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Abstract

Monogenic early onset osteoporosis (EOOP) is a rare disease defined by low bone mineral density (BMD) that results in increased
risk of fracture in children and young adults. Although several causative genes have been identified, some of the EOOP causation
remains unresolved. Whole-exome sequencing revealed a de novo heterozygous loss-of-function mutation in Wnt family member
11 (WNT11) (NM_004626.2:c.677_678dup p.Leu227Glyfs∗22) in a 4-year-old boy with low BMD and fractures. We identified two
heterozygous WNT11 missense variants (NM_004626.2:c.217G > A p.Ala73Thr) and (NM_004626.2:c.865G > A p.Val289Met) in a 51-
year-old woman and in a 61-year-old woman, respectively, both with bone fragility. U2OS cells with heterozygous WNT11 mutation
(NM_004626.2:c.690_721delfs∗40) generated by CRISPR-Cas9 showed reduced cell proliferation (30%) and osteoblast differentiation
(80%) as compared with wild-type U2OS cells. The expression of genes in the Wnt canonical and non-canonical pathways was inhibited
in these mutant cells, but recombinant WNT11 treatment rescued the expression of Wnt pathway target genes. Furthermore, the
expression of RSPO2, a WNT11 target involved in bone cell differentiation, and its receptor leucine-rich repeat containing G protein-
coupled receptor 5 (LGR5), was decreased in WNT11 mutant cells. Treatment with WNT5A and WNT11 recombinant proteins reversed
LGR5 expression, but Wnt family member 3A (WNT3A) recombinant protein treatment had no effect on LGR5 expression in mutant
cells. Moreover, treatment with recombinant RSPO2 but not WNT11 or WNT3A activated the canonical pathway in mutant cells. In
conclusion, we have identified WNT11 as a new gene responsible for EOOP, with loss-of-function variant inhibiting bone formation
via Wnt canonical and non-canonical pathways. WNT11 may activate Wnt signaling by inducing the RSPO2–LGR5 complex via the
non-canonical Wnt pathway.

Introduction
Early onset osteoporosis (EOOP) is defined by low bone
mineral density (BMD), which increases the risk of frac-
tures. EOOP is a rare type of osteoporosis that affects chil-
dren and young adults below age 55 years, without any
secondary causes. The prevalence of EOOP is unknown,
but the low number of patients reported in cohorts sug-
gests a low prevalence. EOOP and other rare monogenic
diseases now appear to be a continuum of the same
phenotype. Indeed, the heritability of BMD is high, which
indicates a strong genetic background (1–4). Genome-
wide association studies revealed >500 significant loci
affecting BMD values, whose heritability reached 50–
85%; commonly tested genes explained 20% of the
variance (5,6).

In EOOP, several genes have been characterized, with a
large predominance of genes involved in Wnt pathways
(7–12). Wnt signaling is a key regulator of osteoblast
differentiation and maturation in both humans and
animal models (13,14), mediated by the canonical Wnt/β-
catenin and non-canonical signaling pathways. Both
pathways are crucial in regulating osteoblastogenesis
and bone formation (15–18). These skeletal functions
include several frizzled class receptors (FZDs) and their
co-receptors low-density lipoprotein receptor-related
protein 5/6 (LRP5/6), but also other transmembrane
proteins, R-spondins (RSPOs) or secreted frizzled-related
proteins (SFRPs) (19–21).

To date, 19 Wnt ligands have been found related to
bone and joints (22). The first described in osteoporosis
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Figure 1. Imaging and electropherogram of the patients. (A) Patient 1: 3-year-old boy. X-rays of spine show diffuse osteopenia without vertebral
fractures. X-rays of tibia revealed diffuse osteopenia with thin cortical long bones, with a non-displaced spiral fracture of the diaphysis of the right
tibia (white arrow) and Sanger sequencing chromatogram. (B) Patient 2: 51-year-old woman. Mild fracture of L4 upper vertebral endplate associated
with intracancellous herniation on MRI (Oct 2019) and bone-marrow edema as mild hyperintensity on STIR images (white arrowheads) and Sanger
sequencing chromatogram. (C) Patient 3: 61-year-old woman. Multiple fractures of the metatarsus with bone-marrow edema (white arrows) and Sanger
sequencing chromatogram.

was Wnt family member 3A (WNT3A), which activates
the β-catenin/canonical pathway via LRP5 binding
(12,23). WNT1 is the most well-known and the main
Wnt ligand related to bone fragility and EOOP, which
mutations in this gene were described to be related with
autosomal dominant osteoporosis (24–26). Other Wnt
family members might contribute to low BMD and EOOP,
although the molecular pathway is not clearly defined.
Wnt family member 11 (WNT11), a very conserved gene,
is involved in the development of skeleton, kidney, heart
and lung (27) and regulates osteoblast maturation in vitro
(28,29) but was never reported as a disease-causing gene
in humans.

By whole-exome sequencing (WES) approach, we
found a loss-of-function variant in WNT11 associated
with EOOP in a young boy with osteoporosis and two
variant of uncertain significance (VUS) in two non-
related women with bone fragility. We then investigated
the function of WNT11 in bone cells by using CRISPR-
Cas9 technology to generate cells with a loss-of-function
variant. Here, we demonstrate that heterozygous WNT11
mutation decreased the proliferation of osteoblasts and
mineralization nodules and inhibited the expression of
target genes of the Wnt canonical and non-canonical
pathways. Our results show that WNT11 significantly
contributes to bone homeostasis and that the identified
loss-of-function variant is able to cause osteoporosis.

