
REVIEW ARTICLE OPEN

Wnt/β-catenin signaling components and mechanisms in bone
formation, homeostasis, and disease
Lifang Hu 1, Wei Chen2, Airong Qian 1✉ and Yi-Ping Li 2✉

Wnts are secreted, lipid-modified proteins that bind to different receptors on the cell surface to activate canonical or non-canonical
Wnt signaling pathways, which control various biological processes throughout embryonic development and adult life. Aberrant
Wnt signaling pathway underlies a wide range of human disease pathogeneses. In this review, we provide an update of Wnt/
β-catenin signaling components and mechanisms in bone formation, homeostasis, and diseases. The Wnt proteins, receptors,
activators, inhibitors, and the crosstalk of Wnt signaling pathways with other signaling pathways are summarized and discussed. We
mainly review Wnt signaling functions in bone formation, homeostasis, and related diseases, and summarize mouse models
carrying genetic modifications of Wnt signaling components. Moreover, the therapeutic strategies for treating bone diseases by
targeting Wnt signaling, including the extracellular molecules, cytosol components, and nuclear components of Wnt signaling are
reviewed. In summary, this paper reviews our current understanding of the mechanisms by which Wnt signaling regulates bone
formation, homeostasis, and the efforts targeting Wnt signaling for treating bone diseases. Finally, the paper evaluates the
important questions in Wnt signaling to be further explored based on the progress of new biological analytical technologies.
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INTRODUCTION
Wnt signaling, an evolutionarily conserved signaling pathway
from nematodes to mammals, plays key roles in regulating
multiple biological processes, including embryonic development,
organogenesis, tissue homeostasis in adults, and numerous
diseases.1,2 The term “Wnt” is the combination of the terms
“wingless” and “int”.3 Int-1, which was later renamed Wnt1, is the
first Wnt gene discovered in mouse breast tumors induced by
mouse mammary tumor virus in 1982.4 The wingless gene, which
controls segment pattern during the development of Drosophila
larva,5 was identified as the homolog of Wnt1 (int-1) in 1987.6

Later, researchers demonstrated the Wnt signal transduction in
Drosophila by delineating the components of the signaling,
including zeste-white 3 (the homolog of mammalian glycogen
synthase kinase 3 (GSK3)), disheveled (Dvl), and armadillo (the
homolog of vertebrate β-catenin).7–9 Further, injection of Xenopus
eggs with mouse Wnt1 RNA caused duplication of the embryonic
axis, suggesting a critical role of Wnt signaling in vertebrate
development.10 These foundational studies reveal the importance
of Wnt signaling in development. Since these pioneering
discoveries, there is an explosion of research on the Wnt signaling
pathway, ranging from signal transduction and complex regula-
tion to its role in normal development and diseases.
There are 19 known Wnt proteins that either function through

the canonical Wnt signaling pathway or the non-canonical Wnt
signaling pathway. The best-studied Wnt signaling pathway is the
canonical Wnt signaling pathway, which is also referred to as the
Wnt/β-catenin signaling pathway for its dependency on β-catenin
transcriptional function. Otherwise, the non-canonical Wnt

signaling pathway is a β-catenin independent pathway. There
are two well-known non-canonical Wnt signaling pathways: the
Wnt/planar cell polarity (PCP) pathway and the Wnt/Ca2+ path-
way. Both canonical and non-canonical Wnt signaling pathways
play crucial roles in normal tissue development and home-
ostasis.11–13 Moreover, the Wnt signaling pathway plays key roles
in the pathogenesis of human diseases. In the early 1990s, the
Kinzler and Nishisho groups independently found the adenoma-
tous polyposis coli (APC) gene in familial adenomatous polyposis,
a hereditary cancer syndrome, which was the first connection of
the Wnt signaling pathway to human disease.14,15 Later, the APC
protein was found to interact with β-catenin16,17 and APC
deficiency resulted in constitutively active β-catenin/TCF (T-cell
factor) signaling in colon carcinoma cells.18 These findings
demonstrated the close link between Wnt signaling and human
disease. After decades of research, evidence show that Wnt
signaling pathways is involved in many human diseases, including
numerous tissue diseases, metabolic diseases, and cancers.2,19–21

As an evolutionarily conserved complex signaling pathway, Wnt
signaling is involved in multiple key events during embryo
development and adult tissue homeostasis. Wnt signaling shows
versatility not only in the signaling components but also in its
physiological and pathological functions. This review summarizes
the current knowledge of Wnt signaling pathways and reviews the
advances of Wnt signaling pathways in bone formation, home-
ostasis, and disease. Furthermore, the therapeutic treatment of
bone disease by targeting Wnt signaling is also discussed. Overall,
this review will provide researchers with a comprehensive
understanding of Wnts, the role of Wnt signaling pathways in
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bone homeostasis and disease, and therapeutics that target Wnt
signaling and will serve as a reference for future studies.

WNT PROTEINS, WNT RECEPTORS, AND WNT SIGNALING
PATHWAY
Wnt proteins (Wnts)
The Wnt proteins (Wnts) act as intercellular signals and regulate a
wide range of cellular behavior including cell fate specification,
cell proliferation, survival, migration, polarity, and differentiation.19

Wnt proteins are conserved in all metazoan animals along with
multiple associated genes. There are 19 in mammals, 16 in
Xenopus, 11 in chicks, 12 in zebrafish, 7 in Drosophila, and 5 in C.
elegans (http://www.stanford.edu/rnusse/wntwindow.html). Wnts
encoded by Wnt genes are ~40 kD-secreted glycoproteins that are
structurally related, containing 23 or 24 cysteine residues.22 The
demonstration of Wnts as a lipid-modified protein was confirmed
through the first successful purification of Wnt3a.23 The lipid
modification involves the attachment of a palmitoleic acid (a
mono-unsaturated fatty acid) to a highly conserved serine
residue.24 The palmitoylation of Wnt is required for its binding
to the Frizzled (Fzd) receptor, initiating signal transduction, and
the glycosylation of Wnt that is necessary for its eventual
secretion.25

Wnts were historically categorized as either canonical or
noncanonical Wnts.26 However, the distinction is questionable
because some Wnts can stimulate both canonical and

noncanonical Wnt signaling pathways and typically noncanonical
Wnts can activate canonical Wnt signaling.27–30

Wnt receptors and co-receptors
Wnt signal transduction involves the binding of Wnts to cell-
surface Wnt receptors and co-receptors, which primarily contain
members of the Fzd family31 and the low-density lipoprotein
receptor-related protein (LRP) family.32 Further, the receptor
tyrosine kinase-like orphan receptor-1 (ROR1), ROR2,33 an atypical
receptor tyrosine kinase (Ryk),34,35 protein tyrosine kinase 7
(PTK7),36 muscle-specific kinase (MuSK),37 and other molecules
were also demonstrated as Wnt co-receptors.

Frizzled (Fzd) proteins. Fzd proteins are widespread high-
affinity Wnt receptors. From the first Wnt receptor identified,38

the Fzd family now contains 10 members in humans, Fzd1 to
Fzd10.39 They are seven-transmembrane receptors containing
a large extracellular N-terminal cysteine-rich domain (CRD),
which is conserved among the receptor family and mediates
high-affinity binding to Wnts.31,40–42 Fzds transmit signaling
through both canonical and non-canonical Wnt signaling
pathways by cooperating with other co-receptors (Fig. 1). In
the Wnt/β-catenin signaling pathway, Wnt–Fzd form a ternary
complex with low-density lipoprotein receptor-related protein
5/6 (LRP5/6), whereas, in Wnt/PCP signaling pathway, Wnt–Fzd
interact with ROR32,33,43 (see below: Wnt signaling pathways,
Fig. 1).
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Fig. 1 Schematic representation of canonical and non-canonical Wnt signaling pathway. a The canonical Wnt signaling pathway in inactive
and active status. Without Wnt binding, β-catenin is sequestered by a destruction complex composed of GSK3β, Axin, APC, and CK1, which
leads to the phosphorylation of β-catenin at serine/threonine residues. Phosphorylated β-catenin is then undergoing the proteosomal
degradation mediated by polyubiquitination. The Wnt signaling is in inactive status. When Wnt binds to its receptor complex, including the
seven-transmembrane receptor Fzd and the co-receptor LRP5 or LRP6, Wnt/β-catenin is initiated. This binding mobilizes GSK3β and CK1 to the
cell membrane, where they phosphorylate serines on Lrp5/6, promoting the formation of a signalosome, and the recruitment of Dvl and Axin.
Then, β-catenin is released from the destruction complex, accumulates in the cytoplasm and translocates into the nucleus to activate target
gene expression by binding to TCF/LEF. Thus, The Wnt signaling is in active status. b Non-canonical Wnt signaling pathway includes Wnt/PCP
and Wnt/Ca2+ signaling pathway. In the Wnt/PCP signaling pathway, non canonical Wnts bind to Fzd and the coreceptor (e.g., ROR2) to
initiate the signaling. The Dvl is recruited to Fzds, which further activates the small GTPases Rac1 and RhoA. The activated GTPases induces
changes in the actin cytoskeleton, and activates JNK and ROCK to regulate downstream signals. In the Wnt/Ca2+ signaling pathway, Wnts bind
to Fzd to mediate the activation of a G protein, which in turn activate the PLC. The activated PLC leads to the generation of IP3 and DAG,
which increase intracellular Ca2+ concentration. Alternatively, Wnt/Fzd activates cGMP-specific PDE6, which results in decrease of cGMP and
the inactivation of PKG, thus increases intracellular Ca2+ concentration. The Ca2+ activates CaMKII, calcineurin, or PKC, which further activates
various transcription factors
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Low-density lipoprotein receptor-related proteins (LRPs). The LRP
family is an evolutionarily conserved single-pass transmembrane
receptor family. Beyond the Fzds, the members of the LRP family
are required for Wnt signaling. Arrow in Drosophila and LRP5 and
LRP6 in vertebrates are identified to function as co-receptors in
the Wnt signaling pathway.32,44,45 The primary structures of LRP5
and LRP6 are more than 70% identical to each other and are
widely co-expressed during embryogenesis and in adult tis-
sues.46,47 The intracellular domain of LRP5 interacts with Axin and
stabilizes β-catenin, and thus induces lymphoid enhancer factor 1
(LEF-1) activation.48 LRP6 is the best-studied LRP. The extracellular
domain (ECD) of LRP6 mediates the interaction with Wnt and Fzd,
resulting in ternary complex formation. The ECD contains multiple
independent Wnt-binding sites to allow different Wnts to bind
simultaneously in conjunction with Fzd.49

Receptor tyrosine kinase-like orphan receptor -1 and -2 (ROR1
and ROR2). The receptors of the Ror family are membrane-
spanning tyrosine kinases that bind Wnts either alone or as
Fzds co-receptors to activate non-canonical Wnt signaling.33,50

ROR1 and ROR2 are also co-receptors for Wnt5a and mostly
transduce Wnt/PCP signaling.51–53 Wnt5a can induce ROR1/
ROR2 hetero-oligomerization.54 Wnt5a-ROR1/ROR2 signaling is
involved in tissue development and cancer.55–57 Moreover, via
ROR2, Wnt5a inhibits Wnt3a-induced Wnt/β-catenin
signaling.58

Receptor related to tyrosine kinases (Ryk). Ryk is an atypical
member of the receptor tyrosine kinase (RTK) family,59 showing no
detectable intrinsic protein tyrosine kinase activity.60 It is a single-
pass transmembrane protein that contains an extracellular Wnt
inhibitory factor (WIF) domain, an intracellular atypical kinase
domain, and a PSD95/DlgA/ZO-1 (PDZ) binding motif.60 It was
previously shown that Derailed, the Ryk homolog in Drosophila, is
another receptor for Wnt, which binds to Wnt5a in the absence of
Fzd or Dvl.34 However, Lu et al. demonstrated that mammalian
Ryk, unlike Derailed, functions as a co-receptor along with Fzd for
Wnts.35 Furthermore, Ryk also binds to Dvl, providing a link
between Wnt and Dvl, thereby activating the canonical Wnt
signaling pathway.35

Protein tyrosine kinase 7 (PTK7). PTK7, originally identified as
colon carcinoma kinase 4,61 is another single-pass transmembrane
Wnt receptor.36 It contains seven extracellular immunoglobulin
domains, a transmembrane domain, and an intracellular catalyti-
cally inactive tyrosine kinase domain, which serves as an
interaction site for several intracellular signaling molecules (e.g.,
Dvl, β-catenin).62,63 PTK7 can interact with Wnt3a, Wnt8, Fzd7,
LRP6, and ROR2,64–66 suggesting its involvement in both canonical
and non-canonical Wnt signaling pathways.67 The up-regulation of
the PCP signaling pathway by PTK7 is well established in current
literature. PTK7 cooperates with Fzd to recruit Dvl to the plasma
membrane to activate the Wnt/PCP signaling.62 However, there
are conflicting findings on the function of PTK7 in canonical Wnt
(Wnt/β-catenin) signaling. Peradziryi et al. reported that PTK7
inhibits Wnt/β-catenin signaling in Xenopus and Drosophila model
systems.64 The inhibition effect of PTK7 on Wnt/β-catenin
signaling was also observed in zebrafish during late gastrula and
segmentation stages.68 In contrast, Puppo et al. found that PTK7
interacts with β-catenin in a yeast two-hybrid assay, and
mammalian cells and PTK7-deficient cells show weakened Wnt/
β-catenin activity.63 Bin-Nun and colleagues also reported that
PTK7 protein depletion inhibits embryonic Wnt/β-catenin signal-
ing by strongly decreasing LRP6 protein levels.65 These findings
demonstrate the activating role of PTK7 in regulating Wnt/
β-catenin signaling. Thus, further experiments will be needed to
uncover the underlying molecular mechanism of PTK7 regulating
Wnt/β-catenin signaling.

