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Wnt1 is an Lrp5-independent bone-anabolic Wnt ligand
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Nannan Liao1, Daniela Keller1†, Nele Vollersen1, Stefan Teufel1‡, Mona Neven1, Stephanie Peters1, 
Michaela Schweizer3, Andreas Trumpp4, Sebastian Rosigkeit5, Ernesto Bockamp5, 
Stefan Mundlos6,7,8, Uwe Kornak6,7,8, Ralf Oheim1, Michael Amling1§,  
Thorsten Schinke1§, Jean-Pierre David1§

WNT1 mutations in humans are associated with a new form of osteogenesis imperfecta and with early-onset osteo-
porosis, suggesting a key role of WNT1 in bone mass regulation. However, the general mode of action and the 
therapeutic potential of Wnt1 in clinically relevant situations such as aging remain to be established. Here, we 
report the high prevalence of heterozygous WNT1 mutations in patients with early-onset osteoporosis. We show 
that inactivation of Wnt1 in osteoblasts causes severe osteoporosis and spontaneous bone fractures in mice. In 
contrast, conditional Wnt1 expression in osteoblasts promoted rapid bone mass increase in developing young, 
adult, and aged mice by rapidly increasing osteoblast numbers and function. Contrary to current mechanistic 
models, loss of Lrp5, the co-receptor thought to transmit extracellular WNT signals during bone mass regulation, 
did not reduce the bone-anabolic effect of Wnt1, providing direct evidence that Wnt1 function does not require 
the LRP5 co-receptor. The identification of Wnt1 as a regulator of bone formation and remodeling provides the 
basis for development of Wnt1-targeting drugs for the treatment of osteoporosis.

INTRODUCTION
Bone remodeling is a postdevelopmental physiological process occur-
ring throughout life that is required to ensure bone regeneration and 
long-term stability of the skeleton. This process is initiated by the 
bone-embedded osteocytes that act as mechanical sensors of bone 
microdamage, which promote the differentiation and recruitment 
of osteoclasts to resorb the mineralized bone matrix and activate osteo-
blasts to secrete and mineralize new bone matrix (1–3). A fraction of 
osteoblasts remains trapped within the newly formed bone, where they 
differentiate into osteocytes that will secrete inhibitors of osteoblasto-
genesis to terminate the remodeling cycle (1, 2). The balance between 
bone resorption and formation is essential to maintain skeletal in-
tegrity, and any disturbance in this balance will lead to the develop-
ment of bone pathologies, the most common being postmenopausal 
osteoporosis in aging women with drastic consequences on their 
quality of life, increased fracture incidence, and mortality (4, 5). Osteo-
porosis is mainly treated with antiresorptive drugs such as bisphos-
phonates (6). However, blocking bone resorption interrupts the 
normal coupling of bone remodeling, thereby also causing inhibition 
of de novo bone formation (7). Over the long term, this has detrimental 

consequences for bone quality and can cause serious adverse effects 
such as osteonecrosis of the jaw, atypical bone fractures, and modifi-
cation of hematopoietic cell niches (8, 9). Anabolic drugs targeting 
bone formation by activating osteoblasts would be preferable because 
such therapies would not block bone remodeling (5). Intermittent 
injection of parathyroid hormone fragment (PTH; also called teri-
paratide) is the main bone- anabolic drug used clinically. However, its 
application is limited because of the mode of delivery requiring daily 
injections for 24 months, high cost, and the risk of osteosarcoma in-
duction as seen in rat models (10, 11). More promising bone-anabolic 
drugs are under development, most of which target natural inhibitors 
of the essential osteoblastogenic WNT [wingless- type mouse mammary 
tumor virus (MMTV) integration site family] signaling pathway (3).

Initially deduced from the identification of high bone mass mu-
tations in humans, the bone-anabolic function of WNT signaling 
was further validated in mice. These mutations cause either a gain 
of function of the WNT co-receptor low-density lipoprotein receptor– 
related protein 5 (LRP5) or a loss of function of its inhibitor Sclerostin 
(SOST) (3, 12, 13). The mutated proteins act at the level of the WNT 
signaling receptor complex that consists of a member of the Frizzled 
family as well as co-receptors from the LRP family. The combi-
nation of extracellular WNT ligands with specific receptors can lead 
to the activation of different cellular signal transduction cascades 
generally categorized into -catenin–based canonical and Jun ki-
nase or Ca2+ signaling noncanonical pathways. Although the known 
gain- and loss-of-function phenotypes suggested a role of canonical 
WNT signaling as a regulator of bone formation, this has not been 
firmly demonstrated. For example, inactivation of -catenin, the 
essential downstream cotranscription factor of canonical WNT sig-
naling, provided contrasting information in mouse models. Loss of 
-catenin in early mesenchymal progenitors favored chondrogenic 
differentiation of these cells at the expense of osteoblastogenesis 
(14, 15), whereas inactivation in committed osteoblasts demonstrated 
the role of -catenin in mediating the repression of osteoclasto-
genesis via induction of osteoprotegerin (OPG) expression in osteo-
blasts (16). In addition, although canonical WNT signaling directly 
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inhibits osteoclastogenesis and therefore bone resorption rather than 
increasing bone formation (17, 18), the activation of the noncanonical 
pathway appeared to positively regulate both bone formation and 
bone resorption (19–21). However, the occurrence of wingless-type 
mouse mammary tumor virus (MMTV) integration site family, mem-
ber 1 (WNT1) mutations in a new form of osteogenesis imperfecta 
and in early- onset osteoporosis strongly suggest that WNT1 is a key 
regulator of bone formation in humans (22–24), a hypothesis sub-
sequently reinforced in mice carrying a hypomorphic Wnt1 mutation 
(25) and with Dmp1-cre–mediated conditional Wnt1 deletion (26). 
Given the potential off-target recombination reported using the 
Dmp1-cre line (27), the cellular source of Wnt1 is still unclear.

Thus, two key questions remain to be solved: the first regarding 
the cellular source of Wnt1 that acts as a bone-anabolic stimulus 
and the second regarding whether Wnt1 is acting via the Sost/Lrp5 
pathway to induce bone formation. Given the global function of 
WNT signaling during development, in tissue homeostasis, and in 
tumor formation, answering these questions is fundamental to the 
design of clinically applicable agonist molecules that can stimulate 
bone formation without dangerous and unwanted side effects. Using 
genetically modified mouse models, we report the bone-anabolic 
function of Wnt1 when produced by osteoblasts. We also demon-
strate that this Wnt1 bone-anabolic activity does not require Lrp5 
function. Our study thus provides important new insights into the 
mechanisms governing bone homeostasis and establishes Wnt1 as a 
natural bone-anabolic molecule with the potential for treating osteo-
porosis and other low bone mass pathologies.

