–treated Wnt1sw/sw mice had sig-
nificantly increased bone ultimate load, stiffness, and post-yield 
energy compared with untreated Wnt1sw/sw mice (Figure 6D). Taken 
together, these results indicate that Scl-Ab treatment significantly 
improved the bone quantity and quality of Wnt1sw/sw mice.

Discussion
Our current studies significantly advance our understanding of 
the function of Wnt ligand in bone homeostasis and the pathogen-
ic mechanism of WNT1-related skeletal disorders. Given the CNS 
phenotype found in WNT1-related OI patients and the Wnt1sw/sw 
mouse model (23–29, 53), the bone fragility of WNT1-related OI 
could be caused by loss of WNT1 function in bone as well as in 
other organs. In addition, the extremely low expression of Wnt1 
in bone has also hindered determination of the tissue-specific 
function of WNT1. Therefore, our mouse genetic studies using 
a conditional model provide strong evidence that WNT1 specifi-
cally functions in bone. We generated a conditional mouse model 
deleting Wnt1 in late osteoblasts/osteocytes using the Dmp1-Cre 
transgenic line. Interestingly, Dmp1-Cre–specific deletion of Wnt1 
causes spontaneous fractures and low bone mass, recapitulating 
the phenotypes of Wnt1sw/sw mice. These data strongly suggest that 

Figure 5. Genetic activation of mTORC1 signaling partially rescued the low bone mass phenotype of the Wnt1sw/sw models. (A) X-ray radiograph of femurs 
of 2-month-old female WT, Dmp1-Cre Tsc1fl/fl, Wnt1sw/sw, and Dmp1-Cre Tsc1fl/fl Wnt1sw/sw mice. (B) μCT analysis of femoral trabecular bone for bone volume/
total volume (BV/TV) and of cortical bone for cortical thickness (Cort.Th) in WT, Dmp1-Cre Tsc1fl/fl, Wnt1sw/sw, and Dmp1-Cre Tsc1fl/fl Wnt1sw/sw mice. Results are 
shown as means ± SD (n = 6 for WT, n = 5 for Dmp1-Cre Tsc1fl/fl, n = 4 for Wnt1sw/sw, n = 6 for Dmp1-Cre Tsc1fl/fl Wnt1sw/sw mice). (C) Histomorphometric analysis 
of L4 vertebrae for osteoclast numbers per bone surface (N.Oc/BS), osteoblast numbers per bone surface (N.Ob/BS), mineral surface per bone surface 
(MS/BS), mineral apposition rate (MAR), and bone formation rate (BFR) in WT, Dmp1-Cre Tsc1fl/fl, Wnt1sw/sw, and Dmp1-Cre Tsc1fl/fl Wnt1sw/sw mice. Results are 
shown as means ± SD (n = 6 for WT, n = 5 for Dmp1-Cre Tsc1fl/fl, n = 6 for Wnt1sw/sw, n = 6 for Dmp1-Cre Tsc1fl/fl Wnt1sw/sw mice). The comparisons between WT 
and Dmp1-Cre Tsc1fl/fl and between Wnt1sw/sw and Dmp1-Cre Tsc1fl/fl Wnt1sw/sw are determined by Mann-Whitney U test. *P < 0.05, **P < 0.01.
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the bone fragility in Wnt1sw/sw mice and WNT1-related OI patients 
is mainly caused by loss of WNT1 function in bone.

Our Wnt1 loss- and gain-of-function studies suggest that osteo-
blasts are the major target cell of WNT1 signaling. The low bone 
mass phenotype in the loss-of-function study is mainly associated 
with decreased osteoblast activity, while the high bone mass phe-
notype in the gain-of-function study is associated with increased 
osteoblast number and activity. It is worth noting that osteoblast 
number was only affected in the gain-of-function study, which 
may be partly because of overexpression of Wnt1. Nonetheless, we 
conclude that late-osteoblast/osteocyte-derived Wnt1 contributes 
to bone homeostasis by regulating osteoblast function.