Muscle-specific kinase (MuSK). MuSK, also known as unplugged, is
required for neuromuscular junction (NMJ) formation by respond-
ing to a critical nerve-derived signal agrin.69,70 MuSK functions as a
Wnt receptor and has an extracellular region that contains the
CRD, which is homologous to the CRD of Fzd.37 Evidence
demonstrates that Wnt11, Wnt4, and Wnt9a all play important
roles in regulating NMJ formation through binding to MuSK via
the CRD.71–73 Wnt11 interacts with MuSK to activate PCP signaling
in regulating synapse formation during neuromuscular develop-
ment.71 Wnt4 contributes to the formation of vertebrate NMJ by
binding to MuSK and initiating an increase in associated MuSK
phosphorylation level.72 Moreover, Wnt9a and Wnt11 induce
acetylcholine receptor clustering in muscle cells by binding to
MuSK and inducing MuSK dimerization along with tyrosine
phosphorylation in an LRP4-dependent manner.73

Wnt signaling pathway
Wnts can induce different signaling pathways by binding to
different receptors. Generally, Wnt signaling is divided into two
branches depending on the different requirements for β-catenin, a
cytoplasmic adaptor protein with membrane and nuclear func-
tions. The β-catenin-dependent pathway is also known as the
canonical Wnt signaling pathway, otherwise, the non-canonical
Wnt signaling pathway is independent of β-catenin transcriptional
function.74 The canonical Wnt signaling pathway is also called the
Wnt/β-catenin signaling pathway (Fig. 1a). For non-canonical Wnt
signaling pathway, there are two major types: the Wnt/PCP
pathway and Wnt/calcium (Ca2+) pathway, in which Wnts trigger
signal transduction in different ways (Fig. 1b).

Canonical Wnt signaling pathway (Wnt/β-catenin signaling
pathway)
The canonical Wnt signaling pathway is well-known and
extensively referred to as the Wnt/β-catenin signaling pathway.
This pathway plays important and versatile roles from embry-
ologic development to adult tissue homeostasis, and its aberra-
tions cause numerous diseases.1,2,19 In the canonical Wnt signaling
pathway, β-catenin functions as a key transcriptional co-activator
and transmits extracellular signals to activate the target genes
(Fig. 1a). Without Wnt, β-catenin is sequestered by a destruction
complex composed of glycogen synthase kinase 3β (GSK3β), Axin,
APC, and casein kinase 1 (CK1). This complex is then constitutively
phosphorylated, after which it is degraded by ubiquitin-mediated
proteolysis (Fig. 1a). However, the Wnt/β-catenin signaling path-
way initiates with the binding of a Wnt to its receptor complex,
including the seven-transmembrane receptor Fzd and the co-
receptor LRP5 or LRP6. This binding of Wnt to its receptor complex
further mobilize GSK3β and CK1 to the cell membrane, where they
phosphorylate serines on Lrp5/6, promoting the formation of a
signalosome, and the recruitment of Dvl, and Axin.75,76 This results
in the release of β-catenin from the destruction complex and
induces the accumulation of cytosolic β-catenin, which enters into
the nucleus and binds to TCF/LEF to activate the target gene
expression (Fig. 1a).

Non-canonical Wnt signaling pathway
Wnt/planar cell polarity (PCP) signaling pathway. The Wnt/PCP
signaling pathway is the most extensively studied of the non-
canonical Wnt signaling pathways. PCP specifically refers to the
organization of the epithelium orthogonally to the apicobasal
polarity axis. The Wnt/PCP pathway mainly functions in regulating
cell polarity in morphogenetic processes, such as coordinating cell
polarity and morphology during the morphological polarization of
hair follicles, pulmonary angiogenesis, morphogenetic move-
ments, and the closure of caudal neural plate.66,77–79 The pathway
also shows a key role in determining eventual cell fate.80 Wnt/PCP
pathway can be activated by various Wnts, especially Wnt5a,
Wnt7, and Wnt11. Fzds act as receptors in the Wnt/PCP pathway,
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with Fzd3, Fzd6, and Fzd7 favoring this signaling pathway. Instead
of LRP5/6, the members of the receptor tyrosine kinase family
(ROR2, RYK, and PTK7) and other membrane proteins (VANGL2,
Glypican, Syndecan 4) are adopted as co-receptors in Wnt/PCP
pathway.52,66,81–83 The binding of Wnts recruits Dvl to Fzds and
activates the small GTPases Rac1 and RhoA, which in turn induce
changes in the actin cytoskeleton, and activate JUN-N-terminal
kinase (JNK) and RHO kinase (ROCK) to regulate downstream
signals.84 (Fig. 1b).

Wnt/calcium (Ca2+) signaling pathway. Wnt/Ca2+ signaling
pathway is another non-canonical (β-catenin-independent)
Wnt signaling pathway that was initially identified in X. laevis
and zebrafish.85 This pathway functions as a key mediator in
development86,87 and is involved in physiological (e.g., hema-
topoiesis, neuronal excitability, neuron regeneration) and
pathological (e.g., inflammation, neurodegeneration, and can-
cer) processes.88–92 In Wnt/Ca2+ signaling pathway, the binding
of Wnts to Fzd mediates the activation of a G protein. In turn, the
G protein activates phospholipase C (PLC), leading to the
generation of inositol 1,4,5-triphosphate (IP3) and diacylglycerol
(DAG) which increases intracellular Ca2+ concentration. More-
over, Wnt/Fzd additionally activates cGMP (cyclic guanosine
monophosphate) - specific phosphodiesterase 6 (PDE6), result-
ing in a decrease of cellular cGMP and the inactivated protein
kinase G (PKG), which in turn increases intracellular Ca2+

concentration. The Ca2+ activates calcium calmodulin-
dependent protein kinase II (CaMKII), calcineurin, or protein
kinase C (PKC), which further activates various transcription
factors (NF-κB (nuclear factor κB), NFAT (nuclear factor
associated with T cells) and CREB (cAMP-responsive element-
binding protein)) that regulate downstream gene expres-
sion90,93 (Fig. 1b). Notably, the Wnt/Ca2+ signaling and Wnt/
β-catenin are coupled in cells, which challenges the canonical
and non-canonical categorization of Wnt signaling.94,95

For both the canonical and non-canonical Wnt signaling
transduction, the Dvl proteins are involved in and regarded as
the hub of Wnt signaling.96 In the canonical Wnt signaling
pathway, Dvl is recruited by the receptor Fzd and prevents the
phosphorylation and degradation of cytosolic β-catenin. In the
non-canonical Wnt/PCP signaling pathway, Dvl functions via the
DAAM-RhoA axis and the Rac1 axis. In the non-canonical Wnt/
Ca2+ signaling pathway, Dvl signals through the PLC or PDE6 to
induce the downstream Ca2+ signaling.

Activators/agonists of Wnt signaling
Besides Wnts, there are additional described proteins known to
activate Wnt signaling, including R-spondin (RSpo) proteins97 and
Norrin proteins,98–100 two different families of growth factors. In
addition, microtubule actin crosslinking factor 1 (MACF1), a
versatile spectraplakin101 and FOXB2, an uncharacterized forkhead
box family transcription factor, are demonstrated as potent
activators to promote Wnt signaling102,103 (Fig. 2a, Table 1).

R-Spondin (RSpo)
The R-spondin (RSpo) is a family of cysteine-rich secretory
proteins. There are four members, RSpo1, RSpo2, RSpo3, and
RSpo4, who show an overall similarity of 40%–60% sequence
homology and structural homologies.104 All four RSpos are
composed of an N-terminal signal peptide, two furin-like CRDs,
one thrombospondin type I domain, and a C-terminal basic acid-
rich domain. All RSpos are demonstrated as activators of the
Wnt signaling pathway, showing that RSpo2 and RSpo3 are
more potent than RSpo1, while RSpo4 is relatively inactive.105,106

The RSpos synergize with Wnts and require the presence of
Wnts and LRP6 to activate Wnt/β-catenin signal transduc-
tion.105–108 The activation effect of RSpos on Wnt/β-catenin
signaling is implemented by interfering with Dickkopf1 (Dkk1)-

mediated LRP6 and Kremen association.105,106 In addition,
RSpo3 interacts with Fzd8 and LRP6 to enhance Wnt signal-
ing.107 Recent evidence demonstrates that the leucine-rich
repeat-containing G-protein-coupled receptor 4/5/6 (LGR4/5/6)
functions as a receptor of RSpos to potentiate Wnt/β-catenin
signaling.109,110 The RSpo/LGR5 complex functions by neutraliz-
ing ring finger 43 (Rnf43) and zinc and ring finger 3 (Znrf3), two
transmembrane E3 ligases that function as negative feedback
regulators of Wnt signaling by removing Wnt receptors Fzd and
LRP6 on the cell surface.111 The interaction between RSpos and
LGR4/5/6 is mediated by the furin-like CRD of RSpos.110,112

Besides the Wnt/β-catenin signaling pathway, RSpos also
modulate the non-canonical Wnt signaling pathway. RSpo3
promotes the Wnt/PCP signaling pathway113 while RSpo1
inhibits the non-canonical Wnt7a/Fzd7/Rac1 signaling path-
way.114 RSpo2 suppresses Wnt5a/Fzd7-driven non-canonical
Wnt signaling pathway115 while RSpo3 activates the non-
canonical Wnt/Ca2+/NFAT signaling pathway.116 These differ-
ences may be due to the different components of non-canonical
signaling pathways.

Norrin
Norrin is a small, highly conserved secreted signaling molecule
that exhibits a cystine-knot motif and functions as an atypical Wnt
ligand by forming complex with Fzd4 and LRP5/6.100,117 Norrin
specifically binds to Fzd4 with high affinity and activates the Wnt/
β-catenin signaling pathway in a LRP5/6-dependent manner.98,118

Although showing similarity with Wnt in activating the Wnt/
β-catenin signaling pathway, the structure of Norrin is completely
different from Wnt. The Norrin structure contains a cystine-knot
motif and forms a homodimer via intermolecular disulfide
bonds.119 Moreover, Norrin is not lipid-modified like Wnt. The
crystal structure analysis of the Fzd4CRD-Norrin complex reveals
the specific interaction between Norrin and Fzd4 via the CRD of
Fzd4.119 More recently, Bang et al. evaluated the conformational
change of Fzd4 upon Norrin binding and demonstrated that the
linker domain (the region between CRD and transmembrane
domain) of Fzd4 is responsible for its tight binding to Norrin rather
than CRD.120 Therefore, Norrin functions as an activator of Wnt
signaling through binding to Fzd4.

Microtubule actin crosslinking factor 1 (MACF1)
MACF1 was first discovered as a member of the actin crosslinker
superfamily and named actin crosslinking factor 7 (ACF7).121

Subsequent studies reveal the association of ACF7 with both
actin and microtubules (MTs), thus renaming it MACF/
MACF1.122 As a versatile spectraplakin, MACF1 is widely
involved in multiple cellular processes (e.g., cell migration,
proliferation, and differentiation), embryo development, tissue
homeostasis, and disease.101,123 Given the similar phenotype of
MACF1−/− embryo and Wnt3−/− and LRP5/6 double-knockout
embryos,47,124 which lacks the primitive streak, node, and
mesoderm, a relationship between MACF1 and Wnt signaling
was indicated. Chen et al. firstly reported that the reduction of
MACF1 resulted in the suppression of Wnt-induced TCF/
β-catenin-dependent transcriptional activation, suggesting a
positive role of MACF1 in regulating Wnt/β-catenin signaling.102

They demonstrated that MACF1 positively regulated the Wnt/
β-catenin signaling by translocating the Axin complex (Axin,
β-catenin, and GSK3β) from cytoplasm to cell membrane, where
GSK3β was inactivated by phosphorylation and β-catenin was
released and entered into the nucleus to activate target
genes.102 Similarly, we found that MACF1 played a positive
role in increasing β-catenin level in osteoblasts, facilitating
β-catenin translocation into the nucleus and increasing its
transcription activity by phosphorylating GSK3β.125,126 There-
fore, MACF1 can be considered a novel activator for Wnt/
β-catenin signaling.
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FOXB2
FOXB2, an uncharacterized forkhead-box family transcription
factor, was recently identified as a potent activator of Wnt
signaling in normal and cancer cells by Moparthi et al.103 They
found that FOXB2 induced multiple Wnt ligands, including
Wnt7b, to increase TCF/LEF-dependent transcription without
activating Wnt co-receptor LRP6 or β-catenin. Several

transcription regulators, including YY1, JUN, and DDX5, act as
cofactors in FOXB2-dependent Wnt signaling. Moreover,
Moparthi et al. found that FOXB2-controlled Wnt signaling
was induced in the neuroendocrine differentiation of prostate
cancer cells, implicating FOXB2 expression in advanced
prostate cancer. Their findings suggest that FOXB2 is a tissue-
specific Wnt activator.103
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mimic of Wnts, specifically binds to Fzd4 with high affinity and activates the Wnt/β-catenin signaling pathway in a LRP5/6-dependent manner.
MACF1 promotes Wnt/β-catenin signaling by translocating the Axin complex (Axin, β-catenin, and GSK3β) from cytoplasm to cell membrane,
where GSK3β is inactivated by phosphorylation and β-catenin is released and enters the nucleus to activate target genes. FOXB2 interacts with
multiprotein transcriptional complex to induce multiple Wnt ligands, including Wnt1 and Wnt7b to increase TCF/LEF-dependent transcription.
b Inhibitors/antagonists of Wnt signaling. Sclerostin, DKK and Wise bind to LRP5/6 to interfere with the binding between LRP5/6 and Fzd to
inhibit Wnt signaling. Krm1 and Krm2 (Krm1/2) cooperate with Dkks to form a complex with LRP6 and inhibit the Wnt signaling. Wise also
binds to LRP4 to inhibit Wnt/β-catenin signaling. sFRPs, WIF-1 and Cerberus inhibit Wnt signaling by interacting with Wnts. IGFBP-4 binds to
both Fzd and LRP6 to antagonize Wnt signaling. Bighead, Tiki, Waif1/5T4, and APCDD1 prevent ligand–receptor interaction to antagonize Wnt
signaling. Shisa impairs Fzd maturation to inhibit Wnt signaling
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Inhibitors/antagonists of Wnt signaling
There exists both secreted and transmembrane Wnt signaling
inhibitors/antagonists127 (Fig. 2b, Table 1). The secreted inhibitors
mainly contain six families, including the Dkk family of
proteins,128,129 secreted Frizzled related proteins (sFRPs),130 Wnt
inhibitory factor 1 (WIF-1),131 Wise, Sclerostin (SOST),132,133 insulin-
like growth factor binding protein 4 (IGFBP-4),134 and Cerberus.135