Results
Clinical and molecular characteristics
Patient 1 was a 4-year-old boy [height: 100 cm (Z-score:
0) weight: 15.7 kg (Z-score: 0) bone age corresponded

to chronological age] who experienced several severe
fractures after simply falling down. The first fracture
occurred at age 3 and was a non-displaced spiral fracture
of the diaphysis of the right tibia (Fig. 1A). Six months
later, he fractured his left femoral metaphysis. Cognitive
function, learning skills and growth were normal. No
family history of bone fragility was found. Physical
examination was unremarkable, in particular no blue
sclera, no teeth abnormalities and no joint laxity. No
secondary cause of bone fragility was found, such
as endocrine or metabolism deficiencies, and cardiac
ultrasonography was normal. No cardiac problems
or structural eye abnormalities were observed. X-
rays revealed diffuse osteopenia at the vertebra and
thin cortical areas of the long bones (Fig. 1A). Dual-
energy X-ray absorptiometry (DXA) revealed low BMD
at the lumbar spine [0.478 g/cm2, Z-score − 2 standard
deviation (SD)]. Serum mineral levels were normal.
However, for serum bone markers, levels were low for
total alkaline phosphatase (117 IU/L; reference values:
129–417 IU/L) and bone alkaline phosphatase (BAP)
(45 IU/L; reference values: 66–153 IU/L), but normal
for a bone resorption marker [C-terminal telopeptide
(CTX) 1158 pg/ml, reference values: 470–1880]. No
variants were found assessing the genetic cause of EOOP
with our sequencing panel of genes related to bone
fragility. Therefore, WES was performed and allowed for
identifying a de novo heterozygous mutation in WNT11,
NM_004626.2:c.677_678dup, p.(Leu227Glyfs∗22), which
was confirmed by Sanger sequencing (Fig. 1A). The
average targeted region depth was 112 fold and 99.7%
was covered by at least 25 reads, indicative of high
quality of WES sequencing. No other variants in genes
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Table 1. Molecular characteristics of the WNT11 variants

Patient 1 Patient 2 Patient 3

Genomic position NG_046931.1 chr11:g.75902820_75902821dup chr11:g.75907629C > T chr11:g.75902633C > T
NM_004626.2 c.677_678dupGG c.217G > A c.865G > A
protein NP_004617.2 p.(Leu227Glyfs∗22) p.(Ala73Thr) p.(Val289Met)
Gnomad African – 0.0040% 0.0000%
Gnomad Asian – 0.0000% 0.0000%
Gnmad non-Finnish European – 0.00078% 0.0026%
ClinVar No No No
dbSNP No rs 376706959 rs368098788
1000Genomes No No No
CADD Phred – 24.3 22.5
Polyphen-2 – Probably damaging Benign
SIFT – Deleterious tolerated
MutationTaster – Disease causing Disease causing
ACMG classification criteria PS2, PM2 PM2, PP3 PM2, BP4
ACMG classification Likely pathogenic VUS VUS

related to bone fragility were found in the WES, including
ALPL. The WNT11 mutation was not found in gnomAD,
1000Genomes or dbSNP databases. The probability of
loss-of-function intolerance of this gene from GnomAD
is 0.01, and the loss-of-function observed/expected
upper bound fraction as LOEUF is 0.81. The molecular
characteristics of the variant are summarized in Table 1.

Patient 2 was a 51-year-old woman with bone fragility.
She had a wrist fracture at age 42, pelvis and two
vertebral lumbar fractures (Fig. 1B) at age 49 and several
toe fractures, all under low trauma conditions. She
reported a history of surgery for lumbar spinal stenosis.
She had no dental or audition problems. DXA revealed
osteoporosis (lumbar spine T-score − 3.3 SD, Z-score − 2.6
SD; femoral neck T-score: −3.8 SD, Z-score − 3.1 SD).
magnetic resonance imaging (MRI) revealed lumbar
osteoarthritis in addition to the vertebral fracture.
Biological tests gave normal results, including serum
levels of calcium, phosphorus, alkaline phosphatase,
BAP, CTX, procollagen type I N-terminal propeptide
(PINP), osteocalcin, tartrate-resistant acid phosphatase
5b (TRAP5b), sclerostin and 25-OH vitamin D (25OH)
vitamin D. Patient 2 was not fully menopausal, but
with irregular menses. She was not taking any hormone
replacement therapy, in particular no estrogens. The
bone fragility NGS panel, which included WNT11 since
the discovery of the variant in the boy, was used to search
for genetic variants. The woman carried a missense
variant in WNT11 NM_004626.2: c.217G > A p.(Ala73Thr),
rs376706959 (Fig. 1B). Her 69-year-old mother had several
osteoporotic fractures; she carried the same heterozy-
gous variant, which therefore probably segregates with
the phenotype. According to the gnomAD database, the
allele frequency of this variant is very low in African
(0.0040%) and non-Finnish European (0.00078%) popula-
tions and in all populations (0.0014%). The prediction
software combined annotation-dependent depletion
(CADD) presented a PHRED at 24.3, Polyphen2, sorting
intolerant from tolerant (SIFT) and Mutation Taster
consider this variant as probably damaging, deleterious
and disease-causing, respectively, with high probability

scores. Also, according to the American College of
Medical Genetics (ACMG) classification, this variant was
considered as a VUS (Table 1).