Our study also provides functional evidence that osteocytes 
are the major source of WNT1. Our previous lineage-tracing exper-
iment using the transgenic Wnt1-Cre transgenic mice supports the 
hypothesis that osteocytes are a potential source of WNT1 in bone, 
although we could not rule out nonspecific effects of the transgene 
in those experiments (25). Our current Dmp1-Cre–specific Wnt1 
loss-of-function study provides strong evidence supporting the 
idea that the major skeletal source of WNT1 is a subset of osteo-
cytes in bone, as suggested by the lineage-tracing experiment. 
This is also consistent with the extremely low expression of Wnt1 
in bone. The specificity of Dmp1-Cre to late osteoblasts and osteo-
cytes does not rule out the possibility that the late osteoblasts may 
also express Wnt1. But we found only GFP-positive osteocytes and 
no GFP-positive osteoblasts in our previous lineage-tracing exper-
iment (25). This strongly suggests that osteocytes are a major 
source of WNT1 in bone rather than osteoblasts. Further investi-
gation of Wnt1 deletion with early-osteoblast Cre lines will further 
elucidate the function of WNT1 in early osteoblast lineage cells.

Our finding of osteocytes as a source of WNT1 ligand suggests 
that osteocytes could have a dual role as a sender and receiver 
of Wnt ligands during bone homeostasis (Figure 6E). As sending 
cells, osteocytes stimulate osteoblastogenesis by triggering Wnt 
signaling in osteoblasts. This is consistent with previous studies 
in which mice with bone-specific Lrp5 and Lrp6 knockout showed 
osteoblast-specific phenotypes (54, 55). Our study and those of 
others strongly suggest that the regulation of osteoblastogene-
sis by osteocytes could be mediated by a β-catenin–independent 
pathway like mTOR signaling (12, 42). As receiving cells, osteo-
cytes can modulate osteoclastogenesis by triggering cell-autono-
mous β-catenin–dependent signaling. Consistent with this notion, 
osteocyte-specific β-catenin knockout mice show predominantly 
an osteoclast phenotype (33). In addition, previous studies showed 

that osteocytes regulate osteoclastogenesis by secreting RANKL 
and osteoprotegerin that are downstream targets of canonical 
β-catenin–dependent WNT signaling (7, 32–36). Our current study 
and other previous studies also strongly suggest that there is speci-
ficity between WNT ligands and downstream cell signaling targets 
(10, 12, 14, 42). Hence, the osteocyte can be seen increasingly as 
the central regulator of bone mass. As a receiver of Wnt signaling, 
it regulates osteoclastogenesis in a β-catenin–dependent fashion. 
As a sender cell of Wnt signaling, it controls anabolic aspects of 
osteoblast function by targeting mTORC1, though we cannot 
rule out additional roles in early stages of osteoblast differentia-
tion. This last function together with its production of sclerostin 
shows that it can also serve as a negative and positive regulator of 
osteoblast differentiation and function, respectively (Figure 6E). 
Recent studies also showed that Wnt signaling could directly regu-
late osteoclastogenesis (18–22). Further studies will be required to 
elucidate the direct regulation of osteoclasts by osteocyte-derived 
Wnt signaling. The code for the underlying ligand-cell specifici-
ty likely integrates both temporal and spatial requirements that 
help to explain the complexity of both cellular (osteoblastic versus 
osteoclastic) and tissue compartment (trabecular versus cortical, 
and appendicular versus axial) phenotypes observed in different 
genetic models of Wnt signaling components. With no doubt, 
additional study and improved genetic reagents will be required to 
resolve this Wnt signaling code in the skeleton.