Additionally, Bighead, a secreted protein, was identified as a novel
Wnt inhibitor.136 The transmembrane inhibitors mainly contain
Shisa proteins,137 Tiki1,138 Wnt-activated inhibitory factor 1 (Waif1/
5T4),139 and adenomatosis polyposis coli down-regulated 1
(APCDD1).140 These factors antagonize Wnt signaling by prevent-
ing ligand-receptor interactions or Wnt receptor maturation (Fig.
2b, Table 1).

Secreted inhibitors/antagonists of Wnt signaling
Dickkopf (Dkk) family. The Dkk family of cysteine-rich secretory
proteins are well-characterized inhibitors for Wnt signaling. Since
the discovery of Dkk1,141 4 main members (Dkk1, Dkk2, Dkk3, and
Dkk4) were identified in the Dkk family.142 They specifically inhibit
the Wnt/β-catenin signaling pathway. Dkk1, Dkk2, and Dkk4 bind
to LRP5/6 to disrupt the Fzd-LRP5/6 complex formation, thus
inhibiting Wnt signaling,129,143,144 while Dkk3 does not bind to

LRP5 or LRP6 and does not affect Wnt signaling.129 Besides LRP5/6,
Dkks also bind to Kremen (Krm) proteins (Krm1 and Krm2), which
are single-pass transmembrane receptors. Krms greatly enhance
the inhibitory ability of Dkks on Wnt signaling.145 Krm1 and Krm2
cooperate with Dkk1 to form a complex with LRP6 and inhibit the
Wnt-Fzd-LRP6 function.145 However, the study of Krm1−/−/Krm2−/−

double-mutant mice demonstrates that Krms is not completely
required for Dkk1 function,146 suggesting that the inhibitory effect
of Dkk1 on Wnt-LRP6 interaction may be sufficient to suppress Wnt
signaling. Notably, Dkk2 acts not only as an inhibitor but also as an
activator for Wnt signaling depending on the cellular context. In
Xenopus embryos, Dkk2 synergizes with Fzd receptor147 or
interacts with LRP6148 to activate rather than inhibit the Wnt/
β-catenin signaling pathway. However, Dkk2 inhibits the Wnt/
β-catenin signaling pathway in HEK293T cells.147 This dual role of
Dkk2 may be modulated by the Krm2, which converts Dkk2 from
an agonist to an antagonist of LRP6.149

Secreted Frizzled-related proteins (sFRPs). The sFRPs, the largest
family of Wnt inhibitors, resemble the ligand-binding CRD found
in the Fzds of Wnt receptors.150 The first sFRP member, Fzdb
(Frizzled motif associated with bone development), was discov-
ered as a chondrogenic factor151 and was subsequently shown as

Table 1. Activators/agonists and inhibitors/antagonists of Wnt signaling

Category Name/Family Name Type Main Action Mechanism Key Reference

Activators/agonists RSpos Secretory 1. Synergize with Wnts
2. Interfere DKK1 action
3. Interact with Fzd8 and LRP6
4. Bind to LGR4/5/6

105–111

Activators/agonists Norrin Secretory Bind to Fzd4 to activate Wnt/β-catenin signaling pathway in a
LRP5/6-dependent manner

98,118–120

Activators/agonists MACF1 Non-secretory Translocating the Axin complex (Axin, β-catenin, and GSK3β) from
cytoplasm to cell membrane, facilitating β-catenin translocation
into nucleus by phosphorylating GSK3β

102,125

Activators/agonists FOXB2 Non-secretory Induce multiple Wnt ligands to increase TCF/LEF-dependent
transcription

103

Inhibitors/antagonists DKK (Dkk1-Dkk4) Secretory 1. Bind to the LRP5/6 to disrupt the Fzd-LRP5/6 complex formation
2. Bind to Krm1 and Krm2 to form complex with LRP6 to inhibit
Wnt-Fzd-Lrp6 function

129,143–145

Inhibitors/antagonists sFRPs (sFRP1- sFRP5) Secretory Bind to Wnts and prevent the interaction of Wnts and their
receptors

127,152

Inhibitors/antagonists WIF-1 Secretory Bind to and sequester Wnts 131,160

Inhibitors/antagonists Sclerostin Secretory Bind to Wnt co-receptors LRP5 and LRP6 and disrupt the formation
of Wnt-receptor complex

133,164,165

Inhibitors/antagonists Wise Secretory Bind to LRP5, LRP6, or LRP4 132,168,169

Inhibitors/antagonists IGFBP-4 Secretory Bind to both Fzd and LRP6 134

Inhibitors/antagonists Cerberus Secretory Through proteolysis 135

Inhibitors/antagonists Bighead Secretory Induce LRP6 endocytosis and lysosomal degradation 136

Inhibitors/antagonists Shisa Transmembrane Physically interact with immature forms of Fzd within the ER to
impair Fzd maturation

137,178

Inhibitors/antagonists Tiki1 Transmembrane Cleave eight amino-terminal residues of a Wnt and impair the
receptor binding capacity of Wnt

138

Inhibitors/antagonists Waif1/5T4 Transmembrane 1. Modify LRP6 subcellular localization
2. Structurally, Tyr325 plus the LRR1 surface centered on a second
exposed aromatic residue, Phe97, are essential for inhibition of
Wnt/β-catenin signaling

139,180

Inhibitors/antagonists APCDD1 Transmembrane Physically interact with Wnt3a and LRP5, and impair the formation
of Wnt receptor complex

140

APCDD1 adenomatosis polyposis coli down-regulated 1, DKK Dickkopf, ER endoplasmic reticulum, Fzd frizzled, GSK3β glycogen synthase kinase 3β, IGFBP
insulin-like growth factor binding protein, Krm Kremen, LGR leucine-rich repeat-containing G-protein-coupled receptor, LRP low-density lipoprotein receptor-
related protein, LRR leucine-rich repeats, MACF1 microtubule actin crosslinking factor 1, RSpo R-spondin, sFRP secreted Frizzled related protein, TCF/LEF T-cell
factor/lymphoid enhancer binding factor, Waif1 Wnt-activated inhibitory factor 1, WIF Wnt inhibitory factor
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a Wnt antagonist.152 Subsequently, other sFRPs were identified.153

In humans, there are five members in the sFRP family, including
sFRP1, sFRP2, sFRP3, sFRP4, and sFRP5.150 Sharing sequence
similarity with CRDs of Fzds, sFRPs directly bind to Wnts,
preventing the interaction of Wnts and their receptors, and thus
inhibiting Wnt signaling.127,152 sFRPs are demonstrated to inhibit
both canonical Wnt signaling and non-canonical Wnt/PCP
signaling.154,155 However, Holly et al. demonstrated that sFRP
proteins functioned as facilitators of Wnt signaling within the
dorsal retina.156 Further investigation of sFRP1 by Xavier et al.
showed that sFRP1 either inhibited or enhanced Wnt3a/β-catenin
signaling, depending on its concentration and the specific cellular
context.157

Wnt inhibitory factor 1 (WIF-1). Similar to sFRPs, WIF-1 is a
secreted inhibitor for Wnt signaling by directly binding to and
sequestering Wnts.131 WIF-1 is composed of an N-terminal
secretion signal sequence, a unique and highly conserved WIF
domain, five epidermal growth factor (EGF)-like repeats, and a
hydrophilic C-terminal domain. The WIF domain is responsible for
the binding of WIF-1 to Wnts. Moreover, the crystal structure
analysis of human WIF-1 in combination with biophysical and
cellular assays reveals that Wnts bind to both the WIF domain and
the EGF-like domains of WIF-1.131 By binding to both types of
Wnts and sequestering them, WIF-1 suppresses both canonical
and non-canonical Wnt signaling.158–160

Sclerostin (SOST). Sclerostin is the product of the Sost/SOST gene
that is localized to human chromosome region 17q12-q21.161 It is
an osteocyte-expressed glycoprotein.162 Sclerostin was first
considered as an antagonist of bone morphogenetic protein
(BMP) signaling due to its competition with type I and type II BMP
receptors for binding to BMPs and decreased BMP signaling.163

However, subsequent studies demonstrate that it is also an
antagonist/inhibitor of Wnt signaling by binding to Wnt co-
receptors LRP5 and LRP6, thereby disrupting the formation of the
Wnt-receptor complex.133,164,165 In addition, LRP4, another LRP
family member, facilitates the inhibitory action of sclerostin on
Wnt signaling.166 Evidence shows that the suppressive action of
sclerostin on Wnt signaling transduction occurs in both osteo-
blasts and osteocytes in both paracrine and autocrine manner.167

Wise. Wise, also refered as sclerostin domain containing 1,
Ectodin, and uterine sensitization-associated gene-1, is a secreted
factor that was identified by a functional screen for novel factors
with the potential to alter the anteroposterior character of
neutralized Xenopus animal caps.132 In Xenopus, Wise either
inhibits or activates Wnt signaling in different assays, suggesting
it as a context-dependent regulator of Wnt signaling.132 By sharing
38% amino acid identity with sclerostin, Wise also inhibits Wnt
signaling by binding to LRP5 or LRP6.168 Moreover, Wise binds to
LRP4 to inhibit Wnt/β-catenin signaling.169

IGFBP-4. IGFBP-4 is a member of the family of IGFBPs that
regulate numerous cellular processes by modulating the actions
of insulin-like growth factors.170 IGFBP-4 was identified as an
inhibitor of canonical Wnt signaling required for cardiogenesis.134

It inhibits Wnt signaling by binding to both Fzd and LRP6.134

Interestingly, both IGFBP-4 and Dkk1 are inhibitors of canonical
Wnt signaling and are crucial for heart development, but they
play opposing roles in cardiac ischemia by differentially targeting
LRP5/6 and β-catenin.171 IGFBP-4 protects the ischemic heart by
inhibiting β-catenin while Dkk1 enhances the injury response by
inducing LRP5/6 endocytosis and degradation.171 Moreover,
IGFBP-4 activates canonical Wnt signaling in human renal cell
carcinoma.172 These different findings on the role of IGFBP-4 in
modulating Wnt signaling may be dependent on the cellular
context.

Cerberus. Cerberus was discovered in Xenopus as a head-
inducing secreted factor that is expressed in the anterior
endoderm of Spemann’s organizer173 and was identified as a
multifunctional inhibitor of Nodal, BMP, and Wnt signaling.135,174

Subsequently, Cerberus-like proteins were identified in other
vertebrates (e.g., mouse, chick, zebrafish) and grouped in the
Cerberus/Dan family, showing key roles in the regulation and
generation of asymmetries in the early embryo.175 Furthermore,
Cerberus also contains a cystine-knot domain. However, proteo-
lytically processed isoforms of Xenopus Cerberus that still contain
the cystine-knot domain cannot bind to Wnt8, suggesting that the
inhibitory ability of Cerberus on Wnt signaling might be regulated
by proteolysis.135

Bighead. Like Cerberus, Bighead was also screened in the
Spemann organizer as a secreted protein and identified as a
novel inhibitor of Wnt signaling by causing LRP6 endocytosis and
lysosomal degradation.136 Bighead overexpression within
embryos leads to the development of larger fetal heads, while
its deficiency reduces head development by regulating Wnt
signaling.136,176 As a novel Wnt inhibitor, the role of Bighead in
modulating Wnt signaling needs further investigation.