Patient 3 was a 61-year-old woman with no risk factors
for osteoporosis and no family history of fracture. She
had no dental problems but had worn ear devices
from age 59. The etiology of the hearing impairment
is unknown and further investigation is needed in a
context of a family history of hearing loss. She reported
lumbar spine osteoarthritis. When she was 55 years
old, she had fractures of the 3rd and 4th left metatarsi
and 2 months later the 2nd left metatarsus, without
trauma. A few months later, she had fractures of the
2nd, 3rd and 4th right metatarsi (Fig. 1C). On DXA, the
lumbar spine BMD T-score was −1.4 SD and Z-score
0.32 SD and femoral neck T-score − 0.3 SD and Z-score
1.18 SD. Levels of all serum biomarkers were within the
normal range for a postmenopausal woman. She carried
a missense variant in WNT11 (NM_004626.2: c.865G > A
p.(Val289Met) rs368098788) (Fig. 1C). According to the
gnomAD database, the allele frequency of this variant
is very low (all populations: 0.0012%; non-Finnish
Europeans: 0.0026%). The polyphen2 and SIFT prediction
software consider this variant as benign and tolerated,
respectively; the CADD with a PHRED at 22.5 was
classified as probably pathogenic as was the Mutation
Taster score. Also, according to the ACMG algorithm, this
variant was classified as a VUS (Table 1).

WNT11 loss-of-function variant decreased cell
differentiation, mineralization and proliferation
To investigate the functional properties and to confirm
that the pathogenicity of the identified variant could
result in the osteoporotic phenotype, we generated
a mutation in U2OS cells by using the CRISPR-Cas9
technique. We designed a guide RNA (gRNA) followed by
a protospacer adjacent motif sequence that targeted the
same region as the loss-of-function variant in WNT11
(NM_004626.2:c.677_678dup p.Leu227Glyfs∗22) carried
by patient 1. A heterozygous variant with a 32-base pair
deletion (NM_004626.2:c.690_721delfs∗40) was generated
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Figure 2. WNT11 heterozygous mutant cells with decreased WNT11 mRNA and protein levels as well as proliferation and mineralization. (A)
Electropherogram showing the 32-bp deletion leading to a frameshift. fs∗: frameshift. (B) RT-qPCR analysis of WNT11 mRNA expression in mutant
versus control U2OS cells. Normalization was to GAPDH level as a housekeeping gene with ratio of one for control U2OS cells. Ctrl: wild-type U2OS
cells, Mut: WNT11 mutant cells, FC: fold change. (C) Western blot analysis of WNT11 protein expression, confirming the heterozygosity. A-Tubulin was a
control. (D) Alizarin red staining showed formation of mineralized nodules after osteogenic differentiation treatment with osteogenic media in control
and WNT11 mutant cells. (E) Proliferation of control and WNT11 mutant cells (n = 42). Data are mean ± SEM. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗∗P < 0.0001.

in U2OS cells (Fig. 2A), which resulted in decreased
WNT11 mRNA and protein levels (Fig. 2B and C). We then
investigated osteoblast differentiation and mineraliza-
tion as well as proliferation in WNT11 mutant and control
cells. With osteogenic differentiation treatment, WNT11
mutant cells formed 80% less mineralized nodules
than control cells (P < 0.0001, Fig. 2D). Proliferation
assay revealed 30% decreased proliferation in WNT11
mutant cells as compared with control cells (P < 0.05,
Fig. 2E). WNT11 mutant cells when treated with rhWnt11,
display a rescue in the proliferation but not in the
mineralization (Supplementary Material, Fig. S1). No
significant difference was seen when control cells were
treated with rhWnt11.

Together, these results suggest that WNT11 controls
proliferation, differentiation and mineralization in
osteoblasts.

Loss-of-function variant in WNT11 reduced the
gene expression of osteoblast differentiation
markers and genes of the WNT canonical and
non-canonical pathways
To gain insight into the mechanism of impaired bone for-
mation in WNT11 mutant cells, we examined the mRNA

levels of osteoblast differentiation genes: RUNX2, as a
common target of Wnt pathways; Osterix (SP7); integrin-
binding sialoprotein (IBSP); osteocalcin (BGLAP) and colla-
gen type I (COL1A1). As compared with control wild-type
U2OS cells, WNT11 mutant cells showed reduced mRNA
levels of RUNX2 and the RUNX2 target genes SP7, IBSP and
BGLAP, which regulate bone mineralization (Fig. 3A). The
expression of COL1A1 and ALPL was not affected.

To better understand the effect of WNT11 in bone
cells, we investigated the mRNA levels of major genes
related to the Wnt pathways. WNT11 mutant cells
showed decreased expression of genes in both the
canonical (β-CATENIN, LRP5) and non-canonical (JUN,
MAPK9, ROR2) Wnt pathways (Fig. 3B) relative to control
cells. RUNX2, ROCK1, OPG and RANKL, indirect targets
for the two Wnt pathways, were also downregulated.
To verify the specificity and causality of the WNT11
mutation, we tested rescue of the mutation effects by
adding rhWnt11 in cultures of WNT11 mutant cells
(Fig. 3B) and control cells (Supplementary Material, Fig.
S2). RhWnt11 restored the mRNA expression of RANKL
and OPG as well as the non-canonical pathway genes
RUNX2, MAPK9 and ROR2. Neither JUN nor ROCK1 indirect
target gene expression was rescued, nor was that of the
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Figure 3. Expression of osteoblast differentiation markers and genes from the canonical and non-canonical Wnt pathways is decreased in WNT11 mutant
cells. RT-qPCR analysis of mRNA levels of (A) osteoblast differentiation genes and (B) genes of the Wnt canonical and non-canonical pathways in control
cells and in WNT11 mutant cells with and without Wnt11 recombinant protein treatment. Ctrl: control, Mut: WNT11 mutant cells, Mut + rhWnt11:
WNT11 mutant cells treated with rhWnt11. Data are mean ± SEM. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001.

canonical pathway genes LRP5 and β-CATENIN. However,
the expression of AXIN2, coding for an inhibitor of the
canonical Wnt pathway, was unaffected by the WNT11
mutation but was greatly induced by rhWnt11 in mutant
cells. These results suggest that the impaired differ-
entiation was mediated by the heterozygous WNT11
mutation affecting both canonical and non-canonical
Wnt pathways.