Scl-Ab treatment significantly improved the bone quantity and 
quality of Wnt1sw/sw mice. The rescued bone phenotypes of Wnt1sw/sw 
mice strongly suggest that other WNT ligands, including excellent 
candidates such as WNT16, WNT10b, and WNT7b, can compen-
sate for loss of Wnt1 in Wnt1sw/sw mice (10–17). Despite the potential 
redundancy of multiple WNT ligands that affect bone formation, 
the incomplete restoration of bone volume by Scl-Ab treatment in 
Wnt1sw/sw mice suggests that WNT1 clearly has a critical function in 
bone homeostasis. Overall, this study supports the potential utility 
of Scl-Ab in the management of OI patients with WNT1 mutations. 
Further investigation to determine the efficacy of Scl-Ab in human 
WNT1-related OI patients and early-onset osteoporosis will be 
required for clinical application.

Methods
Animals. Embryonic stem cells carrying knockout-first Wnt1 allele 
(Wnt1EUCOMM) were obtained from the European Conditional Mouse 
Mutagenesis Program (EUCOMM) and injected into embryos in 
house. Wnt1EUCOMM mice were crossed with Rosa26-Flippase (Flp) mice 
to delete β-gal and the neo cassette in order to generate the conditional 
knockout allele (Wnt1fl/fl). Rosa26Wnt1/+ mice were provided by Thomas 
Carroll and Andrew McMahon (56), and Dmp1-Cre transgenic mice 
were provided by Jian Feng (57). The swaying (Wnt1sw/sw) mouse (58, 
59) and Tsc1fl/fl mouse (60) models were obtained from the Jackson 
Laboratory. Rapamycin was purchased from LC Laboratories, and 
subcutaneous rapamycin (4 mg/kg) was administered daily to female 
Rosa26Wnt1/+ mice for a month. The sclerostin-neutralizing antibody 
(Scl-Ab) was provided by Amgen Inc. and UCB Pharma. Scl-Ab was 
diluted 1:10 in PBS to a concentration of 3.6 mg/ml for administration. 
Female Wnt1sw/sw and WT mice were randomly assigned and treated 
with subcutaneous Scl-Ab (25 mg/kg) or the control vehicle (PBS) 
twice per week, starting at 3 weeks old, for 6 weeks and were eutha-

Table 1. Fracture rate of WT and Wnt1sw/sw mice treated with 
vehicle control or Scl-Ab

Genotype Treatment Number of mice Fracture rate (%)
WT Vehicle 7 0
WT Scl-Ab 4 0
Wnt1sw/sw Vehicle 10 90
Wnt1sw/sw Scl-Ab 8A 12.5

The comparison of Wnt1sw/sw mice treated with vehicle control versus Scl-Ab 
is determined by Fisher exact test. AP < 0.01.
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Figure 6. Wnt1sw/sw mice showed phenotypic corrections in femurs after treatment with Scl-Ab. (A) X-ray radiograph of femurs of 2-month-old female WT 
and Wnt1sw/sw mice treated with vehicle control or sclerostin-neutralizing antibody (Scl-Ab). (B) μCT analysis of femoral trabecular bone for bone volume/
total volume (BV/TV) and of cortical bone for cortical thickness (Cort.Th) in WT and Wnt1sw/sw mice treated with vehicle control or Scl-Ab. Results are shown 
as means ± SD (n = 7 for WT, n = 3 for WT with Scl-Ab, n = 8 for Wnt1sw/sw, n = 7 for Wnt1sw/sw with Scl-Ab). (C) Histomorphometric analysis of L4 vertebrae 
for mineral surface per bone surface (MS/BS), mineral apposition rate (MAR), and bone formation rate (BFR) in WT and Wnt1sw/sw mice treated with vehicle 
control or Scl-Ab. Results are shown as means ± SD (n = 6 for WT, n = 4 for WT with Scl-Ab, n = 9 for Wnt1sw/sw, n = 7 for Wnt1sw/sw with Scl-Ab). (D) Biome-
chanical testing results by 3-point bending assay for maximum load, stiffness, and post-yield energy of femurs in WT and Wnt1sw/sw mice treated with 
vehicle control or Scl-Ab. Results are shown as means ± SD (n = 7 for WT, n = 4 for WT with Scl-Ab, n = 8 for Wnt1sw/sw, n = 8 for Wnt1sw/sw with Scl-Ab). The 
comparisons of WT mice with vehicle versus Scl-Ab treatment and Wnt1sw/sw mice with vehicle versus Scl-Ab treatment are determined by Mann-Whitney 
U test. *P < 0.05, **P < 0.01, ***P < 0.001. (E) Schematic model of osteocyte function as a sender and receiver of Wnt signaling. OPG, osteoprotegerin.
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was conducted with the Scanco μCT-40 system (55-peak kilovoltage  
and 145-μA x-ray source). A standardized region of the distal femoral 
metaphysis and the L4 vertebrae were scanned at 16-μm resolutions. 
Mouse spine samples were then embedded in plastic and sectioned 
with tungsten carbide blades. Trichrome staining and tartrate-resis-
tant acid phosphatase staining were performed for visualizing osteo-
blasts and osteoclasts, respectively. Calcein and alizarin red double 
labeling was used to study dynamic histomorphometry. Results were 
quantified with the Bioquant Osteo 2014 Image Analysis System for 
evaluation of bone formation and resorption parameters.