Transmembrane inhibitors/antagonists of Wnt signaling
Shisa proteins. Shisa proteins compose a big family that consists
of nine subfamilies in vertebrates at present.177 Shisa proteins are
characterized by an N-terminal cysteine-rich domain and a
proline-rich C-terminal region and are a novel family of
modulators of both Wnt and FGF signaling. Xenopus Shisa
(Xenopus Shisa 1), the founding member of the Shisa family, was
first identified as a novel antagonist of Wnt signaling for head
formation by Yamamoto et al.137 Thereafter, Xenopus Shisa 2 was
demonstrated to inhibit Wnt signaling.178 Moreover, mShisa, a
mouse homolog of Xenopus Shisa 1, also antagonizes Wnt
signaling.179 Shisa proteins inhibit Wnt signaling by physically
interacting with immature forms of Fzd within the endoplasmic
reticulum to impair Fzd maturation.137,178

Tiki1. Tiki1 is another transmembrane Wnt antagonist that is
identified by functional cDNA screening as a Spemann-Mangold
Organizer-specific gene required for anterior development.138 It
antagonizes Wnt function by acting as a protease to cleave eight
amino-terminal residues of a Wnt, leading to oxidized Wnt
oligomers that exhibit impaired receptor-binding capability.138

Wnt-activated inhibitory factor 1 (Waif1/5T4). Waif1/5T4 is a
single-pass transmembrane protein with eight leucine-rich repeats
(LRRs) in the extracellular region and Waif1a was recently
identified as a transcriptional target of Wnt/β-catenin signaling
in zebrafish embryos.139 Moreover, Waif1 acts as an antagonist of
Wnt8-mediated β-catenin signaling by controlling LRP6 availabil-
ity, while activating non-canonical Wnt/PCP Wnt signaling through
enhancing a non-canonical function of DKK1.139 Zhao et al.
identified the crystal structures of the extracellular domain of
Waif1/5T4, which reveal a highly glycosylated rigid core contain-
ing eight LRRs.180 Besides, they suggested that Tyr325 plus the
LRR1 surface centered on a second exposed aromatic residue,
Phe97, are essential for the inhibition of Wnt/β-catenin
signaling.180

Adenomatosis polyposis coli down-regulated 1 (APCDD1). APCDD1
is a novel inhibitor of Wnt signaling identified by Shimomura et al.
when studying hereditary hypotrichosis simplex.140 It is a
membrane-bound glycoprotein and is abundant in human hair
follicles. APCDD1 is shown to inhibit Wnt signaling by physically
interacting with Wnt3a and LRP5, which impairs the formation of
the Wnt receptor complex.140 Being broadly expressed in various
tissues and cell types, APCDD1 plays important roles in other Wnt-
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regulated biological processes, and further coordinates vascular
pruning and barrier maturation by precisely modulating Wnt/
Norrin signaling activity.181 Moreover, APCDD1 promotes adipo-
genic differentiation by inhibiting Wnt signaling182 but maintains
the expression and activation of β-catenin during the osteogenic
differentiation of human dental follicle cells.183 These contrary
findings suggest that APCDD1 may regulate Wnt signaling
depending on the cellular context.

Interaction of the Wnt signaling pathway with other signaling
pathways
As a versatile signaling pathway, Wnt signaling pathway interacts
with multiple other signaling pathways such as Notch, Hedgehog,
transforming growth factor β (TGF-β)/BMP, parathyroid hormone
(PTH), and estrogen signaling pathways (Fig. 3).

Wnt signaling and Notch signaling. The Notch signaling pathway
is a highly conserved pathway that is important in controlling cell
function and tissue homeostasis. Both Notch signaling and Wnt
signaling are found in all multicellular animals and they represent
two major pathways in controlling cell behavior during develop-
ment. Therefore, a strong interaction between Wnt signaling and
Notch signaling is supposed. The interaction between these two
signaling pathways was initially reported in the context of
development.184 Furthermore, increasing evidence demonstrates
the strong interaction between Wnt and Notch signaling path-
ways.185,186 β-catenin activates Notch signaling by targeting
Jagged 1, the Notch ligand, indicating that the Notch pathway
is downstream of the Wnt/β-catenin pathway.187,188 In contrast,
Notch negatively regulates β-catenin stability.189 Moreover,
components of Wnt signaling including GSK3β and Dvl play key

roles in Notch signaling by modulating the Notch intracellular
domain.185

Wnt signaling and Hedgehog signaling. The Hedgehog signaling
pathway shows critical roles in both physiological and patholo-
gical processes.190 There are three vertebrate Hedgehog homo-
logs, including Sonic Hedgehog (Shh), Desert Hedgehog (Dhh),
and Indian Hedgehog (Ihh). Shh mainly functions in neuronal
development,191 Dhh exerts its main role in the gonads,192 while
Ihh is important for skeletal development.193 Similar to Wnt
signaling, Hedgehog signaling also plays a key role throughout
embryonic development. Therefore, the interaction between
Hedgehog and Wnt signaling pathways shows profound physio-
logical effects, such as regulating embryogenesis, tumorigenicity,
and blood-brain barrier development.194,195 sFRP1, an inhibitor of
Wnt signaling, is an important cross-point between Wnt signaling
and Hedgehog signaling.194 Hedgehog signaling negatively
regulates Wnt signaling by activating sFRP1 expression, while
Wnt signaling inhibits Hedgehog signaling through regulating the
expression of glioma-associated oncogene homolog 3 (Gli3), the
main repressor of Hedgehog signaling.194

Wnt signaling and TGF-β/BMP signaling. The TGF-β superfamily is
composed of more than 40 members, including TGF-βs (TGF-β1,
TGF-β2, and TGF-β3), BMPs (14 BMPs), and activins and growth
differentiation factors.196 These members are involved in two
main pathways, the TGF-β signaling pathway, and the BMP
signaling pathway. Like Wnt signaling, TGF-β signaling also
regulates cell fate and proliferation during development and
tissue maintenance. Therefore, the interaction between the TGF-β/
BMP and Wnt pathways is the focus of many studies. Throughout
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Fig. 3 The interaction of Wnt signaling pathway with other signaling pathways. Wnt signaling interacts with Notch signaling pathway.
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an animal’s lifespan, the two pathways are interconnected, and
they interact at many stages of the signal transduction pathway,
including at the extracellular, cytoplasmic, and nuclear levels.197

Extracellularly, TGF-β/BMP and Wnt regulate the production of
their respective ligands in a reciprocal manner. In the cytoplasm,
there are interactions between the components of these signaling
pathways, such as Dvl-1 and Smad1 interaction.198 Moreover, Dvl
is targeted for degradation by Smurf2 (SMAD ubiquitination
regulatory factor 2), which is a regulator of TGF-β/BMP signaling
pathway. Conversely, Dvl activates Smurf2 to allow Smurf2
ubiquitinate the substrates from Wnt/PCP pathway and TGF-β/
BMP pathway.199 In the nucleus, these signaling pathways interact
to regulate a variety of shared target genes synergistically.197

Numerous studies demonstrate the interaction between TGF-β/
BMP signaling and Wnt signaling in patterning the mesoderm, cell
differentiation, and tissue development.200–202

Wnt signaling and PTH signaling. PTH (parathyroid hormone) is
an 84-amino-acid polypeptide hormone and is essential in
regulating calcium homeostasis. As a major regulator of bone
remodeling, PTH interacts with the Wnt signaling pathway.203

Studies reveal that PTH induces osteoblast differentiation by
regulating Wnt/β-catenin signaling, while Wnt/β-catenin signaling
regulates chondrocyte differentiation via PTH.204 PTH shows
increased effects on the expression of Wnts and decreased effects
on inhibitors of Wnt signaling, such as sclerostin, DKK1, and
sFRP1.205,206 Evidences demonstrate that PTH inhibits sclerostin
expression in osteocytes by promoting nuclear accumulation of
histone deacetylases to repress myocyte enhancer factor 2 type C
(MEF2C)-dependent Sost enhancer.207–209 Furthermore, Li et al.
showed that LRP6 was required for PTH suppression of Sost
expression through MEF2C.210 Moreover, PTH exhibits a regulatory
effect on the expression of Wnt signaling components, such as
LRP5, LRP6, FZD-1, β-catenin, and TCF/LEF.211 Furthermore, Wnt/
β-catenin signaling also exhibits a regulatory effect on PTH
signaling. Wnt/β-catenin signaling inhibits parathyroid hormone-
related protein (PTHrP) signaling activity.212

Wnt signaling and estrogen signaling. Estrogens are the main
female sex steroids that control many cellular processes, such as
cell proliferation and differentiation. Estrogens exert their
biological actions by binding to one of two specific estrogen
receptors (ERs) ERα and ERβ.213 As a key regulator of bone mass,
estrogen deficiency is one main cause of osteoporosis. Evidence
indicates that estrogen levels are inversely associated with the
production of sclerostin, an antagonist of Wnt signaling, suggest-
ing the interaction between Wnt signaling and estrogen signal-
ing.214 Kim et al. found that estrogen 17β-Estradiol (E2)
suppressed the SOST expression induced by BMP2, but increases
the expression and activation levels of β-catenin in osteoblasts.215

ERα antagonist abolishes the effect of E2 on SOST expression,
demonstrating that estrogen signaling in osteoblasts negatively
regulates SOST expression.215 In addition, ERα is requisite for the
effectiveness of Wnt/β-catenin signaling contributing to bone cell
early response to mechanical strain.216 ER and Wnt signaling
interacts to regulate bone mass adaption in response to
mechanical loading.217,218 However, Galea et al. reported that
the inhibitory effect of estrogen signaling on Sost expression in
osteoblasts was mediated by ERβ but not ERα.219 This contrary
result with Kim’s finding may be due to the different cell type
adopted in experiments. Recently, Suthon et al. found that
17β-Estradiol (E2) suppressed WNT5B expression through its
receptor ERα binding at the enhancer containing single-
nucleotide polymorphism (SNP) rs2887571.220 As WNT5B sup-
presses osteoblast differentiation via ROR1/2, which inhibits
β-catenin activity, the above findings demonstrate that estrogen
promotes osteoblast differentiation by activating Wnt/β-catenin
signaling.220

WNT SIGNALING IN BONE FORMATION AND HOMEOSTASIS
Bone is a rigid organ that provides support and physical
protection to various organs, and stores minerals for the body.
Bone is formed through two major ways, either intramembranous
ossification or endochondral ossification.221 Intramembranous
ossification is responsible for the formation of flat bone and is
initiated by the condensation of mesenchymal stem cells (MSCs).
The MSCs differentiate into osteoblasts that secrete osteoid matrix
and further differentiate into osteocytes.221 Endochondral ossifica-
tion occurs in the formation of long bone and begins with the
MSCs condensation. As opposed to intramembranous ossification,
endochondral ossification begins with a deposited cartilaginous
template that is later replaced by bone formation.222 In adult
bone, bone homeostasis is maintained by the intricate balancing
of bone remodeling, bone formation conducted by osteoblasts,
and bone resorption conducted by osteoclasts. Disruption of this
balance results in bone diseases, such as osteoporosis and
osteopetrosis.
The first connection between the Wnt signaling pathway and

skeletal development was demonstrated in 1994 when Takada
et al. found that Wnt3a-deficient mouse embryos exhibited axial
defects.223 Additionally, studies of various mouse models reveal
that abnormality of the components within Wnt signaling causes
bone defects (reviewed by refs.,204,224 Table 2). Wnt signaling
regulates bone development and maintains bone homeostasis by
regulating the functions of bone cells, mainly including bone
marrow mesenchymal stem cells (BM-MSCs), osteoblasts, osteo-
clasts, and osteocytes (Fig. 4).

Wnt signaling in bone marrow mesenchymal stem cells (BM-MSCs)
BM-MSCs are MSCs residing in the bone marrow. As the common
origins of osteoblasts, adipocytes, and chondrocytes, the tightly
controlled lineage commitment of BM-MSCs is crucial in the
maintenance of bone formation and homeostasis. The alteration
of the commitment of BM-MSCs to osteoblasts and adipocytes
occurs in bone pathological conditions, such as osteoporosis.225,226

Among the numerous signaling pathways involved in regulat-
ing the lineage commitment of BM-MSCs (BMP, Hedgehog, Notch,
Wnt), Wnt signaling inhibits BM-MSC’s commitment to the
adipogenic and chondrogenic lineages while promoting their
differentiation into the osteoblasts.227–229 Wnt3a-induced canoni-
cal Wnt signaling stimulates osteogenic differentiation of MSCs by
activating transcriptional co-activator with PDZ-binding motif
(TAZ), which is a key transcriptional modulator of MSC differentia-
tion.230,231 Furthermore, Wnt3a also enhances osteoblast differ-
entiation and suppresses adipocyte differentiation of human BM-
MSCs via non-canonical JNK signaling.232 Wnt3a and Wnt7b also
promotes osteogenic differentiation and bone formation via
PKCδ-mediated non-canonical Wnt signaling.233 The non-
canonical Wnt5a suppresses PPARγ activation to suppress
adipogenic differentiation and promote the osteogenic differen-
tiation of MSCs234 and also induces osteoblast differentiation of
BMSCs under mechanical stimulation.235 Wnt5a also shows
promotion effect on chondrogenesis of MSCs by activating non-
canonical Wnt signaling, such as Wnt/Ca2+ signaling path-
way.236,237 Recently, Wnt7a shows the role to promote osteogenic
differentiation of human MSCs by increasing Runx2 expression,
which is mechanistically conducted by Wnt7a to promote the
binding of TCF1 to the Runx2 promoter.238 Wnt10b enhances
osteoblastogenesis and suppresses adipogenesis of mesenchymal
progenitors, thus increasing bone formation and bone mass.239

The further study demonstrates that Wnt10b shifts mesenchymal
cells toward osteoblasts, rather than adipocytes, by increasing the
expression of osteogenic transcription factors (runt-related
transcription factor 2 (Runx2), Dlx5, and Osterix) and suppressing
the expression of adipogenic transcription factors (C/EBPα and
PPARγ).239,240 Conversely, Wnt10b deficiency decreases mesench-
ymal progenitor activity and number, resulting in bone loss.241 In
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Table 2. Bone phenotypes in mouse model carrying genetic modifications of Wnt signaling components

Gene Loss or Gain of Function/Method/Cre line Phenotype Key
Reference

Functional Group: Wnt ligands

Wnt3 Loss of function/cKO/RARβ-Cre or Msx2-Cre Wnt3n/c; RARCre mutant mice display defects only in the
forelimb (RARβ-Cre) with variable severity. Wnt3n/c; Msx2Cre
mutant mice exhibit defective hindlimbs with variable severity.