RESULTS
Humans carrying WNT1 mutations have high fracture 
incidence and low bone turnover
To confirm the causative role of WNT1 mutations in bone fragility 
in humans, we analyzed 83 patients diagnosed with early-onset os-
teoporosis [dual-energy x-ray absorptiometry (DXA) T score < −2.5; 
age <50 years] by mutational enrichment using a custom-designed 
SureSelectXT gene panel containing all coding exons of 373 genes 
associated with changes in bone mass, skeletal dysplasias, dysostosis, 
or connective tissue diseases [skeletal disorder–associated genome 
(sDAG)]. This analysis revealed pathogenic mutations in the WNT1 
gene of seven patients (8.5%). A subsequent segregation analysis 
identified a family with specific WNT1 mutations in four likewise 
affected relatives (Fig. 1A). Of these 11 patients with early-onset os-
teoporosis, 9 had a history of low-traumatic fractures. Vertebral and 
nonvertebral fractures were observed with a frequency increasing 
with age (Fig. 1, A and B). DXA revealed a Z score < −2.0 at the 
lumbar spine or hip in seven adult cases, indicating an overall reduc-
tion in areal bone mineral density (Fig. 1, C and D). Seven of 9 (78%) 
of the adult patients were diagnosed with osteoporosis according 
to the World Health Organization criteria (T score < −2.5). High- 
resolution peripheral quantitative computed tomography (HR-pQCT) 
at the distal tibia and at the distal radius revealed a combined tra-
becular and cortical bone loss, with a slightly more pronounced re-
duction in cortical thickness than in trabecular parameters when 
compared to controls from published reference values (Fig. 1, E to 
H, and fig. S1, A to D) (28, 29). We performed histomorphometric 
analysis on undecalcified sections of an iliac crest biopsy (Fig. 1I) of 
one of the adult patients (case #3 in Fig. 1A) that revealed decreased 
structural parameters and low osteoblast and osteoclast numbers 

and surfaces (Fig. 1J), suggesting a pathology that is caused by low 
bone turnover. Analysis of the serum parameters for bone turnover 
in all patients at initial presentation showed relatively low quantity 
of two markers for bone formation, namely osteocalcin and bone- 
specific alkaline phosphatase (BAP), compared to reference ranges 
from our local laboratory (University Medical Center Hamburg- 
Eppendorf). In these patients, deoxypyridinoline (DPD) per creati-
nine measured in the urine revealed no increased bone resorption, 
confirming a low bone turnover state (Fig. 1, K to M). Last, we ana-
lyzed the evolution of the bone turnover markers in the serum and 
urine of a patient with history of multiple fractures receiving a 
sequential treatment with denosumab and teriparatide, which indi-
cated a correction of the low bone turnover state in response to teri-
paratide (Fig. 1, N to P), resulting in complete prevention of fractures 
for more than 5 years (Fig. 1Q). Thus, heterozygous WNT1 muta-
tions can be considered as one of the most frequent mutations in 
patients with early-onset osteoporosis associated with a high inci-
dence of low-traumatic fractures due to low bone turnover.

Osteoblast-targeted Wnt1 inactivation in mice phenocopies 
bone defects associated with WNT1 mutations in humans
To provide direct evidence for the role of Wnt1 in bone metabo-
lism, we took advantage of a mouse line carrying floxed alleles of 
Wnt1 (Wnt1fl/fl) (Fig. 2A). Because Wnt1 expression has been re-
ported in both osteoblasts and osteoclasts (23, 30), we crossed the 
Wnt1fl/fl mice with Runx2-Cre mice (to inactivate Wnt1 in the os-
teoblastic lineage) or with Lyz2-Cre mice (to delete Wnt1 in the 
monocytic lineage, including the osteoclasts). Genotyping confirmed 
the lineage-specific recombination of the Wnt1 allele in bones with 
the Runx2-Cre deleter line (Fig. 2B) as well as the efficacy of in vivo 
recombination using the Lyz2-Cre line (fig. S2A). Bone marrow–
derived mesenchymal progenitors cultured ex vivo under osteoblas-
togenic conditions confirmed the efficacy of Runx2-Cre–mediated 
recombination in the osteoblast lineage (Fig. 2B). Similarly, the effi-
cacy of Lyz2-Cre–mediated recombination in osteoclasts was con-
firmed in ex vivo generated osteoclasts (fig. S2A). No obvious bone 
phenotype could be observed when targeting Wnt1 inactivation in 
monocytes (fig. S2, B to E). To address the role of Wnt1 in osteo-
cytes, we generated Dmp1-Cre;Wnt1fl/fl mice from which no clear 
conclusive data about the cellular origin of Wnt1 could be drawn 
due to recombination events observed in multiple tissues (fig. S3A). 
However, fractures were observed in all Runx2-Cre;Wnt1fl/fl mice 
analyzed by x-ray at the age of 24 weeks (Fig. 2C), and these mice 
developed multiple fractures as shown by micro–computed tomog-
raphy (CT) imaging (Fig. 2, D and E). The presence of callus ob-
served in von Kossa–, toluidine blue–, or Masson-Goldner–stained 
sections further confirmed that fractures occurred in multiple loca-
tions in Runx2-Cre;Wnt1fl/fl mice (fig. S3, B and C). These analyses 
also revealed a decreased trabecular bone volume and cortical thick-
ness in femora not affected by fractures (Fig. 2, F to H) as well as an 
increased fragility in a three-point bending test (Fig. 2I). This phe-
notype was not linked to decreased circulating Wnt1 in the deleter 
mice (fig. S3D), suggesting a local mode of action of Wnt1 in bone. 
Thus, general osteoporosis with high bone fragility develops in the 
absence of Wnt1 expression in the osteoblast lineage but not upon 
Wnt1 deletion in monocytes. The generalized osteoporosis in Runx2- 
Cre;Wnt1fl/fl mice phenocopies the pathology found in patients with 
WNT1 mutations and provides direct experimental proof that Wnt1 
loss of function in osteoblasts is responsible for this condition.
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Fig. 1. Characteristics of 
patients with heterozygous 
WNT1 mutations. (A) Num-
ber of patient demograph-
ics: sex, age, genotype, and 
fracture history [Vert. Fx (n), 
number of vertebral frac-
tures; Per. Fx (n), peripheral 
fractures] of all patients. 
(B) Radiographies showing 
typical fractures of the spine 
(left), distal femur (middle), 
and proximal femur (right) 
in patients (numbers 1, 3, 5). 
Arrows point to the frac-
ture lines. (C) DXA mea-
surement (Z scores) at the 
lumbar spine and (D) at the 
hip. (E) HR-pQCT at the dis-
tal tibia. (F) Table of mean 
values of bone parameters 
and percent change com-
pared to controls (% ref) 
at the distal tibia (in bold 
are the most affected pa-
rameters). Tb.N, trabecular 
number; Tb.Th, trabecular 
thickness; Ct.Th, cortical 
thickness. (G and H) Age- 
related changes of bone 
volume per tissue volume 
(BV/TV) and cortical thick-
ness (Ct.Th) at the distal 
tibia. (I) Trichrome- Goldner 
staining of an iliac crest bi-
opsy from patient 3. Scale 
bars, 1 mm (left) and 50 m 
(right). (J) Bone histomor-
phometry of the biopsy. 
Tb.Sp, trabecular separa-
tion; O.Th, osteoid thick-
ness; OS/BS, osteoid surface 
per bone surface; OV/BV, 
osteoid volume per bone 
volume; Ob.S/BS, osteo-
blast surface per bone sur-
face; Oc.S/BS, osteoclast 
surface per bone surface. 
(K) Serum osteocalcin and 
(L) BAP measured in all pa-
tients at initial presentation 
compared to the reference 
range (gray boxes). (M) DPD 
per creatinine measured in 
the urine. (N to P) Evolution 
of bone parameters in pa-
tient 1 over 6-year treat-
ment with denosumab and 
teriparatide, (N) osteocal-
cin, (O) BAP, and (P) DPD 
and (Q) timeline (years) 
showing the clinical histo-
ry. Gray boxes indicate the 
reference range for each 
parameter.
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Wnt1 is rapidly induced in an osteoblast-targeted transgenic 
mouse model
To mechanistically characterize the effect of Wnt1 production by 
osteoblasts for regulating bone mass, we made use of an osteoblast- 
targeted inducible Wnt1 transgenic mouse model (hereafter called 
Wnt1Tg). In this model, doxycycline (DOX)–dependent Wnt1 
transgene expression is governed by the Col1a1 promoter-driven 
tetracycline-controlled transcriptional activator (Col1a1-tTA), re-
sulting in conditional Wnt1 expression in cells expressing Col1a1, 
including osteoblasts in the bone, upon DOX withdrawal (Fig. 3A). 
To confirm transgene induction, we first compared the expression 
of Wnt1 mRNA in long bones and calvariae of 6-week-old Wnt1Tg 