WNT3A did not activate the canonical pathway
in WNT11 mutant cells
To confirm that the canonical Wnt/β-catenin pathway is
impaired in the WNT11 mutant versus control cells, we
analyzed the translocation of β-catenin into the nucleus
by immunofluorescence assay. Under basal conditions,
β-catenin was localized in the membrane and cytoplasm
in both cell lines (Fig. 4A and F). We then treated both cell
lines with rhWnt3a, rhWnt5a and rhWnt11. RhWnt3a
activated the canonical pathway in control cells, as illus-
trated by β-catenin nuclear translocation, but not in
WNT11 mutant cells (Fig. 4B and G), not activating the
canonical pathway. In addition, we observed no β-catenin
translocation in control or WNT11 mutant cells treated
with rhWnt5a (Fig. 4C and H) or rhWnt11 (Fig. 4D and I).
Treatment with rhWnt11 alone was not sufficient to acti-
vate β-catenin. However, mutant cells simultaneously
treated with rhWnt11 and rhWnt3a showed a recovery

that resulted in increased β-catenin expression and its
transactivation into the nucleus, which indicates activa-
tion of the canonical Wnt pathway (Fig. 4E and J).

To confirm the absence of canonical activity induced
by rhWnt3a or rhWnt11 alone and the activation of
the canonical activity when treated in combination
rhWnt3a + rhWnt11 in mutant cells, we tested a t cell
factor/lymphoid enhancer factor (TCF–LEF) reporter
plasmid in luciferase activity assay under stimulation
with rhWnt3a or rhWnt11 and rhWnt3a + rhWnt11
simultaneously (Fig. 4K). RhWnt3a reduced the activa-
tion by 90% in mutant cells as compared with rhWnt3a
activating the Wnt canonical pathway in control cells,
rhWnt11 conferred no activation in control or mutant
cells and rhWnt3a + rhWnt11 together do not present
a significant difference between control and mutant,
differently from the Wnt3a treatment alone. These
results suggest that WNT11 alone does not directly
control the canonical pathway but may facilitate its
activation induced by WNT3A.

WNT11 mutation decreases RSPO2 and LGR5
expression
To further investigate the function of the WNT11
mutation, we wondered whether its effect could be
driven by R-Spondin 2 (RSPO2), an activator of the
canonical Wnt signaling pathway. In osteoblasts, RSPO2
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Figure 4. WNT11 mutation severely impedes β-catenin translocation and activation of the canonical Wnt pathway. (A–J) Immunofluorescence detection
of β-catenin (green), in wild-type control (A–E) and WNT11 mutant (F–J) U2OS cells; blue is DAPI counterstaining for cell nucleus. The cells were untreated
(A, F) or treated with rhWnt3a (B, G), rhWnt5a (C, H), rhWnt11 (D, I) or rhWnt3a and rhWnt11 (E, J). (K) Control and mutant cells were transfected with
the TCF–LEF TOPflash vector and treated with rhWnt3a, rhWnt11 or rhWnt3a + rhWnt11 simultaneously. Data represent normalized luciferase activity
relative to untreated cells. Data are mean ± SEM. ∗∗P < 0.01.

acts as a ligand for LGR4–6 receptors and is known to
promote osteoblast maturation and mineralization via
WNT11 (26). The expression of RSPO2 was decreased
by 55.8% in WNT11 mutant cells as compared with
control cells (P < 0.01) (Fig. 5A). To determine the relation
between WNT11 and RSPO2, we next investigated the
expression of the RSPO2 receptors in WNT11 mutant
cells. The expression of LGR5 but not LGR4, LGR6 or ZNRF3
receptors was significantly lower in WNT11 mutant
than control cells (P < 0.05, Supplementary Material,
Fig. S3). To investigate whether the Wnt canonical or
non-canonical pathway induced LGR5 expression in
mutant cells, we treated cells with rhWnt3a, rhWnt5a
and rhWnt11 (Fig. 5B). The expression of LGR5 was
downregulated in WNT11 mutant cells and was reversed
by exogenous rhWnt11 and rhWnt5a but not rhWnt3a
treatment (Fig. 5B). To further investigate the functional
role of RSPO2 in WNT11 mutant cells, we exposed cells
to exogenous rhRspo2 before immunofluorescence and
luciferase activity experiments. On immunofluorescence
assay, the addition of rhRspo2 promoted the nuclear
translocation of β-catenin only in control cells (Fig. 5C).
However, rhRspo2 induced activation of the canonical
pathway in both WNT11 mutant and control cells as
illustrated by luciferase assay (Fig. 5D). This was not
observed with rhWnt3a, which failed to activate the
canonical pathway in WNT11 mutant cells (Fig. 4K),
which suggests that WNT11 controlled the canonical
pathway via RSPO2. Our data show that the WNT11

loss-of-function variant may cause EOOP by regulating
Wnt pathways, in particular by decreasing signaling via
RSPO2 binding to LRG5 receptors (Fig. 5E).

Discussion
Here, we identified for the first time a WNT11 loss-of-
function variant associated with EOOP, which contrasts
with the previous idea that WNT11 could be a candidate
gene for high bone mass (30). Indeed, two of the three
patients presenting a heterozygous, potentially inacti-
vating mutation in WNT11 displayed low bone mass with
vertebral and/or long bone fractures, whereas patient 3
presented many unusual fractures despite the absence of
low BMD. According to the ACMG guidelines, the results
of the functional analysis performed in bone cell model
and the presence of an undescribed de novo frameshift
variant suggest that the variant carrying by patient 1
is likely pathogenic in osteoporosis (31). Moreover, the
three patients with WNT11 mutations did not show any
alterations in other organs, in contrast to what was
reported in animal models with mutations in the same
gene (32–35).