Biomechanical testing by 3-point bending. Left femurs were tested 
by 3-point bending, with a span of 6 mm, using an Instron 5848 device 
(Instron Inc.). All the femurs were tested wet at room temperature. 
They were preloaded to 1N at a rate of 0.05 N/s for 5 seconds. Follow-
ing preloading, the femurs were compressed to failure at a rate of 0.1 
mm/s. Load and displacement data were captured at a rate of 40 Hz 
using Bluehill Software (Instron). Maximum load was determined by 
finding the highest load values recorded before the specimen failed. 
Stiffness was determined by the steepest slope of the linear portion of 
the load and displacement curve. The yield point was calculated using 
a 0.2% offset from the steepest slope. Using the trapezoidal numeri-
cal integration method, energy to failure was calculated as the area 
under the load-displacement curve and was divided into the elastic 
energy (up to the yield point) and plastic energy (from the yield point 
until the failure point).

Serum CTX-1 level by ELISA. Blood samples were collected from 
2-month-old mice by retro-orbital bleeding under anesthesia before 
euthanasia. Serum was separated by centrifuge in the tube with serum 
separator (BD Microtainer) and stored at –80°C. The bone resorption 
marker C-terminal telopeptide of type I collagen (CTX-1) was measured 
in serum. The assay was performed using a CTX-1 ELISA kit (RatLaps, 
Immunodiagnostic Systems) according to the manufacturer’s instruc-
tions. Data were analyzed with SigmaPlot 11.0 (Systat Software Inc.).

Statistics. For comparisons between 2 groups following normal 
distribution, we performed 2-tailed Student’s t tests with a signifi-
cance level of 0.05. For comparisons among 4 groups, and for those 
observations that did not follow normal distribution, we performed 
the Kruskal-Wallis test to detect heterogeneity among groups and 
applied the Mann-Whitney U test for multiple comparisons between 
groups. Bonferroni adjustment was applied for multiple compari-
sons. Each P value was compared with the critical P value divided 
by the total number of comparisons made to determine whether dif-
ferences between groups were significant. To determine the initial 
sample size per group of mice, we performed power analysis, which 
showed that a group size of 6 mice is required to detect a minimal 
difference of 20% in bone mass (BV/TV) by μCT between Dmp1-Cre 
Rosa26Wnt1/+ mice and WT mice. We used the statistical software R 
(3.2.4) for all statistical analyses.