453

Wnt3a Loss of function/KO/Germline Homozygotes show absent somites for forelimb at 9.5 dpc
and show embryonic lethality between 10.5 and 12.5 dpc
(days postcoitum).

223

Wnt4 Loss of function/KO/Germline Enhance synovial chondroid metaplasia in some joints with
concomitant loss of Wnt9a. Suppress chondrogenic potential.

454

Wnt4 Gain of function/Transgene/Col2α1-Cre Dwarfism with decreased bone formation, increased
hypertrophic chondrocytes, and normal BMD.

455

Wnt5a Loss of function/KO/Germline Homozygotes show perinatal lethality. Truncation of the
proximal skeleton and absence of distal digits. Delayed
chondrocyte hypertrophy and skeletal ossification. Delayed
osteoblast differentiation.

456,457

Wnt5a Gain of function/Transgene/Col2α1 transgenic vector Severe skeletal defects. Short skeletal elements in the limb
and delayed ossification. Thick cartilage and delayed
chondrocyte hypertrophy. Delayed chondrocyte
differentiation and proliferation.

457

Wnt5b Gain of function/Transgene/Col2α1 transgenic vector Similar phenotype with Wnt5a (Col2α1) transgenic mice.
Delayed chondrocyte hypertrophy and reduced bone
ossification. Open skull. Delayed chondrocyte differentiation,
but increased chondrocyte proliferation.

457

Wnt7a Loss of function/KO/Germline Loss of posterior skeletal elements in mutant limbs. 458

Wnt7b Loss of function/cKO/Dermo-Cre Wnt7b mutant mice were viable. Bone development defects.
Diminution in ossification. Less bone in mouse embryos. Delayed
maturation of chondrocyte and osteoblast differentiation.

233

Wnt8 Gain of function/Transgene/human β-actin promoter Duplicated axes or a severely dorsalised phenotype. 459

Wnt9a/Wnt14 Loss of function/KO or cKO/Germline or Prx1-Cre Homozygotes die at birth displaying partial joint fusions of
carpal and tarsal elements and chondroid metaplasia in
synovial and fibrous joints. Reduction of the length of
appendicular long bones and the size of the mineralized
regions. Ectopic cartilage nodules present within the midline
sutures. Fusions of major joints.

454

Wnt9a/Wnt14 Gain of function/Transgene/Col2αl promoter/enhancer Homozygotes die around 16.5 dpc. Short limbs. Reduced
cartilage formation and endochondral ossification. Fused joints.

460

Wnt9b Loss of function/cKO/CMV-Cre Homozygotes die within 24 h of birth. No obvious difference
in the dimension of the skull. Developmental defects of the
upper jaw skeleton.

461,462

Wnt10b Loss of function/KO/Germline Decreased trabecular bone mass and serum osteocalcin. Age-
dependent loss of bone mass. Osteopenia and reduction of
osteoprogenitors. Reduced bone formation.

239,241,463

Wnt10b Gain of function/Transgene/osteocalcin promoter Increased mandibular bone and impaired eruption of incisors
during postnatal development. High bone mass. Increased
bone formation caused by increases in osteoblast number per
bone surface, rate of mineral apposition, and percent
mineralizing surface.

463

Wnt10b Gain of function/Transgene/FABP4-promoter Increased bone mass and strength. Resistance to the loss of
bone that occurs with aging or estrogen deficiency.

239

Wnt16 Loss of function/KO/Germline Thinner bone cortices, reduced bone strength and increase
risk of fracture.

338

Functional Group: Wnt receptors

Fzd8 Loss of function/KO/Germline Osteopenia with normal bone formation and increased
osteoclastogenesis. Reduction of the trabecular bone volume.

321

Fzd9 Loss of function/KO/Germline Osteopenia caused by decreased bone formation. Low
trabecular number. Normal osteoclast activity.

258

Lrp4 Loss of function/KO/Germline Penetrant polysyndactyly in fore and hind limbs, and partially
penetrant abnormalities of tooth development. Fused digital
cartilage. Shortened total femur length, reduced cortical
femoral perimeter, and reduced total femur BMC and BMD.
Reduced Lumbar spine trabecular BV/TV. Increased serum
and urinary bone turnover markers ALP, osteocalcin and
desoxypyridinoline.

264,464
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Table 2. continued

Gene Loss or Gain of Function/Method/Cre line Phenotype Key
Reference

Lrp5 Loss of function/KO/Germline Low bone mass. Decreased BMD. Both heterozygotes and
homozygotes display limb defects. Decreased cancellous and
cortical bone mass. Low cancellous bone volume in the distal
femur and the lumbar vertebra. Decrease in both osteoblast
surface and osteoclast surface. Kato et al. reported that there
is no change in the number of osteoclast and
chondrogenesis. Kato et al. reported decreased osteoblast
proliferation while Yadav et al. reported normal osteoblast
proliferation ex vivo.

261,432,465–467

Lrp5 Loss of function/cKO/CMV-Cre Low bone mass postnatally. 468

Lrp5 Loss of function/cKO/Col1α1-Cre or Villin-Cre Normal bone mass with Col1a1-Cre. Decreased bone mass in
Villin-Cre due to a decrease in osteoblast numbers and bone
formation. No change in osteoclast number.

467

Lrp5 Loss of function/cKO/DMP1-Cre or Villin-Cre Decreased bone mass with Dmp1-Cre. Normal bone mass
with Villin-Cre.

263

Lrp5 Gain of function/G171V, A214V Increased bone mass, bone strength, and bone formation.
Increased mechanical properties of tibiae in Lrp5 A214V mice
but not in G171V mice.

263,469

Lrp6 Loss of function/GT1.8TM or cKO/Germline or CMV-Cre Heterozygotes display limb defects. Homozygotes die at
birth. Truncation of the axial skeleton. Limb defects.

45,465,468

Lrp6 Loss of function/cKO/Dermo1-Cre Normal skeleton. Only a slight delay in ossification of the skull
at E17.5. Mice die shortly after birth with concomitant loss of
Lrp5, exhibiting misshaped skull and limbs, shortening of all
skeletal elements, profound defect in the ossification of the
craniofacial, the axial and the appendicular skeleton, extra
cartilage elements.

468

Lrp6 Loss of function/Point mutation, R886W Dysmorphologies of the axial skeleton and digits. Delayed
ossification at birth and osteoporosis in adult. Decreased
bone density. Reduced bone thickness.

470

Functional Group: Wnt antagonist

Dkk1 Loss of function/KO/Germline Homozygotes die at birth. Absence of skull derivatives
anterior of the parietal bone, including nasal, mandibular, and
maxillary bones. Duplications and fusions of limb digits.
Heterozygotes display an increase in all bone formation
parameters, with no change in bone resorption. Significant
increase of the number of osteoblasts, mineral apposition,
and bone formation rate. High bone mass.

283,471

Dkk1 Gain of function/Overexpression/Adenoviral vector
encoding full-length chick Dkk1

Deletion of distal limb tissue. Reduced limb bud. Truncation
of limbs and lack of the medial and distal limb elements in
both fore- and hindlimbs.

471

Dkk1 Gain of function/Overexpression/Retroviral expression of
Dkk1 in primary calvaria cells in vitro

Complete inhibition of osteoblast differentiation and
formation of mineralized nodules and decrease in the ALP
expression.

283

Dkk1 Gain of function/Transgene/3.6 kb Col1A1 promoter,
2.3 kb Col1A1 promoter

Transgenic mice constructed by 3.6 kb Col1A1 promoter
show osteopenia with forelimb deformities. Transgenic mice
constructed by 2.3 kb Col1A1 promoter show severe
osteopenia without limb defects. Decreased bone mass.

282

Dkk1 Gain of function/Transgene/2.3 kb ColIα1 promoter Reduced bone mass, bone formation and trabecular bone
volume. Reductions in osteoblast surface per bone surface
and in the number of osteoblasts per total bone area. Normal
osteoclast surface per bone surface and the number of
osteoclasts per total bone area.

472

Dkk1 Gain of function/Transgene/Col2α1 promoter and
enhancer, Tie2 promoter and enhancer, Col10α1
promoter and enhancer

Chondrocyte-specific (Col2α1) and hypertrophic
chondrocytes-specific (Col10α1) Dkk1 transgenic mice show
normal cartilage and bone development. Endothelial cell-
specific (Tie2) Dkk1 transgenic mice show defects in
endochondral ossification and reduced skeletal length, but
no defects in cartilage development. Endothelial cell-specific
(Tie2) Dkk1 transgenic mice also show reduced total
trabecular area, reduced trabecular thickness, increased
trabecular number, and increase in the hypertrophic zone.

473

Dkk2 Loss of function/KO/Germline Osteopenia. Defects in mineralization. Increased numbers of
osteoids. Increase in the number of osteoclasts.

285
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Table 2. continued

Gene Loss or Gain of Function/Method/Cre line Phenotype Key
Reference

Dkk2 Gain of function/Transgene/Col2α1 promoter and
enhancer, Tie2 promoter and enhancer

Normal cartilage, bone development, bone length and
mineralization.

473

Sfrp1 Loss of function/KO/Germline Increase trabecular bone mineral density, volume, and
mineral apposition rate. Reduced osteoblast and osteocyte
apoptosis. No change of bone resorption in vivo.

278

Sfrp2 Loss of function/KO/Germline Brachydactyly, mild mesomelic shortening and posterior soft-
tissue syndactyly. Decreased chondrocyte proliferation and
delayed differentiation in distal limb chondrogenic elements.

280

Sfrp3/Frzb Loss of function/cKO/EIIa-Cre Increased articular cartilage loss during arthritis. Stiff bone due
to increased cortical bone thickness and density. Increased
periosteal anabolic response to mechanical loading.

474

Sfrp4 Gain of function/Transgene/2.3 kb Col1α1 promoter Reduction of trabecular bone mass. Decreases in both
osteoblast numbers and bone formation rate.

281

Sfrp4 Gain of function/Transgene/SAP promoter No change of BMD at 5 weeks of age. Decreased gain of BMD
with advancing age. Low trabecular BV/TV and Tb.Th.

475

Sost Loss of function/KO/Germline High bone mass characterized by marked increases in BMD,
bone volume, bone formation, and bone strength.
Significantly increased cortical bone. Enhanced trabecular
bone architectural properties. Increased parietal thickness.
Increased mechanical properties.

290,469

Sost Gain of function/Transgene/Osteocalcin promoter Osteopenia. Low bone mass. Disorganized bone architecture,
thin cortices, reduced trabecular bone, and chondrodysplasia.
Decreased bone strength. Reduction in osteoblast activity and
bone formation. No significant change in bone resorption.

163

Functional Group: Effectors in cytoplasm

GSK3β Loss of function/KO/Germline Homozygotes die within 24 h after birth. Heterozygotes
display increased bone formation. High bone mass.

476–478

GSK3β Loss of function/cKO/Sox2-Cre Homozygotes died 24 h after birth. Complete cleft palate
defect.

479

GSK3β Loss of function/cKO/Col2α1-Cre Normal skeletal growth or development. 480

GSK3α and
GSK3β

Loss of function/KO/Germline Dwarfism with shortened long bone and vertebra, and
impairment of chondrocyte differentiation.

481

Axin1 Loss of function/KO/Germline Homozygotes die at E9.5. Heterozygotes display rib fusion. 482

Axin2 Loss of function/KO/Germline Malformations of skull structures (craniosynostosis).
Accelerated ossification and increases in mineralization.
Increased trabecular bone mass and bone formation rates.
Increased osteoblast proliferation and differentiation.
Decreased osteoclast formation. Shorter hypertrophic zones
in the growth plate. Accelerated chondrocyte maturation.

483–485

Apc Loss of function/cKO/Osteocalcin-Cre APC cKO mice die within 2 weeks. Early onset, severe
osteopetrosis. Significant accumulation of bone matrix in the
femur. Significantly increased bone deposition associated
with disturbances in bone architecture and composition.
Rapid bone formation rate. Lack of osteoclasts. Marked
abnormalities in vertebrae, long bones, and calvaria.

486

Apc Loss of function/cKO/Col2α1-Cre Homozygous APC cKO mice die perinatally due to severe
defects in skeletogenesis. Craniofacial abnormalities, short
trunk, an incomplete closure of both thoracic and abdominal
cavities. Severe truncation of both upper and lower limbs. No
cartilaginous primordia of pelvic bones. Heterozygotes do
not show skeletal defect.

487

Functional Group: Transcription regulation

β-catenin Loss of function/cKO/Brn4-Cre (β-catenin exons 3–6) Severe malformations of the hindlimbs. Truncation of tibia
and fibula, and an absence of digits I–IV.

488

β-catenin Loss of function/cKO/Prx1-Cre Mice die at birth. Bone development defect. Shortened.
Appendicular bones are shortened, partially fused, and lacked
some distal structures. lack of mineralization in distal skeletal
elements in the hindlimb. Delayed chondrocyte maturation.