mice and controls (any mice lacking one or both trans-
genes) 2 days after DOX withdrawal to Wnt1 mRNA ex-
pression in mice permanently receiving DOX. As expected, 
upon DOX withdrawal, Wnt1 mRNA expression was 
markedly increased in long bones and calvariae of Wnt1Tg 
animals but not in control mice (Fig. 3B). Expression was 
not affected by removing DOX from the food in littermate 
controls, and we did not observe any significant differences 
in Wnt1 expression between the uninduced controls and 
not-induced Wnt1Tg mice (Fig. 3B). Thus, Wnt1 transgene 
activation is fast and tightly regulated. To further address 
the tissue specificity of the transgene expression, we com-
pared the Wnt1 mRNA expression in various tissues of 
6-week-old Wnt1Tg and control mice 1 week after DOX 
removal. Whereas the spleen, gut, long bone, and calvaria of 
control mice had elevated Wnt1 expression (Fig. 3C), Wnt1 
mRNA was further increased in the flushed bone, bone 
marrow, and calvaria and, to some extent, also in the spleen 
and gut of transgenic mice. By contrast, Wnt1 mRNA remained 
unchanged in all other tissues tested (Fig. 3D). Permanent 
transgene activation in 3-week-old Wnt1Tg animals resulted 
in a time-dependent increase in circulating Wnt1 protein in the 
sera of transgenic mice, 3 and 9 weeks after induction (Fig. 3E). 
Low expression of Wnt1 was detected by immunostaining in 
bone lining cells of the control mice, and increased expres-
sion in the same cells was observed in transgenic mice 
after 1 week of induction (Fig. 3F). Increased bone den-
sity was revealed by x-ray of Wnt1Tg mice that had been 
induced for 9 weeks (Fig. 3G). These data demonstrate that 
the Wnt1 transgene can be rapidly induced in osteoblastic 
cells and that this induction leads to the synthesis of a func-
tional Wnt1 ligand, resulting in increased bone mass.

Trabecular and cortical bone mass increase in Wnt1 
transgenic mouse
We next compared histological sections of undecalcified 
spines and tibiae from the induced transgenic mice to age- 
and sex-matched control littermates or to the not-induced 
transgenic mice. Increased trabecular bone volume and 
cortical thickness were observed by von Kossa staining of the 
sections from the 6-week-old males 3 weeks after transgene 
induction (Fig. 4A). The increased trabecular volume was 
further confirmed by quantitative histomorphometry of 
6-week-old mice (3 weeks after induction of the transgene) 
as well as in 12-week-old mice (9 weeks after induction of 
the transgene), revealing a significant (****P < 0.0001) in-
crease in trabecular bone volume (BV/TV) (Fig. 4B), higher 

trabecular thickness (Fig. 4C), and increased trabecular numbers 
(Fig. 4D). Very similar effects were observed in females, demon-
strating that the bone-anabolic effect of Wnt1 is gender independent 
(fig. S4A). No changes in bone parameters were observed in the 
two control groups, excluding any effects promoted by DOX. Simi-
larly, no differences were observed between Wnt1 transgenic and non-
transgenic mice maintained under constant DOX administration, 
demonstrating tight transgene regulation (Fig. 4, B to D). The in-
creased trabecular bone volume, trabecular numbers, and trabecular 
thickness were confirmed by CT analysis of the femoral bone (Fig. 4E 
and fig. S4, B and C), as was the time-dependent increase in cortical 
thickness (Fig. 4, E and F, and fig. S4B). Increased bone density in the 