WNT11 has been found involved in early develop-
ment in mice, the Xenopus frog and zebrafish (32–
35). For example, homozygous zebrafish carrying a
point mutation in wnt11 (silberblick slb tx226) exhibit
altered eye formation and partial fusion of the eyes
(36). In the Xenopus frog, Wnt11 is required for heart
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Figure 5. Wnt non-canonical pathway controls RSPO complex, which controls Wnt canonical pathway. RT-qPCR analysis of mRNA level of (A) RSPO2
and (B) LGR5 with rhWnt3a, rhWnt5a and rhWnt11 treatment. Data are mean ± SEM. ∗P < 0.05, ∗∗P < 0.01. (C) Immunofluorescence assay of cells treated
with rhRspo2; blue (DAPI) and green (β-catenin). (D) Luciferase activity of control and WNT11 mutant cells with rhRspo2 treatment. Ctrl: control, Mut:
WNT11 mutant cells. (E) Scheme summarizing the effect of WNT11 in normal cells (left) and heterozygous WNT11 mutation with red symbols (right):
WNT11 is a ligand of the Wnt non-canonical pathway; thus, WNT11 mutation decreased the expression of genes in the non-canonical Wnt pathway
as well as RSPO2 and LGR5. LGR5 expression is rescued upon Wnt non-canonical but not canonical ligand treatment. Lack of WNT11 decreased the
expression and activation of genes in the canonical Wnt pathway, which was reversed by treatment with rhRspo2.

morphogenesis (34), and Wnt11 inactivation induced
myocyte proliferation in perinatal mouse hearts (32).
To this date, Wnt11 knock out mouse was only studied
at homozygous level, which leads to a severe cardiac
phenotype (32) and this model has not been explored at
heterozygous level and neither the bone phenotype. Our
patients with WNT11 variants showed only osteoporosis,
with no additional comorbidities, which possibly reflects
haploinsufficiency in the heterozygous individuals. In
addition, the phenotype of patients with pathogenic
WNT11 variants diverged from that of patients with
osteoporosis caused by loss-of-function variants in LRP5
(23) or the proto-oncogene WNT1 (37), showing mostly
vertebral fractures and low BMD at the spine.

Functional studies in our heterozygous mutant cell
line showed that WNT11 is required for proliferation,
osteogenic differentiation and mineralization. WNT11
has been reported to promote osteogenic differentiation
in different cell models, such as bone-marrow mesenchy-
mal stem cells and murine sarcoma cells (C3H10T1/2
cells) (28,38). To confirm that the identified WNT11
loss-of-function variant would cause the observed
osteoporotic phenotype and to study their impact on the
Wnt canonical and non-canonical pathways, we used a
CRISPR-Cas9 approach to generate heterozygous WNT11

mutant U2OS cells. The heterozygous frameshift muta-
tion generated in the cells, very close to the mutation in
patient 1, allowed us to confirm that the loss-of-function
WNT11 variant is associated with a bone fragility pheno-
type. Our results revealed decreased cell proliferation in
WNT11 mutant cells similar to previous studies showing
that WNT11 stimulated proliferation in breast cancer
cells and small cell lung cancer (39,40). Moreover, the
mutant cell line showed decreased osteogenic differen-
tiation and mineralization, as illustrated by alizarin red
staining of differentiating cells (Fig. 2D) and decreased
expression of osteoblast marker genes (Fig. 3A). Indeed,
the level of RUNX2, a target of both Wnt pathways, was
decreased, as was the expression of BGLAP (P < 0.05),
SP7 (P < 0.001) and IBSP (P < 0.0001), which suggests that
WNT11 promotes osteoblast differentiation. In addition,
the lack of change in expression in COL1A1 and ALPL
in WNT11 mutant cells suggests that WNT11 does not
regulate bone formation alone. Here, we did not find a
significant decrease in ALPL mRNA level, which might
be related to U2OS cells exhibiting lower levels of basal
and primed alkaline phosphatase activity than other cell
models (41). However, serum level of BAP was low in
patient 1, which suggests decreased bone formation and
agrees with our in vitro findings.
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We found that the pathogenic heterozygous deletion in
WNT11 inhibited both the non-canonical and canonical
Wnt pathways. The expression of specific genes involved
in the canonical (LRP5, B-CAT) and non-canonical (JUN,
MAPK9, ROR2) pathways was downregulated; exposure
to exogenous rhWnt11 rescued only the non-canonical
marker genes MAPK9 and ROR2.

Similarly, WNT11 mutant cells treated with rhWnt11
did not show a rescue for mineralization (Supplementary
Material, Fig. S1), which is a complex biological process
and requires the canonical pathway (42). Also, there
is no full activation of the canonical Wnt pathway
in WNT11 mutant cells treated with rhWnt3a; hence,
WNT11 might be upstream of WNT3A signaling and
may positively control the canonical pathway. Exposure
to rhWnt11 alone did not activate β-catenin nuclear
translocation in mutant cells or the canonical pathway
reporter genes (Fig. 4). However, β-catenin expression
and translocation into the nucleus and canonical activity
were increased with rhWnt11 and rhWnt3a treatment
combined (Fig. 4E, J and K) in mutated cells which
further support that WNT11 is required for activation of
the canonical pathway. We also observed that there was
no significant difference between mutant and control
cells on the canonical activity after the rhWnt11 and
rhWnt3a simultaneous treatment. This observation
was associated with a lower canonical activity for
control cells as compared with rhWnt3a treatment
alone. This result may happen because simultaneous
treatment led to a complex effect not allowing a full
activation of canonical pathway. This tricky effect could
reflect WNT11 as an inhibitor function on the canonical
pathway that has been already described in other models
(43,44).