228

β-catenin Loss of function/cKO/Dermo1-Cre Severe defects in skeletogenesis. Shortened limbs and a
twisted body axis. Lack of bone but cartilage is present. No
ossification. Disrupted osteoblast differentiation. Long bones
are shortened, thickened, and bowed. Ectopic cartilage
formation.

227
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Table 2. continued

Gene Loss or Gain of Function/Method/Cre line Phenotype Key
Reference

β-catenin Loss of function/cKO/Col2α1-Cre Mice die shortly after birth. Shortened limbs. Joint fusion.
Some joints between the future tarsal bones in the ankle
region were either missing or incompletely formed. Increased
cartilage nodule formation. Craniofacial deformities
characterized by a domed skull and a short snout, as well as
short limbs.

460,489

β-catenin Gain of function/Transgene/ Col2α1 promoter/enhancer
(N-terminally truncated form of β-catenin)

Perinatal lethal. Dome-shaped heads and shorter limbs.
Reduced cartilage formation and endochondral ossification.
Joint fusion. Loss of cartilage tissue.

460

β-catenin Gain of function/cKO/Prx1-Cre (β-catenin exon 3) Mice die at birth. Limbs contain only tiny remnants of skeletal
elements. Loss of skull bones.

228

β-catenin Gain of function/cKO/Col2α1-Cre (β-catenin exon3) Heterozygotes die around E18-E18.5 characterized by a very
severe and generalized chondrodysplasia. Extremely small
ribs, limbs, and vertebrae. Defective cartilage formation.

489

β-catenin Gain of function/cKO/Brn4-Cre (Exon 3) Enlarged limb size. 488

β-catenin Loss of function/cKO/Col1α1-Cre Low bone mass. Increased osteoclast activity. No change in
osteoblasts.

272

β-catenin Loss of function/cKO/Osteocalcin-Cre β-catenin cKO mice die within 5 weeks. early onset, severe
osteoporosis and is associated with defective osteoblast
differentiation in vitro. Reductions in both the trabecular and
cortical bone compartments. Dramatic reduction in
mineralized cortical and trabecular bone. Marked
abnormalities in vertebrae, long bones, and calvaria.
Increased osteoclast number.

486

β-catenin Loss of function/cKO/Osterix1-GFP::Cre (Tet-off ) Lack the membranous bone of cranial ossification center and
complete loss of bone deposition. Failure of osteoblast
progression to terminal Osteocalcin+ osteoblasts instead
convert to a chondrocyte fate.

269

β-catenin Loss of function/cKO/Osterix -Cre Increased bone marrow adiposity and decrease in trabecular
bone. Increased osteoclast-mediated bone resorption and
decreased osteoblast-mediated bone formation. Cell fate shift
of preosteoblasts to adipocytes.

270

β-catenin Loss of function/cKO/LysM -Cre Osteopenia. Reduction of the trabecular bone volume.
Normal bone formation rate, osteoblast number and surface.
Increased osteoclastogenesis.

321

β-catenin Gain of function/cKO/Osterix1-GFP::Cre (Tet-off )
(β-catenin exon3)

Heterozygotes die at birth. Shortened limbs. Intense and
broader ossification center in the long bones. Delayed
ossification in the skull bones. Abnormal wedge-shaped
growth plate with very few identifiable hypertrophic
chondrocytes. Lack of osteoclast.

269

β-catenin Gain of function/cKO/Col2α1-Cre-ERT2 (β-catenin exon3) Tamoxifen is administered to induce overexpression of
β-catenin. Reduced articular cartilage. Complete loss of
articular cartilage layers and formation of new woven bone in
the subchondral bone area. Premature chondrocyte
differentiation and OA-like phenotype. Lengthening of the
hypertrophic region of cartilage. Advanced chondrocyte
maturation and primary ossification center development.

361,490

β-catenin Loss of function/cKO/Col2α1-Cre-ERT2 Delayed onset of chondrocyte hypertrophy and stunted
progression to mature chondrocyte. Small hypertrophic zone,
disorganized pre-hypertrophic cells, and no primary
ossification center.

490

β-catenin Loss of function/cKO/Osterix-Cre-ERT2 Tamoxifen is administered to induce conditional knockout of
β-catenin. Severe osteopenia. Impaired osteoblast activity and
increased osteoblast turnover. Increase in osteoclast number
and activity. Marked increase in bone marrow adiposity.

491

β-catenin Gain of function/cKO/Axin2-rtTA (Wnt responsive cells)
+ TRE-Cre (functions as a Doxycycline inducible Axin2-
Cre) (β-catenin exon3)

Increases in expansion of skeletogenic precursors and the
enhancement of bone ossification. Inhibition of osteoblast
maturation into terminally differentiated osteoblasts.

492

β-catenin Gain of function/cKO/PPARγ-tTA (Osteoclast progenitors)
+ TRE-Cre (functions as a Doxicycline inhibitable PPARγ-
Cre) (β-catenin exon3)

Severe osteopetrosis. Increased trabecular BV/TV ratio,
greater bone surface, Tb.N., and Tb.Th., accompanied by a
smaller BS/BV ratio and Tb.Sp. Normal osteoclast proliferation
but decreased osteoclast differentiation. Decreased osteoclast
surface and numbers. Normal bone formation rate and
mineral apposition rate.

493
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addition, Wnt6 and Wnt10a also facilitate osteogenic differentia-
tion and suppress adipogenic differentiation of MSC via
β-catenin.242 Besides, Dvl shows a role in regulating osteogenic
differentiation of BM-MSCs.243 Following the osteogenic differ-
entiation of BM-MSCs, the methylation level of Dvl decreases,
which results in the elevated expression of Dvl,243 demonstrating
Dvl as a promoter for osteogenic differentiation of BM-MSCs.
Moreover, β-catenin is required for promoting osteoblast differ-
entiation and inhibiting chondrocyte differentiation of mesench-
ymal progenitor cells, and the inactivation of β-catenin results in
defective skeletal development.227,228 More recently, Matsushita
et al. demonstrated that Wnt-mediated transformation of the
bone marrow stromal cell (BMSC) identity orchestrates skeletal
regeneration.244 They found that quiescent Cxcl12-creER+ perisi-
nusoidal BMSCs differentiate into cortical bone osteoblasts solely

during regeneration and quiescent Cxcl12-creER+ BMSCs trans-
form into osteoblast precursor cells in a manner mediated by
canonical Wnt signaling.244

Wnt signaling also shows key roles in mediating the function of
numerous molecules in BM-MSCs to regulate cell differentiation
capacity. Core-binding factor subunit β (Cbfβ), a non-DNA-binding
partner of Runt-related transcription factors (Runx1, Runx2, and
Runx3), plays a key role in governing osteoblast−adipocyte
lineage commitment by enhancing β-catenin signaling.229

Z-DNA binding protein 1 (ZBP1), a member of the Zα family,
increases osteogenic differentiation while suppressing adipogenic
differentiation of mouse BM-MSCs.245 It was demonstrated that
ZBP1 is required for β-catenin translocation into nuclei and is a
novel regulator of bone and fat trans-differentiation via Wnt/
β-catenin signaling.245 Serpin Family B Member 2 (SerpinB2) is a

Table 2. continued

Gene Loss or Gain of Function/Method/Cre line Phenotype Key
Reference

β-catenin Loss of function/cKO/PPARγ-tTA (Osteoclast progenitors)
+ TRE-Cre (functions as a Doxicycline inhibitable PPARγ-
Cre)

Heterozygotes show osteoporosis. Reduced trabecular bone
with a smaller BV/TV ratio, less bone surface, Tb.N, and Tb.Th,
and a greater BS/BV ratio and Tb.Sp. Increased bone
resorption and osteoclast surface/numbers. No change in
bone formation, osteoblast surface/numbers, and bone
formation/mineral apposition rates. Homozygotes display
osteopetrosis, similar to the β-catenin gain-of-function mice.
Decreased osteoclast precursor proliferation.

493

β-catenin Loss of function/cKO/Dmp1-Cre Homozygotes display low bone mass. Impaired bone mass
accrual due to early-onset, progressive bone loss in the
appendicular and axial skeleton with mild growth retardation
and premature lethality. Growth retardation. Absence of
Cancellous bone mass. Reduced cortical bone thickness.
Increased osteoclast number and activity. Normal osteoblast
function and osteocyte density.

494

β-catenin Gain of function/cKO/Col1α1-Cre (β-catenin exon3) Mice die a few days after weaning. Osteopetrosis. High bone
mass. Defect in osteoclast differentiation. Normal osteoblast
number.

272

Tcf1 Loss of function/KO/Germline No overt phenotype. Low bone mass. Increased bone
resorption. No change in bone formation parameters.

272

Tcf1
Dominant
negative
(Col2α1)

Gain of function/Transgene (dominant-negative)/Col2α1
promoter

Dwarfism. Retarded mineralization in limbs, ribs, and
vertebrae. Retarded endochondral ossification due to
decelerated chondrocyte maturation. Reduced chondrocyte
proliferation.

495

Tcf4/Tcf7l2 Loss of function/KO/Germline Homozygotes Tcf4−/− die shortly after birth. Mice carrying
compound null mutations in Tcf4 and Lef1 show disrupted
midfacial development and malformed teeth. Severe
disruption of the morphology of facial skeletal elements but
unimpeded chondrogenesis and osteogenesis.

496,497

Lef1 Loss of function/KO/Germline Homozygotes show postnatal lethality. Lack of teeth. Lef1+/-

female mice show reduced trabecular bone mass, decreased
osteoblast activity and bone formation. There is an age- and
gender-dependent role for Lef1 in regulating bone formation
and bone mass. Mice carrying compound null mutations in
Lef1 and Tcf1 display defects in the development of limb
buds.

498–500

Lef1ΔN (a
short isoform
of Lef1

Gain of function/Transgene/2.3 kb Col1α1 promoter High bone mass. Increased trabecular bone volume and
trabecular thickness. Increased bone formation and mineral
apposition rates. Normal osteoblast surface area, osteoid
surface area, and osteoid thickness. Normal osteoclast surface
and activity.

501

ALP alkaline phosphatase, APC adenomatous polyposis coli, BMC bone mineral content, BMD bone mineral density, BS/BV bone surface/bone volume, BV/TV
bone volume per total volume, cKO conditional knockout, Col1A1/ColIα1 collagen type I alpha 1, Col2α1 collagen type II alpha 1, Col10α1 collagen type X alpha
1, Dkk Dickkopf, DMP1 dentin matrix protein 1, E17.5 embryonic day 17.5, Fzd Frizzled, GSK3α glycogen synthase kinase 3α, GSK3β glycogen synthase kinase 3β,
KO knockout, LEF lymphoid enhancer-binding factor, Lrp low-density lipoprotein receptor-related protein, OA osteoarthritis, SAP serum amyloid P, Sfrp secreted
Frizzled related protein, Tb.N. trabecular number, Tb.Th trabecular thickness, Tb.Sp. trabecular separation, TCF T-cell factor
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member of the clade B subgroup of serine protease inhibitors
(serpins). Exogenous SerpinB2 protein inhibits osteoblast differ-
entiation while the silencing of SerpinB2 promotes osteoblast
differentiation of human BM-MSCs via the Wnt/β-catenin signaling
pathway.246 Our previous work demonstrated that conditional
knockout (cKO) of MACF1 in mesenchymal stem cells inhibited
osteogenic differentiation of BM-MSCs and elevated bone surface
adipocyte number, which results in decreased bone formation.247

Wu et al. identified a novel nuclear factor I/X (NFIX) - high-mobility
group AT-Hook 1 (HMGA1) - Wnt/β-catenin regulatory axis that
governs the cell fate of mouse BM-MSCs, favoring osteoblast
differentiation and blocking adipocyte formation.248 HMGA1, as a
downstream target of NFIX, functions by transcriptionally regulat-
ing LRP5 expression and thereafter activating canonical Wnt
signaling.248 Moreover, Circ-FBLN1 (a circular RNA acting as a
sponge for let-7i-5p) promotes cell proliferation and osteogenic
differentiation of human BM-MSCs by regulating the let-7i-5p/
FZD4 axis and repressing Wnt/β-catenin pathway.249 More
recently, non-canonical Wnt signaling is shown to mediate the
regulation of phosphate on human MSCs’ osteogenic differentia-
tion.250 Phosphate treatment upregulated the expression of

Wnt5b, Wnt11, and phosphorylated-c-Jun to promote osteogenic
differentiation of human MSCs.250 Overall, by interacting with and
regulating the activity of the aforementioned proteins and
biomolecules, Wnt signaling plays a critical role in regulating
BM-MSCs differentiation capacity.