Fig. 2. Wnt1 inactivation in osteoblasts phenocopies WNT1 mutations in humans. 
(A) Strategy used to generate Wnt1 conditional deletion. The localization of the primers used 
for genotyping is indicated by the blue arrows for the floxed and by the orange arrows for the 
recombined alleles. (B) Genotyping of various tissues isolated from mice homozygote for the 
Wnt1 floxed allele intercrossed or not with the Runx2-Cre deleter. Genotyping of bone 
marrow–derived osteoblasts is shown. (C) X-ray of 24-week-old Wnt1fl/fl and Runx2-Cre;Wnt1fl/fl 
male littermates; the arrows indicate the presence of fractures. (D) CT scan of the indicated 
bones and von Kossa staining of the tibia of Runx2-Cre;Wnt1fl/fl; the arrows indicate the pres-
ence of fractures. (E) Frequency distribution of the fractures in the various bones of 
24-week-old Runx2-Cre;Wnt1fl/fl mice. n = 4 mice carrying a total of 21 detectable fractures (Fx). 
(F) Longitudinal section of CT-scanned femora of Wnt1fl/fl and Runx2-Cre;Wnt1fl/fl. (G) Quantifi-
cation of the trabecular BV/TV and (H) of the cortical thickness. (I) Force necessary to fracture 
femurs as determined by three-point bending test. n = 4 (Wnt1fl/fl) and n = 3 (Runx2-Cre;Wnt1fl/fl) 
for (G) to (I). Data are the means ± SEM. **P < 0.01; *P < 0.05 (unpaired t test).

 by guest on A
pril 9, 2019

http://stm
.sciencem

ag.org/
D

ow
nloaded from

 

http://stm.sciencemag.org/


Luther et al., Sci. Transl. Med. 10, eaau7137 (2018)     7 November 2018

S C I E N C E  T R A N S L A T I O N A L  M E D I C I N E  |  R E S E A R C H  A R T I C L E

5 of 12

calvariae of Wnt1-expressing mice was also evident as shown by CT 
imaging and von Kossa staining (fig. S4, D and E). Transgene activa-
tion induced the closure of cranial sutures (fig. S4, D and E), a phenotype 
usually associated with increased osteoblast activity. Thus, switching 
on Wnt1 expression for 3 and 9 weeks in growing mice markedly in-
creased bone mass in trabecular, cortical, and intra membranous bone.

Increasing Wnt1 expression stimulates bone formation
To gain insight into the cellular mechanism driving Wnt1-promoted 
increased bone mass, we performed histomorphometry on toluidine 

blue–stained undecalcified spine sections of 12-week-old 
mice (Fig. 5A). Although no differences between the osteoclast 
numbers per bone perimeter and the osteoclast surface per 
bone surface occurred after Wnt1 activation (Fig. 5, B and C), 
Wnt1 expression promoted significantly increased osteoblast 
numbers (*P < 0.05) and osteoblast surface per bone sur-
face (*P < 0.05) (Fig. 5, D and E). Analysis of spine sections 
after in vivo double calcein labeling suggested a marked increase 
in the amount of newly formed bone (Fig. 5F) and a higher 
mineral apposition rate (MAR) (Fig. 5G) in Wnt1-induced 
mice, which was confirmed by dynamic histomorphometric 
quantification. We observed a tendency to an increased min-
eralizing surface per bone surface as well as a significantly 
higher MAR (**P < 0.01) in the Wnt1-induced cohort, resulting 
in a doubled bone formation rate (BFR) (Fig. 5, H to J). These 
data demonstrate that inducing Wnt1 in growing mice does 
not affect bone resorption but rather augments bone forma-
tion by increasing the number and activity of osteoblasts.

Wnt1 has bone-anabolic activity in adult  
and aging mice
Having shown that inducing Wnt1 expression increases bone 
mass by stimulating bone formation in young growing mice 
with intense bone modeling, we next asked whether similar 
effects would be seen in adult mice in a phase of active bone 
remodeling after reaching their bone mass peak. We first 
induced Wnt1 expression for 3 weeks in young adults, start-
ing at 12 weeks of age. Transgene activation resulted in in-
creased bone mass in the 15-week-old mice as shown by 
von Kossa staining of undecalcified sections of the vertebrae 
and tibiae (fig. S5A). These observations were further con-
firmed by histomorphometry of the spine, demonstrating 
an increased bone mass due to higher trabecular numbers 
and thickness (fig. S5B). CT analysis of the femora of the 
induced Wnt1Tg mice confirmed the increased trabecular 
bone volume caused by higher trabecular numbers and 
thickness as well as the increased cortical thickness (fig. 
S5, C to E). Directly in line with these findings, induced 
Wnt1Tg mice had an increased resistance to fracture in the 
three-point bending test (fig. S5F). Again, although osteo-
clast parameters were unaffected by Wnt1 expression (fig. S5G), 
the increased bone mass was associated with higher osteo-
blast numbers and surface area (fig. S5H), and a markedly 
increased BFR (fig. S5I). Similar results were obtained when 
analyzing the bone of 6-month-old females after inducing 
Wnt1 transgene expression for 4 weeks (fig. S6). These find-
ings demonstrate that the osteoanabolic potential of Wnt1 
is also present in mice that have reached their bone mass 
peak and that this effect is gender independent.

Because Wnt1 is a strong bone-anabolic molecule in adult mice, 
Wnt1-agonist strategies may represent a powerful approach for treating 
postmenopausal and senile osteoporosis. To further test this pos-
sibility, we induced Wnt1 expression in 1-year-old female mice and 
performed a complete skeleton analysis. Again, an increase in bone 
mass was observed in the spine when inducing Wnt1 in these older 
mice (Fig. 6, A and B). This phenotype was associated with increased 
osteoblastogenesis without any effect on osteoclastogenesis (Fig. 6, 
C and D), leading to a net-increased BFR (Fig. 6E). The increased 
bone mass was observed in all bones including the endochondral 