Such a crosstalk between Wnt ligands was shown
during mouse embryonic development, with the Wnt5a
ligand, which mainly drives the non-canonical pathway,
possibly having positive or negative regulatory effects
on WNT/β-catenin signaling. This effect depends on the
cell type and their specific expression of the receptors
(43,45). Partial inhibition of the canonical Wnt signal-
ing cascades by WNT5A was also reported in cancer
cells (45,46) and cardiomyocytes (47). Here, we show that
WNT11 promotes bone formation via ROR2/JNK signaling
and inhibits the Wnt canonical pathway.

Indeed, rhWnt11 strongly increased the expression of
AXIN2 in WNT11 mutant but not wild-type cells (Supple-
mentary Material, Fig. S2). AXIN2 protein is a repressor
of the canonical pathway (48). This increase in AXIN2
expression may explain why treatment with rhWnt11 did
not rescue the expression of canonical pathway genes (B-
CATENIN and LRP5). The striking induction of AXIN2 in
the presence of rhWnt11 strongly suggests that WNT11
has a role in the canonical pathway.

Here, we observed a decrease in mRNA levels of OPG
and RANKL in WNT11 mutant cells and a recovery of both
levels in the presence of rhWnt11. Both genes likely have

an effect on osteoclastogenesis, as was described for the
WNT16A ligand (49).

Respondins (RSPOs) are a family of regulators of Wnt
pathways (50). RSPO2 activates the canonical Wnt path-
way by acting as a ligand for LGR4–6 receptors and also
regulates both the canonical Wnt/β-catenin-dependent
and non-canonical Wnt pathways by inhibiting ZNRF3
(51–53). RSPO2 promoted osteoblast maturation and
mineralization in knockout mice (54) and mediated
Wnt11-dependant osteoblast differentiation in murine
MC3T3 cells (29). In agreement with these observations,
we also observed reduced RSPO2 expression in WNT11
mutant cells. In addition, LGR5 expression was decreased
in our model, but LGR4, LGR6 and ZNRF3 levels remained
unchanged (Supplementary Material, Fig. S3). Previous
findings show that WNT5A directly stimulates the
expression and production of LGR5 (55) in human
osteoarthritic osteoblasts. Accordingly, we observed
that rhWnt5a and rhWnt11 but not the canonical Wnt
pathway activator rhWnt3a restored LGR5 expression
in WNT11 mutant cells. Finally, exogenous rhRspo2
activated the Wnt canonical pathway in both wild-type
and WNT11 mutant cells (Fig. 5D), but rhWnt3a did not
in the absence of rhWnt11. These results suggest that
WNT11, possibly cooperating with WNT5A, activates
Wnt signaling by inducing the RSPO2–LGR5 complex via
the non-canonical Wnt pathway (Fig. 5E).

In conclusion, we describe the association of WNT11
heterozygous loss-of-function variant and EOOP, with
WNT11 acting by inhibiting the canonical and non-
canonical Wnt pathways, thus decreasing cell prolif-
eration and osteoblastic differentiation. We provide
evidence that WNT11 acts, at least in part, by triggering
RSPO2 signaling, thus activating the canonical pathway
(Fig. 5E). WNT11 might be a candidate target gene for the
development of bone anabolic drugs in osteoporosis.

Materials and Methods
Patients
Three patients were referred to an academic reference
center of bone diseases because of unusual presentation
of bone fragility. The three individuals had fractures
without any other additional clinical signs that could
indicate secondary causes of osteoporosis. They had
no history of chronic inflammatory diseases or eating
disorders. Secondary causes of osteoporosis were also
ruled out by biological tests, including blood cell
count; measuring serum levels of C-reactive protein,
total creatinine, calcium, phosphorus, 25OH vitamin D,
thyroid-stimulating hormone, parathyroid hormone, and
prolactin; and electrophoresis of proteins. After negative
results for secondary causes, a molecular analysis was
performed to investigate the hypothesis of a monogenic
bone disorder. This approach was approved by the
French Ethics Committee and patients gave their written
informed consent for genetic tests.
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Bone biomarkers
Serum carboxy-terminal collagen crosslink (CTX), 25OH
vitamin D, osteocalcin and P1NP levels were measured by
using automated electrochemiluminescence immunoas-
say systems (Cobas 8000 modular analyzer series,
Roche Diagnostics, Meylan, France). Serum total alkaline
phosphatase was measured with an Alinity instrument
(Abbott diagnostics, Rungis, France). The Quidel enzyme
immunoassay (San Diego, CA) was used to determine
BAP level. Enzyme-linked immunoassay was used to
determine serum levels of TRAP5b (Immunodiagnostic
Systems, Pouilly-en-Auxois, France) and sclerostin
(TECOmedical, Sissach, Switzerland).

DXA
BMD at the lumbar spine was measured by DXA using a
Lunar Prodigy device (GE Healthcare, Piscataway, NJ). The
BMD results were transformed to age- and sex-specific
Z-score using data published by Manousaki et al. (56) for
patients under 4.5 years old.

WES
Exome capture involved using the Integragen platform
(Évry, France) with the Human Core Exome kit (Twist
Bioscience, San Francisco, CA). Paired-end sequencing
was performed on a NovaSeq analyzer (Illumina, San
Diego, CA) generating 2×150 pb. Sequence data were ana-
lyzed and visualized via the Sirius interface (Integragen,
Évry, France). For sequence alignment, variant calling
and annotation, sequences were aligned to the human
genome reference sequence (UCSC Genome Browser,
hg38 build) by using the burrows-wheeler alignment
aligner. Downstream processing involved the Genome
Analysis Tool kit, SAMtools and Picard Tools.