Wnt signaling in osteoblasts
Osteoblasts originate from BM-MSCs and are responsible for bone
formation. Wnt signaling is critical for osteoblast function and
most of its signaling components play important roles in
regulating bone development and maintenance.224,251

The components of Wnt signaling in osteoblasts. Multiple Wnts
including Wnt1, Wnt3a, Wnt5b, Wnt7b, Wnt10b, Wnt11, and
Wnt16 regulate osteoblast differentiation and bone forma-
tion.220,252–256 Canonical Wnt signaling promotes osteoblast
differentiation by directly activating the expression of the key
bone-related transcription factor Runx2 via β-catenin/
TCF1 signaling.252 Wnt16 promotes osteoblast differentiation
and bone formation through canonical Wnt signaling.256 Besides,
Tu et al. reported that non-canonical Wnt signaling promotes
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formation, inhibits bone resorption and adipocyte differentiation during maintaining bone homeostasis. When canonical Wnt signaling is
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osteoblast differentiation and bone formation via activating G-
protein-linked PKCδ.253 Recently, Lawson et al. demonstrated that
inhibition of osteoblast-specific Wnt secretion alters skeletal
homeostasis by suppressing bone formation and increasing bone
resorption, reducing the anabolic response to mechanical loading,
and demonstrating that Wnt ligand secretion is required for adult
bone formation and homeostasis. Additionally, this indicates that
osteoblast-derived Wnts are important in mediating the bone
anabolic response to mechanical loading.257 Besides, Wnt primary
receptors Fzds play an important role in osteoblast and bone
formation. Albers et al. demonstrated that Fzd9 is required for
osteoblast mineralization and bone formation.258 They developed
an Fzd9−/− mouse line and found that Fzd9−/− mice displayed
lower bone mass caused by decreased bone formation, with
Fzd9−/− primary osteoblasts showing defective matrix mineraliza-
tion.258 Two co-receptors of Wnt signaling, LRP5/6, are required for
optimal Wnt signaling in osteoblasts, and each plays a key distinct
role in bone formation. Lrp6, rather than Lrp5, is crucial for
mediating Wnt3a signaling in osteoblasts and shows different
effects on osteoblastic gene expression.259 Lrp5 is required for the
late stages of differentiation while Lrp6 is required for the early
stages of osteoblast differentiation.260 Mice with a targeted
disruption of Lrp5 develop a low bone mass phenotype, which
becomes evident postnatally and is secondary to decreased
osteoblast proliferation.261 A LRP5 gain of function mutation in
osteoblasts causes increased bone mass/bone mineral density
(BMD) in human and transgenic mice and an increase in the
number of active osteoblasts, further confirming the important
role of LRP5 in bone formation and homeostasis.262,263 LRP6
knockout mice were perinatal fatal, with truncations of the axial
skeleton and limb defects.45,47 Moreover, Lrp4 and Lrp8 were
demonstrated to play important roles in bone remodeling by
modulating Wnt signaling.264,265 Lrp4 binds to sclerostin to
facilitate the inhibitory effect of sclerostin on Wnt/β-catenin
signaling, thus inhibiting bone formation.166 The osteoblast/
osteocyte-specific Lrp4 knockout induces elevated serum scler-
ostin, promotes osteoblast function, and results in an increase in
bone mass.266 Lrp8 was demonstrated to play a role in Wnt3a-
induced osteoblast differentiation.267 Furthermore, Dvl is involved
in osteoblast differentiation. Zhou et al. found that ubiquitin-
specific peptidase 4 (USP4) inhibited Wnt/β-catenin signaling by
removing Lysine-63 linked poly-ubiquitin chain from Dvl and
promoting β-catenin polyubiquitination, which leads to decreased
cytosolic β-catenin and downstream signaling.268 USP4 inhibits
osteoblast differentiation while USP4 depletion promotes osteo-
blast differentiation.268 These findings demonstrate Dvl as a target
of USP4 in regulating osteoblast differentiation. In addition,
several studies reveal the necessity of β-catenin in the osteoblast
lineage.227,269,270 Deletion of β-catenin in a different stage of
osteoblastic differentiation in mice causes low bone mass
phenotype due to both defective osteoblast differentiation along
with increased osteoclastic bone resorption that is caused by
decreased OPG (osteoprotegerin)/RANKL (receptor activator of NF-
κB ligand) ratio.271,272 All these findings together reveal the
importance of Wnt signaling components in controlling osteoblast
function.

The modulators of Wnt signaling in osteoblasts. The modulators of
Wnt signaling also play important roles in osteoblast. R-spondins,
activators of Wnt signaling, are highly expressed in skeletal tissues
and promote osteoblast differentiation.273,274 MACF1, an activator
of Wnt/β-catenin, shows promotion effects on osteoblast prolifera-
tion, differentiation, and bone formation.125,126,275–277 sFRPs, the
largest family of Wnt inhibitors, are demonstrated as important
regulators of osteoblast function and bone formation. Deletion of
sFRP1 activates Wnt canonical signaling, which increases the
expression of Runx2 and osteocalcin, thus enhancing osteoblast
differentiation and bone formation.252 Besides, sFRP1 deficiency

inhibits osteoblast lineage apoptosis and enhances osteoblast
proliferation.278 sFRP1−/− mice exhibit increased trabecular bone
mineral density while sFRP1 transgenic mice display decreased
bone formation and trabecular bone mass.278,279 Moreover, sFRP2
and sFRP4 are critical for proper distal limb formation and bone
formation.280,281 Dkk1, a member of the Dkk family (Wnt inhibitor),
is a key negative regulator of osteoblasts. Endogenous Dkk1 is
primarily expressed in osteoblasts and osteocytes.282

Dkk1 suppresses osteoblast differentiation and bone formation
by binding to LRP5/6 to inhibit Wnt signaling.282 Osteoblast
overexpression of Dkk1 in transgenic mice induces diminished
osteoblastic bone formation and severe osteopenia,282 while
heterozygous Dkk1-deficient (Dkk1+/-) mice display increased
osteoblast number, mineral apposition, bone formation, and bone
mass.283 Dkk1 overexpression in primary calvaria cells completely
inhibits osteoblast differentiation and mineralized nodules
in vitro.283 Dkk4 also functions as an inhibitor of osteoblast
differentiation by suppressing Wnt/β-catenin signaling.284 Unlike
Dkk1 and Dkk4, Dkk2 is required for terminal osteoblast
differentiation and mineralized matrix formation, with Dkk2−/−

mice showing decreased bone formation.285 Krm1 and Krm2, co-
receptors of Dkk1, interact with Dkk1 to attenuate Wnt/β-catenin
signaling during limb development, as shown by Krm1−/−Krm2−/−

mice presenting with increased bone formation.146 Overexpression
of Krm2 in osteoblasts in transgenic mice leads to severe
osteoporosis.286 In addition, sclerostin, another inhibitor of Wnt
signaling, is crucial for osteoblast function and bone formation.287

Sclerostin suppresses proliferation/differentiation and promotes
apoptosis of osteoblasts and overexpression of sclerostin suppres-
sing bone formation.133,163,288,289 SOST−/− mice exhibit increased
high bone mass due to increased bone formation, while SOST
transgenic mice exhibit low bone mass due to decreased bone
formation290,291 (for review, see Sebastian et al.292).

Other molecules modulate osteoblast function via Wnt signaling.
Wnt signaling is also involved in mediating the function of
numerous biomolecules in osteoblasts. Runx1, a highly expressed
protein in osteoblast, maintains osteoblast differentiation by up-
regulating the Wnt/β-catenin signaling pathway.293 Chemerin, a
novel adipocyte-derived signaling molecule, shows an inhibitory
effect on osteoblast differentiation and proliferation through the
inhibition of Wnt/β-catenin signaling.294 Large conductance
calcium-activated potassium (BK) channels encoded by the
Kchma1 gene are among the K+ channels that have unusually
large single-channel conductance.295 Jiang et al. uncovered that
the BK channel is essential for osteoblast proliferation, differentia-
tion, and bone formation via the Wnt/β-catenin pathway.296

Conditional knockout of Kcnma1, which encodes the pore-forming
α-subunits of BK, results in a decrease in β-catenin in the Wnt/
β-catenin signaling pathway, which inhibits Runx2 expression and
leads to bone loss.296 More recently, miR-12200-5p was demon-
strated to significantly inhibit osteoblast differentiation and bone
formation by simultaneously targeting multiple members of the
Wnt signaling, including APC, TCF4, TCF7, Wnt3a, Wnt5a, and
LRP6.297

Recently, Wnt signaling was demonstrated to be crucial for
modulating cellular metabolism in osteoblasts.298 Wnt signaling
stimulates aerobic glycolysis, glutamine catabolism, and fatty acid
oxidation in osteoblast-lineage cells.298

Wnt signaling in osteocytes. Osteocytes are the most abundant
cells in bone. They are terminally differentiated osteoblasts
embedded within the mineralized matrix.299 Osteocytes help
orchestrate the signaling that regulates osteoblasts and osteo-
clasts during bone remodeling.299 Moreover, they are believed as
mechanosensory cells.299,300 During the terminal mineralization
process, the Wnt/β-catenin pathway is downregulated. The
activation of Wnt/β-catenin signaling in osteocytes suppresses
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dendrite development, inhibits dentin matrix protein 1 (DMP1)
expression, and alters normal mineral crystallinity.301 Moreover,
Wnt signaling is involved in osteocytes sensing mechanical stimuli
and regulating bone remodeling to coordinate normal bone
homeostasis.291,302,303

The components of Wnt signaling in osteocytes. Joeng et al.
reported that osteocyte-specific Wnt1 loss- or gain-of-function
mice presents low bone mass or high bone mass, respec-
tively.304 Besides, Wnt receptor LRP5 shows a key role in
osteocytes. LRP5-mediated Wnt signaling in osteocytes con-
tributes to the maintenance of mechanical properties and bone
mass.305 Mice with an osteocyte-specific deletion of Lrp5
exhibit reduced bone mass, lower Young’s modulus of bone,
and significantly diminish load-driven bone formation.305 In
addition, β-catenin, a key mediator of Wnt/β-catenin signaling,
is necessary for maintaining osteocyte viability and for the
ability of osteocytes to respond to mechanical stimuli.
Osteocyte-specific β-catenin deficient mice exhibit low bone
mass phenotype in association with increased osteoclast
number and bone resorption303 and do not respond to
mechanical loading.306 Tu et al. also found that activation of
osteocytic β-catenin signaling increases both osteoclasts and
osteoblasts, resulting in bone gain,307 identifying osteocytes as
central target cells of the anabolic actions of Wnt/β-catenin
signaling in bone. Therefore, the components of Wnt signaling
are critical in osteocytes by mediating osteocyte mechano-
transduction and the regulatory role of osteocytes in osteo-
blasts and osteoclasts.

The modulators of Wnt signaling in osteocytes. Osteocytes express
several inhibitors of the Wnt/β-catenin pathway, including scler-
ostin, Dkk1, and sFRP1, all of which regulate bone mass. Sclerostin is
well known for its specific expression in osteocytes,163,308 with
osteocytes secreting sclerostin via their dendritic attachments.309

The secreted sclerostin functions on osteoblasts to suppress the
Wnt/β-catenin pathway, thus inhibiting osteoblast differentiation
and bone formation133 (see Wnt signaling in osteoblasts for detail).
Moreover, in line with the mechanical response of osteocytes,
sclerostin expressed by osteocytes is demonstrated as a mechan-
osensitive protein, and its expression is regulated by mechanical
stimuli. Mechanical loading reduces the sclerostin expression and
promotes bone formation, while mechanical unloading increases
sclerostin expression and inhibits bone formation, both processes
involving Wnt signaling.291,310 Interestingly, both SOST−/− mice and
DMP1-SOST transgenic mice exhibit reduced sensitivity to mechan-
ical stimulation.291,311 SOST−/− mice are resistant to mechanical
unloading-induced bone formation reduction in association with
unaltered Wnt/β-catenin signaling.291 While DMP1-SOST transgenic
mice exhibit reduced load-induced bone formation and unaltered
Wnt signaling.311 Therefore, sclerostin is critical for mechano-
transduction and mechanical stimuli regulating bone formation via
Wnt signaling. Besides sclerostin, osteocytes express sFRP1 and
Dkk1 to inhibit osteoblast differentiation and bone formation (see
Wnt signaling in osteoblasts for detail). The expression of Dkk1 is
also regulated by mechanical stimuli.310

Wnt signaling in osteoclasts
Osteoclasts are the bone-resorbing cells that originated from
hematopoietic monocyte/macrophage lineage cells and are
involved in the bone remodeling process.312 Recent studies
demonstrate that Wnt signaling plays a direct role in regulating
osteoclast function. Targeted deletion of β-catenin in osteoclast
precursors inhibits the precursor proliferation and accelerates
osteoclast differentiation, while deletion of β-catenin in more
committed stages of osteoclast differentiation enhances the rate
of cell specialization.313–315 Additionally, Ruiz et al. reported that
conditional deletion of β-catenin in Cathepsin K-expressing cells

increases osteoclast activity.315 These findings demonstrate that
Wnt signaling promotes osteoclast progenitor proliferation and
suppresses osteoclast commitment and differentiation. In addi-
tion, Dvl, a key component of Wnt/β-catenin signaling, plays a role
in regulating osteoclastogenesis by interacting with PTH1R (type 1
parathyroid hormone receptor).316 Mutation of Dvl results in
inhibition of β-catenin activation and blocks osteoclastogenesis
under PTH induction.316 More recently, Weivoda et al. found that
Wnt signaling suppresses osteoclast differentiation by activating
canonical and non-canonical cyclic adenosine monophosphate
(cAMP)/protein kinase A (PKA) pathways.317 Besides, sFRP4, a Wnt
inhibitor, dramatically suppresses the osteoclast differentiation by
suppressing non-canonical Wnt/ROR2/JNK signaling.318

Wnt signaling in osteoblasts and osteocytes also indirectly
regulates osteoclast differentiation. Wnt signaling in osteoblasts
inhibits osteoclast differentiation by suppressing the expression of
RANKL and increasing the expression and secretion of the RANKL
decoy receptor, OPG.271,272,319,320 In addition, osteocyte Wnt
signaling also represses osteoclast differentiation by increasing
the expression of OPG, thus decreasing the RANKL/OPG ratio.303

However, Albers et al. reported that there is increased osteoclas-
togenesis in Fzd8-deficient mice, which was independent of OPG,
suggesting a direct negative influence of canonical Wnt signaling
on osteoclastogenesis.321 Moreover, non-canonical Wnt5a
secreted from osteoblast lineage cells promotes osteoclastogen-
esis and bone resorbing ability by increasing RANK (receptor
activation of nuclear factor-κB) in bone marrow macrophages via
the ROR2/JNK non-canonical signaling.322,323 Wnt5a-ROR2 non-
canonical signaling is also required for the formation of actin ring
and the bone-resorbing activity of osteoclasts.324,325 In contrast,
Wnt16 suppresses osteoclast differentiation by activating non-
canonical Wnt signaling and suppressing RANKL-induced activa-
tion of NF-κB and expression of NFATC1.326 Although most
components of the Wnt signaling pathway (e.g., Wnts, Fzds, and
LRPs) are expressed by osteoclasts,327 the role of Wnt signaling in
osteoclasts still needs further investigation.