Study approval. The animal care and use for this study have been 
approved by the Institutional Animal Care and Use Committee of Bay-
lor College of Medicine (Houston, Texas, USA).
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nized at 8 weeks old. Fracture rate was defined by callus formation in 
tibia during final dissection of mouse at 8 weeks old. Either unilater-
al or bilateral fracture in a mouse was counted as 1 incident fracture. 
No blinding was possible during treatment because Scl-Ab or control 
vehicle was injected according to group allocation. In all subsequent 
analyses, the investigators were blinded to genotype and treatment 
group. Calcein (250 μg i.p.) was injected first and followed by alizarin 
red (800 μg i.p.) injections with a 5-day interval before euthanasia to 
assess the parameters of dynamic bone histomorphometry. Spines and 
right femurs were collected and fixed in 10% formalin for 48 hours for 
subsequent radiography and μCT imaging. After imaging, spines were 
embedded in plastic for histomorphometry. Left femurs were wrapped 
in saline-soaked gauze and stored at –20°C for biomechanical testing.

Both male and female mice were characterized for Wnt1 gain- and 
loss-of-function studies. Male mouse data are presented in Supple-
mental Figure 2. For the mTORC1 genetic rescue experiment, female 
mice were mainly characterized at 2 months of age. We also charac-
terized male mice using μCT (n = 3, data not shown). We performed 
the rapamycin rescue experiments to be consistent with the mTORC1 
genetic rescue experiment. Therefore, female mice were character-
ized at 2 months of age. For the Scl-Ab treatment experiment, female 
mice were used to prevent artificial fractures in the swaying mouse 
model, which occurred more frequently in male mice, likely due to 
their propensity for physical movement. The bone phenotypes for the 
Scl-Ab rescue experiment were characterized in 2-month-old mice.

ST2 cell culture. The bone marrow–derived stromal cell line ST2 
(61) was provided by the laboratory of Fanxin Long (Department of 
Orthopedic Surgery, Washington University School of Medicine, St. 
Louis, Missouri, USA) (the cells were not recently further profiled or 
tested for mycoplasma contamination). ST2 cells were cultured in 
growth medium (α-MEM HyClone with 10% FBS, 100 U/ml peni-
cillin, and 100 μg/ml streptomycin). GFP and WNT1 helper-depen-
dent adenoviruses were generated as previously described (62). The 
viruses were added to the medium (500 viral particles per cell) for 24 
hours. After virus transfection, the medium was replaced with min-
eralization medium (growth medium with 500 μM ascorbic acid and 
10 mM β-glycerophosphate) (day 0). The mineralization medium was 
changed every 2 days. Rapamycin in DMSO (20 nM) was added to the 
mineralization medium and fed to the virus-infected ST2 cells from 
day 0. ST2 cells were collected for real-time PCR on day 4. Alizarin red 
staining was performed on day 10.

Quantitative real-time reverse transcriptase PCR. Total RNA from 
virus-transfected ST2 cells was extracted with Trizol reagent (Invitro-
gen). The Superscript III reverse transcriptase PCR (RT-PCR) system 
(Invitrogen) was used to synthesize cDNA. We performed quantitative 
RT-PCR on a LightCycler 96 (Roche) using gene-specific primers and 
SYBR Green I reagent (Roche). β2-Microglobulin was used as the refer-
ence gene for normalizing cDNA concentrations.

Immunoblotting and antibodies. Protein from virus-transfected 
ST2 cells was extracted with Laemmli buffer containing 5% β-mercap-
toethanol. The pS6 (2211, Cell Signaling), pAkt (Ser473; 4060, Cell 
Signaling), S6 (2217, Cell Signaling), and Akt (4691, Cell Signaling) 
monoclonal antibodies were used with a 1:1,000 dilution in Tris-buff-
ered saline and Tween 20 containing 5% BSA. Quantification of the 
density of each band was performed by ImageJ software (NIH).

Radiography, μCT imaging, and bone histomorphometry. Radiog-
raphy was performed with the Xpert 80 (Kubtec) system, and μCT 
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