Targeted gene sequencing and Sanger
sequencing
After WES, which identified WNT11, we included this
gene in the targeted gene-sequencing panel for bone
fragility: BMP1 (NG_029659.1), COL1A1 (NG_007400.1),
COL1A2 (NG_007405.1), CRTAP (NG_008122.1), CREB3L1
(NG_033264.1), DKK1 (NC_000010.11), FKBP10 (NG_015860.
1), IFITM5 (NG_032892.1), LRP5 (NG_015835.2), LRP6
(NG_016168.2), PLS3 (NG_012518.2), P3H1 (NG_008123.1),
SERPINF1 (NG_028180.1), SP7 (NG_023391.2), WNT1
(NG_033141.1), WNT3A (NC_000001.11), WNT11 (NG_0469
31.1) and WNT16 (NG_029242.1). NGS involved using
the surelectQXT kit (Agilent, Les Ulis, France) for
library preparation and the hybrid capture system for
sequencing on a Miseq sequencer (Illumina, San Diego,
CA). Sequence results were obtained after aligning fastqs,
mapping and variant calling by using SeqNext software
(JSI Medical Systems, Ettenheim, Germany). SeqNext is
based on Smith–Waterman (57) and Burrows Wheeler
Aligner algorithms (58). The copy number variations
were also determined by using this software. For each
exon, the coverage was 100% at 30×. The highest minor

allele frequency of variants was investigated with the
databases 1000 Genomes phase 3 (ftp://ftp.1000genome
s.ebi.ac.uk/vol1/ftp/phase3/data) and gnomAD (https://
gnomad.broadinstitute.org/); the filtering criteria were
maximum MAF < 0.05% corresponding to the definition
of rare disease in the European Union.

Sanger sequencing confirmed the potentially
pathogenic variants identified in the panel by using
Life Technologies reagents and software on an ABI3130
sequencer (Thermo Fisher, Les Ulis, France). Variant
pathogenicity was evaluated by using Alamut (SOPHiA
Genetics, Lausanne, Switzerland) including variable in
silico predictive software (SIFT, MutationTaster and Poly-
Phen 2) and CADD (https://cadd.gs.washington.edu).

Generation of mutant cells by CRISPR-Cas9
Human osteosarcoma cells (U2OS) were purchased
from ATCC (Manassas, VA). The WNT11 CRISPR-Cas9
knockout cell line was generated by using TrueGuide
Synthetic CRISPR gRNA Thermo Fisher (Waltham,
MA), with the target sgRNA sequence CAAGACCC-
GATACCTGTCGG. Heterozygous knockout was con-
firmed by Sanger sequencing of the genomic DNA.
The genomic DNA was isolated from wild-type U2OS
and WNT11 knockout cells. The gRNA targeted area
was amplified with 5′-AGTGTAAGTGCCATGGGGTG-
3′ and 5′-GAATGAGAAGGTGGGCTCCC-3′ primers and
Sanger sequenced following the manufacturer’s protocol
(Applied Biosystems, Foster City, CA).

Cell culture and treatment with recombinant
proteins
U2OS cells were cultured with McCoy’s medium (Sigma,
St. Louis, MO) with 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin, in a humidified atmosphere
(37◦C and 5% CO2). Experiments were conducted in the
presence of Wnt ligands to assess the gene expres-
sion and immunofluorescence and luciferase activity.
Recombinant proteins were added to the medium of
70% to 90% confluence cells, then cultured for 24 h and
harvested for ribonucleic acid (RNA) extraction. Mutant
cell lines were treated with recombinant human WNT11
protein (rhWnt11), Chinese hamster ovary derived (CHO
derived) (R&D Systems, Minneapolis, MN) for 24 h.
Additional experiments were performed in mutant cells
cultured with 100 ng/ml recombinant human WNT5A
protein (rhWnt5a), CHO derived, and with recombinant
human WNT3A protein (rhWnt3a), CHO derived (R&D
Systems, Minneapolis, MN) for 24 h. Furthermore, control
U2OS cells and mutant WNT11 cells were treated with
recombinant human RSPO2 protein (rhRspo2) (from
mouse myeloma cell line), rhWnt3a, rhWnt5a and
rhWnt11 (100 ng/ml) for 5 h for immunofluorescence
analysis. Also, control and WNT11 mutant cells were
treated with rhRspo2, rhWnt3a and rhWnt11 for 2 h
before transfection for luciferase activity assay.
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Proliferation assay
The proliferation assay involved using control and
WNT11 mutant cells seeded at 1×104 density in a 96-
well plate and cultured with DMEM and 10% FBS. Cell
numbers were determined 24 h later by CyQuant cell
proliferation assay following the manufacturer’s protocol
(Life Technologies, Carlsbad, CA).

Gene expression analysis
Total RNA was extracted from wild-type U2OS cells,
WNT11 mutant cells, and WNT11 mutant cells treated
with rhWnt11, rhWnt3a and rhWnt5a (all 100 ng/ml).
RNA was extracted by using the RNeasy Mini kit
(QIAGEN, Valencia, CA) according to the manufacturer’s
protocols. The absorbance of RNA was determined at a
wavelength of 260 and 280 nm with a NanoDrop-2000
system (Thermo Fisher, Waltham, MA). Complementary
DNA (cDNA) was synthesized from RNA by using high-
capacity cDNA reverse transcription kit (Applied Biosys-
tems, Foster City, CA) and was used immediately or stored
at −20◦C. The primers used for reverse transcription poly-
merase chain reaction are in Supplementary Material,
Table S1 and were designed by using the Roche Universal
Probe Library Assay Design Center (Basel, Switzerland).
The PCR amplification system included the following: 2×
SYBR Green PCR master mix (Applied Biosystems, Foster
City, CA), 0.4 μm forward and reverse primers, 100 ng
cDNA and sterile water for a total volume of 25 μl. The
thermocycling conditions were 95◦C for 10 min, 95◦C
denaturation for 15 s, 60◦C anneal/extend for 1 min, for
40 cycles. Dissociation curve analysis was performed at
the end of the PCR cycles. Gene expression levels were
normalized to GAPDH level in each sample and were
determined by the 2−��Cq method (59). All experiments
were repeated three times in duplicate. For some
genes, we used a TaqMan probe for specificity reasons.