Fig. 3. The inducible Tet-off Wnt1 transgene is functional. (A) Schematization of the Tet-off 
system used to generate the transgenic mice. The tTA driver is controlled by the Col1a1 promoter 
gene to regulate the expression of Wnt1 transgene in the osteoblastogenic lineage. Wnt1 
expression is silenced in the presence of DOX (+Dox) and induced when removing it (−Dox) 
from the food. (B to D) Quantitative real-time fluorescence polymerase chain reaction (QPCR) 
analysis of Wnt1 expression (B) in long bones (LB) and calvariae (Calv) of 6-week-old male control 
or Wnt1 transgenic (Wnt1Tg) mice 2 days after removing the DOX (−) compared to littermates 
maintained with DOX (+) (n ≥ 3) and in various organs of 6-week-old control (C) or Wnt1Tg (D) males 
after removing DOX for 1 week [note that the y-axis scales differ between (C) and (D); n ≥ 2]. 
WAT, white adipose tissue; BAT, brown adipose tissue; bm, bone marrow; Calv, calvariae. 
(E) Enzyme-linked immunosorbent assay (ELISA) quantification of circulating Wnt1 in control and 
Wnt1Tg males 3 weeks (3) and 9 weeks (9) after DOX removal, starting from the age of 3 weeks 
(w). n = 3. (F) Low (top) and high (bottom) magnification of Wnt1 immunostaining in tibiae of 
6-week-old control and Wnt1Tg mice 1 week after DOX removal; white arrowheads indicate 
the presence of osteoblasts lining trabecular bone (b). (G) X-ray of 12-week-old control and 
Wnt1Tg male mice (9 weeks after DOX removal). Data are the means ± SEM. ***P < 0.001; **P < 
0.01; *P < 0.05 [unpaired t test (E) or one-way analysis of variance (ANOVA) (B)].
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bones as illustrated by the increased trabecular and cortical bone 
of the femurs (Fig. 6, F to I), as well as in the intramembranous bone 
of the calvaria (Fig. 6, J and K). These analyses demonstrated the 

powerful general bone-anabolic property of Wnt1 in aging mice, a 
relevant model for aging-related osteoporosis.

Increase in bone mass after Wnt1 expression is rapid
The rapid induction of Wnt1 expression detected 2 days after DOX 
removal (Fig. 3B) allowed for investigation into whether a rapid 
increase in bone mass takes place after transgene induction, a phe-
nomenon that would be highly desirable for therapeutic applica-
tions. To test this possibility, we induced transgene expression for 
1 week in 5-week-old mice and saw that bone mass was markedly 
increased after 1 week of induction (Fig. 7, A and B). Under these 
experimental conditions, the phenotype was not associated with an 
increase in circulating Wnt1 (Fig. 7C), excluding the possibility 
that the bone-anabolic function of Wnt1 is caused by a systemic 
effect. Again, osteoclast numbers or surface area remained stable 
(Fig. 7D), whereas osteoblast numbers and surface area increased 
(Fig. 7E). To determine whether the observed rapid increase in 
bone mass was only limited to young, still growing animals with 
highly active bone modeling, we repeated the experiment in adult 
mice (30 weeks old). Similar results were obtained upon transgene 
expression in adult mice (fig. S7, A to D), indicating a general and 
age-independent bone-anabolic Wnt1 mode of action. These data 
provide direct in vivo evidence that Wnt1, by increasing osteoblast 
numbers, is a fast and robust bone-anabolic molecule in both 
growing and adult mice. To further confirm these observations, we 
performed QPCR analysis for markers of osteoblast differentiation 
2 and 7 days after switching on transgene expression. We verified 
the strong induction of Wnt1 mRNA that was already detectable 
2 days after induction (Fig. 7F). In line with the rapidly increased 
osteoblast number, the expression of markers for bone formation 
were all increased in a time-dependent manner in the bone of the 
induced Wnt1 transgenic mice (Fig. 7G). When analyzing the ex-
pression of WNT/-catenin target genes, some but not all known 
potential target genes were significantly regulated (*P < 0.05) in 
response to Wnt1, including cyclin D1 (Ccnd1); Wnt inhibitory 
factor 1 (Wif1); WNT1-inducible signaling pathway protein 1 
(Wisp1); gap junction protein, alpha 1 (Gja1); lipocalin 2 (Lcn2); 
and thrombospondin 1 (Thbs1), but not OPG (Tnfrsf11b) and Rankl 
(Tnfsf11) (Fig. 7H). Adenomatosis polyposis coli down-regulated 1 
(Apcdd1), a known negative regulator of WNT signaling (31), was 
the most strongly induced gene and was already significantly in-
creased 2 days after stimulation (*P < 0.05). No obvious changes in 
the expression of any components of the Hippo/WNT signaling 
cascade were detected (fig. S7E), suggesting that noncanonical WNT 
signaling is not involved in the regulation of Wnt1-induced bone 
formation.

Induction of increased bone mass is not due to an autocrine 
stimulation of osteoblast differentiation
To mechanistically characterize the phenotype at the cellular level, 
we compared the differentiation of primary osteoblasts isolated from 
the calvariae of neonatal transgenic mice with cells isolated from 
littermate control pups. We confirmed the increased expression of 
Wnt1 after DOX withdrawal from the media (fig. S8A). Although 
not secreted in the media (fig. S8B), the increased protein expres-
sion in response to DOX removal was detected by Western blotting 
(fig. S8C). However, alizarin red staining at the end of the differentia-
tion process did not indicate increased generation of bone nod-
ules (fig. S8, D to E). In agreement, no increase in the expression 

Fig. 4. High bone mass is induced when switching on Wnt1 in growing mice. 
(A) von Kossa staining of vertebrae and tibiae of 6-week-old control and Wnt1Tg 
male mice after removing DOX for 3 weeks. (B to D) Histomorphometric analysis of 
the trabecular bone parameters of 6-week-old mice after removing DOX for 3 weeks 
(−) compared to mice kept under DOX (+). The same analysis was performed in 
12-week-old mice after inducing the transgene for 9 weeks. n ≥ 3. (B) Bone volume 
per tissue volume (BV/TV). (C) Trabecular thickness (Tb.Th). (D) Trabecular numbers 
(Tb.N). (E) Representative CT of longitudinal (top panels) and of transversal sec-
tions at midshaft (bottom panels) scans of femora of 12-week-old control and Wnt1 
transgenic mice 9 weeks after removing DOX. (F) Quantification of cortical thick-
ness in 6-week-old mice 3 weeks after removing the DOX or in 12-week-old mice 
9 weeks after induction. n ≥ 4. Data are the means ± SEM. ****P < 0.0001; ***P < 
0.001; **P < 0.01; *P < 0.05 [one-way ANOVA (B to D) or unpaired t test (F)].
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of markers for osteoblast differentiation was detected when induc-
ing the transgene (fig. S8F). The only obvious change among osteo-
blast markers was a significant inhibition of Sost and bone gamma 
carboxyglutamate protein (Bglap) expression (*P < 0.05), confirm-
ing the known repression of the latter gene by WNT signaling 

(32). The functionality of the transgene 
was also confirmed by increased Axin2 
expression. Again, consistent with the 
in vivo data, Apcdd1 was found significantly 
up-regulated (*P < 0.05) (fig. S8F). Western 
blot analysis indicated that mTORC1 
(mammalian target of rapamycin complex 1) 
pathway activation was unaffected, as 
shown by the unchanged S6 phosphoryl-
ation (fig. S8G). We further investigated 
the kinetic of expression of Wnt1 in pri-
mary osteoblast cultures isolated from 
wild-type mice and could not find a 
time-dependent variation during the 
course of differentiation, including during 
the late stage of differentiation when 
osteocyte marker gene expression in-
creased (fig. S9). Thus, although being 
active and modulating gene transcrip-
tion, Wnt1 expression, which is not 
regulated during osteoblast differentia-
tion, does not induce bone formation by 
directly increasing the capacity of pri-
mary osteoblast to differentiate.

Wnt1-induced increased bone mass 
is independent of Lrp5
On the basis of the bone phenotype in 
humans carrying gain-of-function mu-
tation in LRP5 (33) and the genetic anal-
ysis of Lrp5 gain or loss of function in 
mice (27, 34, 35), it is generally accepted 
that the recruitment of LRP5 as a co- 
receptor for frizzled proteins mediates 
downstream bone-anabolic activity of 
WNT ligands, although this has not been 
shown experimentally. We therefore gen-
erated Lrp5-deficient Wnt1Tg mice and 
saw increased bone mass in von Kossa–
stained sections of the vertebrae and 
tibiae after 1 week of transgene activa-
tion (Fig. 8A). Histomorphometric quan-
tification confirmed that Lrp5-deficient 
Wnt1-overexpressing mice had increased 
bone mass and higher trabecular num-
bers in both vertebrae and tibiae com-
pared to Lrp5−/− mice (Fig. 8, B and C). 
As previously found, Wnt1 activation 
did not affect osteoclast parameters 
(Fig. 8D) but rather resulted in in-
creased osteoblast numbers and surface 
area (Fig. 8E). To further confirm the 
Lrp5-independent bone-anabolic func-
tion of Wnt1, we calculated the net in-

crease in bone mass when activating Wnt1 for 1 and 3 weeks in the 
two models (Lrp5- expressing or Lrp5-deficient mice). These calcu-
lations demonstrated that, regardless of the expression of Lrp5, 
Wnt1 induction caused a similar increase in BV/TV (Fig. 8F), 
cortical thickness (Fig. 8G), and BFR (Fig. 8H) in the two mouse 

Fig. 5. Wnt1 is a bone-anabolic Wnt ligand. (A) Representative toluidine blue staining of vertebral sections of 
12-week-old male mice after removing DOX for 9 weeks. (B to E) Histomorphometric analysis of the cellular components 
of the bones after removing DOX for 9 weeks (−) compared to mice kept under DOX (+). (B) Osteoclast numbers per 
bone perimeter (Oc.N/B.Pm). (C) Osteoclast surface area per bone surface (Oc.S/BS). (D) Osteoblast numbers per bone 
perimeter (Ob.N/B.Pm). (E) Osteoblast surface area per bone surface (Ob.S/BS). (F) Representative low-magnification 
and (G) high-magnification calcein double labeling of sections of the vertebrae of 12-week-old control and Wnt1Tg, 
9 weeks after removing the DOX. (H to J) Dynamic histomorphometry analysis of (H) mineralizing surface per bone 
surface, (I) MAR, and (J) BFR in the 12-week-old mice, 9 weeks after inducing the transgene. n ≥ 3. Data are the means ± 
SEM. ***P < 0.001; **P < 0.01; *P < 0.05 (one-way ANOVA).
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lines, supporting our hypothesis that Wnt1-mediated bone-anabolic 
function does not require Lrp5 co-receptor expression.

DISCUSSION
A role for WNT1 as a Wnt ligand regulating bone mass has been 
proposed on the basis of the low bone mass mutations identified in 
humans. Here, we demonstrated that Wnt1 regulates bone homeo-

stasis in mice as a major bone-anabolic Wnt ligand pro-
duced by the osteoblast lineage. We also demonstrated that 
Wnt1 does not require the co-receptor Lrp5 for stimulat-
ing bone formation.

Although the role for WNT signaling in the regulation 
of bone resorption and bone formation is widely accepted 
(3, 36), none of the 19 Wnt ligands [with the exception of 
Wnt7b, which appeared to regulate bone formation during 
development (20)] were previously identified as a bone- 
anabolic lig and. The potential bone-anabolic function of Wnt 
ligands can be deduced from indirect evidence drawn from 
the analysis of gain or loss of function of potential receptors, 
co-receptors (Lrp5 and Lrp6), inhibitors of WNT signaling 
[Sost and secreted frizzled-related proteins (Sfrps)], pro-
teins involved in Wnt-ligand processing such as Wntless, 
or downstream transcriptional regulators, mainly -catenin 
(3, 36). With the exception of Wnt5a, which regulates both 
bone resorption and bone formation (21), other Wnt ligands 
acting on the bone, such as Wnt4 and Wnt16, directly or 
indirectly inhibit osteoclast differentiation or function to 
decrease bone resorption (20, 37). Another Wnt ligand 
identified as a putative bone-anabolic molecule in mice is 
Wnt10b; genetic inactivation resulted in low bone mass, 
whereas overexpression in mesenchymal bone marrow 
protected against aging-induced bone loss. However, none 
of the bone phenotypes observed in the Wnt10b-deficient 
mice or in the mice overexpressing Wnt10b in osteoblast 
were distinctly attributed to variation in bone formation 
(38). The only WNT ligand associated with decreased bone 
mass when mutated in humans is WNT1 (22–24). In addi-
tion, a reduced bone volume due to decreased bone forma-
tion was also reported by skeletal analysis of the Swaying 
mouse (carrying a stop mutation that causes the expression 
of a shorter Wnt1 protein), thus confirming the role of 
Wnt1 in regulating bone formation (25); however, this work 
did not allow the identification of the cellular source of 
Wnt1 nor did it address its relation to Lrp5.