Total RNA extraction and cDNA synthesis were per-
formed as previously described. TaqMan probes for HPRT,
RSPO2 and RSPO4 were from Thermo Fisher (Waltham,
MA). The PCR amplification system included the 20×
TaqMan gene expression assay, 2× TaqMan gene expres-
sion master mix (Applied Biosystems, Foster City, CA),
50 ng cDNA template and sterile water for a total volume
of 20 μl. The thermocycling conditions were 50◦C for
2 min, 95◦C for 10 min, 95◦C denaturation for 15 s, 60◦C
anneal/extend for 1 min, for 40 cycles. Dissociation curve
analysis was performed at the end of the PCR cycles. Gene
expression levels were normalized to HPRT level in each
sample and were determined by the 2−��Cq method (59).
The experiment was performed three times in duplicate.

Osteoblast differentiation and mineralization
assay
Cells were seeded at 5 × 104 cells/cm2 in 24-well culture
plates with Dulbecco’s modified eagle medium (DMEM)
supplemented with 10% FBS. After 24 h, the culture
medium was changed to osteogenic media [DMEM sup-
plemented with 10% FBS, 0.1 μm dexamethasone, 10 mM

β-glycerophosphate and 50 μm ascorbic acid (all from
Sigma, St. Louis, MO)] to induce U2OS cell differentia-
tion. The culture medium was changed twice a week for
18 days. Cells were fixed with 4% paraformaldehyde for
30 min, washed with distillated water and stained with
2% alizarin red for 45 min as described (60).

Western blot analysis
Cells were washed with ice-cold PBS, then lysed with
CE buffer [HEPES (10 mM) pH 7.9, KCl (10 mM), EDTA
(0.1 mM), NP-40 0.3%, protease inhibitors 1×] and NE
buffer [HEPES (20 mM) pH 7.9, NaCl (0.4 M), EDTA (1 mM),
glycerol 25%, protease inhibitors 1×] before boiling
and loading an equal amount of proteins (30 μg) on
12% sodium dodecyl sulphate–polyacrylamide gel elec-
trophoresis gels. The iBlot 2 Gel Transfer Device (Thermo
Fisher, Waltham, MA) was used for transfer. After 1-
h blocking (5% BSA), the following antibodies were
used for detecting proteins: rabbit anti-WNT11 (1:1000,
PA5–21712, Thermo Fisher Waltham, MA), goat anti-
rabbit IgG H&L horseradish peroxidase (HRP) (ab205718,
Abcam, Cambridge, UK) secondary antibody; mouse
anti-tubulin (1:10 000, ab7291, Abcam, Cambridge, UK)
and m-IgGκ (BP-HRP) (1:2000, sc-516 102, Santa Cruz
Biotechnology, Santa Cruz, CA) anti-mouse secondary
antibody. Amersham enhanced chemiluminescence
(rpn2232) (GE healthcare, Chicago, IL) was used for
chemiluminescence detection of protein bands. The
experiment was repeated three times and band intensity
was quantified by using ImageJ.

Immunofluorescence assay
Cells grown on coverslips were fixed with 4% paraformal
dehyde at room temperature for 15 min, then permeabi-
lized with 0.1% Triton for 5 min at room temperature
and blocked with 3% BSA for 1 h, washed with PBS
and incubated with the anti-β-catenin primary antibody
(1:333, ab16051, Abcam, Cambridge, UK) overnight. Cells
were washed with PBS, blocked with 3% BSA for 30 min
and incubated with secondary antibody for 1 h (1:100,
Alexa Fluor 488 goat anti-rabbit antibody, Invitrogen).
Cells were washed again with PBS, stained with DAPI for
1 min and mounted on slides. Fluorescence microscopy
involved using the microscope ZEISS observer Z1 and
ZEN software for analysis (ZEISS, Oberkochen, Germany).

Evaluation of the canonical Wnt pathway activity
Control U2OS and WNT11 mutant cells were seeded in
24-well plates and cultured until 70% to 80% confluence.
To investigate whether rhWnt3A, rhWnt11 and rhRspo2
could activate the Wnt canonical pathway in control and
WNT11 mutant cells, recombinant proteins were added
at 100 ng/ml at 2 h before the transfection. Plasmids
for TCF–LEF (67.7 ng), TOPflash (182.5 ng) and Renilla
control (0.5 ng) were transfected into cells by using
Lipofectamine (Invitrogen, Carlsbad, CA). After 24 h,
cells were lysed with the reporter lysis buffer (Promega,
Madison, WI). Renilla and firefly luciferase activities were
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measured by using Renilla luciferase assay and luciferase
assay (Promega, Madison, WI). Each experiment was
repeated at least three times in duplicate.

Statistical analysis
The results are expressed as mean ± SEM. Statistical
analysis involved using GraphPad Prism 9.0 for Windows
(GraphPad Software, San Diego, CA, www.graphpad.co
m). All experiments were performed at least in triplicate.
Two-way analysis of variance or Student t test was
used for statistical analysis. P < 0.05 was considered
statistically significant.

Supplementary Material
Supplementary Material is available at HMG online.
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