In a recent paper, osteocytes were proposed as a potential 
cellular source of Wnt1 regulating bone mass (26). These 
data were based on a mouse phenotype with Cre-mediated 
inactivation of Wnt1 directed by the Dmp1 promoter to 
specifically target gene recombination in osteocytes. How-
ever, the osteocyte-restricted expression of Cre recombinase 
in this mouse line is not established, and the efficacy of re-
combination in this paper was not directly validated but 
rather indirectly assessed via recombination of a Cre- 
dependent reporter gene (26). By validating the recombination 
in Dmp1-Cre;Wnt1fl/fl mice, we found Cre-mediated recom-
bination in several other tissues in addition to the bone, 
such as the brain, white adipose tissue, testis, and the gas-
trointestinal (GI) tract, confirming off-target recombination 

events already reported by others (27). Because of this broad recom-
bination activity including the GI tract [which has been controversially 
proposed to mediate the WNT-signaling effect on the bone (27, 39)], 
it is difficult to attempt to establish the cellular origin of Wnt1 func-
tion in the bone using this model. In contrast, unspecific recombina-
tion was not observed when using the Runx2-Cre line to mediate 
Wnt1 inactivation. In addition, our immunostaining on bone sections 
from wild-type mice indicated that bone lining cells rather than 

Fig. 6. Wnt1 induces bone formation in aging mice. (A) von Kossa staining of sections of 
vertebra of 1-year-old mice maintained for 9 weeks with DOX-free food. (B) Histomorphomet-
ric analysis of the bone parameters (BV/TV, Tb.Th, and Tb.N). (C) Histomorphometric quantifi-
cation of osteoblast surface area and number and (D) of osteoclast surface area and number. 
(E) Quantification of the BFR in the spine of the mice. BS, bone surface area. (F) CT imaging 
of the femora, longitudinal section, and detail of the trabecular bone. (G) CT quantification 
of the endochondral BV/TV, the trabecular thickness, and the trabecular number. (H) CT 
imaging of transversal section at the midshaft of the femur. (I) Quantification of the corti-
cal thickness in (H). (J) CT imaging of the calvaria. (K) Quantification of the calvarial thickness 
(Calv.) and porosity (Calv. porosity). n ≥ 3 (B to E), n ≥ 8 (G and I), and n ≥ 7 (K). Data are the 
means ± SEM. ****P < 0.0001; ***P < 0.001; **P < 0.01 (unpaired t test).
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bone-embedded osteocytes were expressing Wnt1. Although osteo-
cyte markers were induced in primary culture of wild-type osteoblast 
induced to differentiate in vitro, no parallel time-dependent up-regulation 
of Wnt1 was observed. Thus, although our data do not completely 
exclude the possibility of Wnt1 expression in osteocytes, our find-
ings do not favor an osteocyte-specific expression of Wnt1 as mediator 
of increased bone mass.

By selectively deleting Wnt1 in osteoblasts or in osteoclasts, we 
provide evidence that expression of Wnt1 in the osteoblastic lineage 
is required for its bone-anabolic action. Several lines of evidence 
suggest that Wnt1, when produced by osteoblasts, might not stimu-
late bone formation via secretion. Deleting Wnt1 in the osteoblast 

lineage did not affect Wnt1 concentration in serum; al-
though we observed a time-dependent increase in circulat-
ing Wnt1 when inducing the transgene for 3 and 9 weeks, 
no change was detected after 1 week of induction, a time 
point when the bone phenotype is already evident. These 
observations exclude a systemic effect of Wnt1 that may 
have resulted from its increased expression in the spleen of 
the transgenic mice. Despite increased expression of Wnt1 
protein in primary osteoblast isolated from the transgenic 
mice, Wnt1 was not detected in the supernatant of the cell 
culture. In contrast to the reported increased differentiation 
upon Wnt1 overexpression in the ST2 cell line via mTORC1 
pathway activation (26), Wnt1 overexpression in primary 
osteoblasts did not directly activate osteoblast differentia-
tion nor increase S6 phosphorylation, despite the evidence 
for some autocrine effect as shown by the repression of Bglap 
and the stimulation of Apcdd1 expression. Thus, our work 
supports a general model postulating a short range of ac-
tion for Wnt ligands (3). In agreement, we proposed that 
Wnt1 produced by osteoblasts acts in a juxtacrine manner 
to stimulate bone formation.

Using a conditional inducible gain-of-function model, 
our work demonstrates that Wnt1 activation in osteoblasts 
promotes a robust increase in bone mass caused by in-
creased bone formation under all conditions tested (growing, 
adult, and aging mice). This effect is gender independent 
and affects all types of bones: trabecular, cortical, and in-
tramembranous bone. Mechanistically, this effect is directly 
linked to increased osteoblast numbers and does not affect 
bone resorption. Most surprising was the speed of this pro-
cess documented by the pronounced increase in bone mass 
after a single week of transgene induction. Therefore, we 
believe that Wnt1 is a potent stimulator of bone formation 
and that pharmacological agonists mimicking Wnt1 function 
will have utility for treating low bone mass syndromes. 
However, caution should be taken when developing ag-
onistic molecules: The WNT pathways are known to be in-
volved in numerous human pathologies. In particular, Wnt1 
was originally identified as an oncogene inducing breast 
tumors in mice (40). In this regard, the effects and possible 
deleterious consequences arising during long-term Wnt1 
expression require further investigation.

Another important finding of our work is that Wnt1 does 
not require the expression of Lrp5 to exert its bone-anabolic 
function, as shown by Wnt1 transgene expression in Lrp5- 
deficient mice. In the absence of Lrp5, the net-increased 
bone mass observed when inducing Wnt1 was similar to 

the observed bone mass increase in the wild- type mice. This increased 
bone mass was caused by a similar increase in BFRs, and increased 
bone mass in Lrp5-deficient Wnt1Tg mice thus demonstrates that 
both pathways act independently to regulate bone formation with-
out compensatory effects mediated by Lrp6. This was unexpected, 
given the high bone mass phenotype observed in mice and humans 
with Lrp5 gain-of-function mutations (33, 34, 41, 42). This discrep-
ancy cannot be explained by a redundant function of Lrp5 and Lrp6 
as described for the GI tract development (43) as well as for Wnt- 
induced bone development and formation (44–47). Whether Wnt1 is 
mainly acting via Lrp6 in the bone is an appealing hypothesis suggested 
by the Sost deficiency– mediated increased bone mass still observed in 

Fig. 7. The bone-anabolic effect of Wnt1 is rapid. (A) von Kossa staining of sections of vertebrae 
(top) and tibiae (bottom) of 6-week-old Wnt1 transgenic male mice maintained for 1 week 
with DOX-free food. (B) Histomorphometric analysis of the bone parameters (BV/TV, Tb.Th, 
and Tb.N). n ≥ 6. (C) ELISA quantification of circulating Wnt1. n = 3. (D) Quantification of 
osteoclast number and osteoclast surface area and (E) of osteoblast number and osteoblast 
surface area. n ≥ 5. (F) QPCR analysis of the transgene expression in the calvaria of the Wnt1Tg 
mice 2 and 7 days after removing DOX; data are normalized to the control mice (red line). 
(G) QPCR analysis of the expression of markers of bone formation and (H) of potential Wnt/  
-catenin target genes in the calvaria of the Wnt1Tg mice 2 and 7 days after removing DOX, 
normalized to control mice (red line). n ≥ 6 (F to H). Data are the means ± SEM. ****P < 
0.0001; *P < 0.05 [unpaired t test (B to F) or one-sample t test (hypothetical value, 1; *P < 0.05; 
G and H)].
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Lrp5-deficient mice that could be reversed by treatment with specific 
Wnt1 class– mediated Lrp6-signaling blocking antibody (46, 48). 
This hypothesis remains to be tested. The Lrp5-independent regula-

tion of bone formation by Wnt1 also raises the question of 
the identity of the frizzled receptor involved in both cases, 
as well as of the WNT pathway (canonical or noncanonical). 
Although it is widely believed that Lrp5 is mediating a ca-
nonical WNT signaling response, the only Wnt receptor with 
a known bone-anabolic function identified to date is Fzd9, 
which acts through the WNT noncanonical pathway (19), 
as does Wnt7b (20). Although our in vivo gene expression 
analysis suggested that Wnt1 would act as a canonical rather 
than a noncanonical Wnt ligand, whether Fzd9 is required 
or at least partly involved in mediating Wnt1 action in bone 
needs further investigation.

The main limitation of our study is that, although we 
clearly demonstrated the bone-anabolic function of Wnt1, 
we did not address the mechanism underlying the bone 
phenotypes caused by WNT1 mutations in humans, which 
would require generating mouse models carrying similar 
mutations. A second limitation of the work is whether 
switching on WNT1 signaling could lead to any deleterious 
side effect that was not addressed. These points are essential 
to test the efficacy of any therapies involving WNT1 agonist.

To date, the PTHR (PTH receptor) agonists teriparatide 
and abaloparatide are the only approved bone-anabolic treat-
ment, and all new drugs under development are targeting 
the activa tion of the WNT-LRP5 pathway. Teriparatide had 
the potential to improve the bone status of a patient carry-
ing a WNT1 mutation, therefore bypassing the WNT1 loss 
of func tion in bone, directly confirming an observation pre-
viously reported by others (49). When combined with the 
identifica tion of Wnt1 as an efficient regulator of bone for-
mation that acts independently of Lrp5 in bone, these obser-
vations demonstrate that multiple bone-anabolic pathways 
could be sequentially targeted to stimulate bone formation, 
thereby limiting the risk of side effects upon long- term treat-
ment. Thus, the discovery of Wnt1 as an Lrp5- independent 
regulator of bone formation provides the basis for a novel 
class of drugs targeting low bone mass pathologies.

MATERIALS AND METHODS
Study design
The objective of this study was to determine the function of 
Wnt1 in bone homeostasis. Because WNT1 mutations in 
humans are associated with bone disorders, we analyzed the 
prevalence of heterozygous WNT1 mutations in patients 
with early-onset osteoporosis. Informed consent was obtained 
from all patients for the presented data. The study was ap-
proved by the Ethics Committee of the Hamburg Chamber of 
Physicians (agreement number PV 5364). Using mouse 
models, we analyzed the effect of monocyte- or osteoblast- 
specific Wnt1 inactivation and osteoblast-targeted overex-
pression on bone formation and remodeling and investigated 
whether Wnt1 function requires the expression of the known 
bone-anabolic co- receptor Lrp5 by crossing the Wnt1Tg 
mouse with an Lrp5ko mouse. Samples were assigned ran-
domly to the experimental groups. For animal studies, 

littermates were used as control. Sample size was determined by 
availability; for most experiments, at least three samples were analyzed 
in a blinded fashion. For cell culture, three independent experiments 

Fig. 8. The bone-anabolic effect of Wnt1 is independent of Lrp5. (A) von Kossa staining 
of sections of vertebrae and tibiae of 6-week-old male mice maintained for 1 week with DOX-
free food. (B) Histomorphometric analysis of the bone parameters (BV/TV, Tb.Th, and Tb.N) in 
the vertebrae and (C) in the tibiae. (D) Quantification of osteoclast number and osteoclast 
surface area and (E) of osteoblast number and osteoblast surface area in the vertebrae. 
(F) Comparison of the BV/TV between Wnt1Tg and Wnt1Tg;Lrp5−/− mice 1 and 3 weeks after 
removing the DOX. (G) Comparison of the increased cortical thickness 3 weeks after remov-
ing the DOX. (H) Comparison of the BFR 3 weeks after removing the DOX. The values in (F), (G) 
and (H) are reported as fold changes of their respective controls (red lines, nontransgenic or 
Lrp5−/− mice). n = 5 (B, D, and E), n ≥ 3 (C, F, and H), n ≥ 4 (G). Data are the means ± SEM. ****P < 
0.0001; **P < 0.01; *P < 0.05 (unpaired t test).
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were performed. Outliers were identified by robust regression and 
outlier removal (ROUT) method using GraphPad Prism.

Statistical analysis
The data were analyzed using GraphPad Prism software (GraphPad 
Software Inc.) and are reported as means ± SEM. Unpaired t test or 
one-sample t test with a hypothetical value of 1 when comparing 
two groups and one-way ANOVA with Bonferroni’s comparisons 
test when comparing multiple groups was used to determine the 
statistical significance [*P < 0.05; **P < 0.01; ***P < 0.001; ****P < 
0.0001 (unpaired t test or one-way ANOVA) or *P < 0.05 (one-sample 
t test)].

SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/10/466/eaau7137/DC1
Materials and Methods
Fig. S1. Age-related decreased bone mass in the radius of patients with WNT1 mutation.
Fig. S2. Inactivation of Wnt1 in osteoclasts does not affect bone remodeling.
Fig. S3. Histology of the fractures in Runx2-cre;Wnt1fl/fl mice.
Fig. S4. Wnt1 is a general bone-anabolic molecule.
Fig. S5. Wnt1 induces bone formation in adult mice.
Fig. S6. Wnt1 induction protects aging female from bone loss.
Fig. S7. Wnt1 expression induces a rapidly increased bone mass in adult mice.
Fig. S8. Wnt1 is not directly stimulating osteoblast differentiation.
Fig. S9. Wnt1 is not up-regulated during osteoblast differentiation.
Table S1. Individual subject-level data (Excel file).
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osteoporosis.
identifies Wnt1 as an anabolic (bone building) factor and suggests that it might be a therapeutic target for 
bone mass in aged mice, and this process did not require Lrp5, a co-receptor involved in Wnt signaling. This study
and loss of Wnt1 activity caused fracture and osteoporosis in mice. Inducing Wnt1 in bone-forming cells increased 
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