WNT SIGNALING IN BONE DISEASE
The necessity of Wnt signaling (including Wnt ligands, receptors,
intracellular components, transcription factors, and antagonists)
for bone development, formation, and homeostasis has been
broadly studied in mouse models (Table 2). Given the necessity of
Wnt signaling for bone, it is not surprising that aberrant Wnt
signaling results in various bone diseases, such as osteoporosis,
sclerosteosis, osteoarthritis (OA), and rheumatoid arthritis (RA)
(Table 3, Fig. 5).328–332

Wnt signaling and osteoporosis
Osteoporosis is a degenerative disease characterized by low
bone mass and deteriorative microarchitecture of bone. The
alteration of Wnts causes human skeletal diseases, with
mutations in Wnts such as Wnt1 causing osteoporosis
and osteogenesis imperfecta.333–336 Studies demonstrate that
Wnt1 mutation results in decreased β-catenin and thus the
decreased Wnt/β-catenin signaling, which causes osteoporo-
sis.333,335 Wnt3 expression is essential at the early stages of
human limb formation. The homozygous nonsense mutation in
the Wnt3 gene, which truncates Wnt3 at its amino terminus,
results in tetra-amelia, a rare human genetic disorder char-
acterized by the complete absence of all four limbs and
other anomalies.337 Moreover, missense mutations of Wnt16
are associated with osteoporotic fractures.338 Jing et al. found
that Wnt signaling is inhibited persistently in BM-MSCs during
osteoporosis and histone acetylation levels on Wnt
genes (Wnt1, Wnt6, Wnt10a, and Wnt10b) are decreased
in BM-MSCs from ovariectomized (OVX) mice.339 Besides, the
homozygous mutation in LRP5, a co-receptor for
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Wnts, results in the autosomal recessive disorder osteoporosis-
pseudoglioma syndrome (OPPG),340 a syndrome exhibiting
severe, early-onset osteoporosis and abnormal eye vascula-
ture.341 More recently, Astiazaran et al. identified a novel
homozygous LRP5 mutation in Mexican patients with OPPG.342

In addition, Wnt10b expression is regulated by Cbfβ/Runx2 and
the Cbfβ deficient mice in osteoblast lineage exhibit severe
osteoporosis.229 Besides, ROR1/2, the coreceptor for activating
non-canonical Wnt signaling, plays important roles in devel-
opment, regeneration, and diseases of the bone.343 More

recently, Wnt11 is identified as a new gene associated with
early onset osteoporosis with loss-of-function inhibiting bone
formation through both canonical and non-canonical
pathways.344

Wnt signaling and sclerosteosis
Sclerosteosis is a rare bone disease characterized by increased
bone density in association with bone overgrowth. The discovery
of sclerosteosis and van Buchem disease, which are rare high bone
mass genetic disorders caused by SOST loss-of-function mutations,

Table 3. Wnt signaling in bone diseases

Molecule Nature of miscues Diseases Symptoms Key
reference

Wnt1 Mutation Osteoporosis,
osteogenesis
imperfecta

Low BMD and bone strength, low-impact vertebral and peripheral fractures 333–336

Wnt3 Homozygous
nonsense mutation

Tetra-amelia Complete absence of all four limbs and other anomalies 337

Wnt10b Decreased expression Osteoporosis Severe osteoporosis with substantial accumulation of marrow adipocytes 229

Wnt11 Loss-of-function
mutation

Early onset
osteoporosis

Low bone mineral density that results in increased risk of fracture in children
and young adults

344

Wnt16 Missense mutation Osteoporotic
fractures

Low cortical bone thickness, BMD, and bone strength, and increase of risk of
fracture

338

LRP5 Homozygous
mutation

Autosomal recessive
disorder OPPG

Severe, early-onset osteoporosis and abnormal eye vasculature 340,342

SOST Loss-of-function
mutation

Sclerosteosis, van
Buchem disease

High bone mass, progressive bone overgrowth due to increased bone
formation

161,289

LRP5 Point mutation HBM trait Dense bones 262,345

LRP4 Mutation Sclerosteosis Bilateral syndactyly of the third and fourth finger, severe sclerosis of the
calvarium, femur, radius, and ulna.

346

Wnt5a Increased expression OA Inflammation, ECM destruction, cartilage damage 349,350

Wnt5b Increased expression OA Inflammation, cartilage damage 349,351

Wnt7a Decreased expression OA Inflammation, cartilage damage 354

Wnt10a Decreased expression OA Accumulation of senescent cells, inflammation, cartilage damage 91

Wnt16 Decreased expression OA Inflammation, deteriorated articular cartilage integrity, chondrocyte apoptosis 355–357

LRP5 Haplotype (C-G-C-C-
A)

OA Bone spur (osteophyte), joint space narrowing and pathological hardening of
subchondral bone (sclerosis)

358

LRP6 Heterozygous loss-of-
function mutation

OA Cartilage degradation, bone spur (osteophyte) formation, joint space
narrowing and pathological hardening of subchondral bone (sclerosis)

360

β-catenin Activation or
Overexpression

OA Cartilage degradation, inflammation (in knee joint, hip joint,
temporomandibular joint, and facet joint)

361–364,374

β-catenin β-catenin-knockout
specific in SFZ

OA Cartilage degradation, inflammation 367

Dkk1 Increased expression OA Cartilage deterioration, inflammation, chondrocyte apoptosis 368–371

WIF-1 Low expression OA Cartilage degradation, bone spur (osteophyte) formation, joint space
narrowing and pathological hardening of subchondral bone (sclerosis)

372

Sclerostin Increased expression OA Joint degeneration, inflammation 373

Wnt5a Increased expression RA Inflammation, joint destruction, FLS migration and invasion 375–377,380

Dkk1, Sost,
Krm1, LRP5

SNP RA Inflammation, joint destruction 382

Dkk1 and
SOST

Increased expression RA Inflammation, joint destruction 383–387

sFRP2 Decreased expression RA Inflammation, joint destruction, FLS activation 388

sFRP4 Decreased expression RA Inflammation, joint destruction, FLS activation 389

sFRP5 Decreased expression RA Inflammation, joint destruction, FLS activation 390

BMD bone mineral density, Dkk Dickkopf, FLS fibroblast-like synoviocytes, GSK3β glycogen synthase kinase 3β, HBM high bone mass, LRP low-density
lipoprotein receptor-related protein, OA osteoarthritis, OPPG osteoporosis-pseudoglioma syndrome, RA rheumatoid arthritis, sFRP secreted Frizzled related
protein, SFZ superficial zone, SNPs single nucleotide polymorphisms, WIF Wnt inhibitory factor
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exemplifies the critical role of sclerostin in bone health.161,289

Humans lacking sclerostin display progressive bone overgrowth
due to increased bone formation. Moreover, point mutation of
LRP5 (G171V) causes high bone mass trait.262,345 Mechanistically,
point mutation of LRP5 (G171V) impairs the inhibition effect of
Dkk1 on Wnt signaling and thus results in increased Wnt signaling
activity, which leads to high bone density.345 Fijalkowski et al.
detected a novel LRP4 mutation in a patient with sclerosteosis.346

They found the replacement of the arginine residue on position
1 170 of LRP4 by glutamine, which impaired the binding between
LRP4 and sclerostin, resulting in decreased inhibition of sclerostin
on Wnt/β-catenin signaling.346 This study indicates that LRP4 is an
anchor for sclerostin and responsible for sequestering the
sclerostin.

Wnt signaling and osteoarthritis (OA)
OA is the most common age-related degenerative joint disease,
which is characterized by cartilage damage, synovial inflammation,
osteophyte formation, and subchondral bone sclerosis.347 Wnts also
play a key role in OA. Wnt5a is upregulated in OA-like chondrocytes
and is involved in Col2A1 degradation.348 Furthermore, the elevated
Wnt5a is detected in OA patients.349,350 Wnt5a promotes chon-
drocyte catabolic activity presented as reducing the expression of
ACAN and Col2A1 but increasing the expression and secretion of
matrix metalloproteinases (MMP1, 3, and 13) via non-canonical Wnt
signaling including CaMKII and JNK,349 while Wnt5a induces the
abnormal differentiation in osteoblast via both the non-canonical
Wnt/PCP signaling and Wnt/Ca2+ signaling in OA osteoblasts.350

Similarly, upregulation of Wnt5b is observed in OA,351,352 suggesting
the promotion effect of Wnt5b on OA. Wnt5b inhibits chondrogenic
differentiation, promotes fibrosis by increasing collagen type I
expression, and increases MMP13 expression in SMSCs (synovial
resident mesenchymal stem cells), leading to joint degeneration.353

All these findings demonstrate the promotion effect of Wnt5a and
Wnt5b on OA development. However, Wnt7a and Wnt10a show a
protective effect on OA. There is a negative correlation between
Wnt7a expression and the expression of matrix metalloproteinase
(MMP) and IL-1β in human OA cartilage specimens.354 Wnt7a
suppresses IL-1β-induced MMP and iNOS gene expression in
primary human articular chondrocytes and attenuates articular

cartilage damage in OA mice.354 Wnt10a specifically cleans up the
senescent OA SMSCs (synovial resident mesenchymal stem cells) by
inducing cell apoptosis.91 Mechanistically, Wnt10a activates non-
canonical Wnt/Ca2+ signaling.91 Wnt16 also shows protective effect
on OA.355 This is indicated by the findings that global knockout of
Wnt16 (Wnt16−/−) or chondrocyte-specific knockout of Wnt16 in
mice promote OA development with decreased expression of
lubricin, increased chondrocyte apoptosis, upregulated MMP13 and
Col10a1 (Collagen type X alpha 1) expression, and deteriorated
articular cartilage integrity.356,357 Mechanistically, Wnt16 functions
through both canonical and non-canonical Wnt signaling. Nalesso
et al. demonstrated that Wnt16 antagonizes excessive Wnt/
β-catenin activation by reducing the capacity of Wnt3a to activate
the signaling, thus protecting cartilage in OA.356 Tong et al. found
that Wnt16 activates PCP/JNK and crosstalks with the mTORC1-
PTHrP pathway to inhibit chondrocyte hypertrophy during OA
pathogenesis.357 Besides, LRP5 shows a key role in the pathogen-
esis of OA at a genetic level.358,359 Heterozygous loss-of-function
mutation in LRP6 also leads to suppression of Wnt/β-catenin
signaling and deterioration of degenerative OA after ligament and
meniscus injury.360 Evidences demonstrate the important role of
β-catenin in OA. Activation or overexpression of β-catenin leads to
OA development in knee joint,361 hip joint,362 temporomandibular
joint363 and facet joint.364 Therefore, inhibition of β-catenin
signaling shows therapeutic effect on OA. Zhu et al. found that
AMPK (adenosine 5’-monophosphate-activated protein kinase)
activator metformin blocked β-catenin nucleus translocation by
inhibiting β-cateninS552 phosphorylation and showed chondro-
protective effect in OA progression,365,366 suggesting that AMPK
activation may inhibit OA development partially through inhibition
of β-catenin signaling. However, Xuan et al. found that superficial
zone (SFZ)-specific β-catenin-knockout accelerates OA develop-
ment while SFZ-specific β-catenin activation suppresses cartilage
degeneration.367 They found that β-catenin deficiency decreases
the expression of Prg4, the encoding gene for lubricin, while
β-catenin activation increases Prg4 expression in SFZ cells.367

Moreover, Wnt inhibitors, such as Dkk1, WIF-1, and sclerostin, also
play a role in OA. Dkk1 is indicated to be positively correlated with
OA. Weng et al. found the increase of Dkk1 in the cartilages of OA
patients in association with increased inflammatory cytokines.368
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Fig. 5 Wnt signaling involved in bone disease. The Wnt signaling is involved in bone disease. including osteoporosis, sclerosteosis,
osteoarthritis (OA), and rheumatoid arthritis (RA), as shown in Table 3 for detail
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They demonstrated that Dkk1 mediates chondrocyte apoptosis by
suppressing nuclear β-catenin accumulation and Akt activation and
contributes to cartilage deterioration and OA.368 They further found
that Dkk1 antisense oligonucleotide (Dkk1-AS) treatment decreased
the OA-associated increase of Dkk1 and abrogated chondrocyte
apoptosis in OA in rats.369 Dkk1 is also upregulated in OA
cartilage370 and synovial fluid, but there is no significant difference
in the serum Dkk1 concentration between the OA patients and
healthy controls.371 However, a significant lower expression of WIF-
1 is found in OA chondrocytes than in normal chondrocytes.372

Overexpression of WIF-1 increases cell proliferation and suppresses
apoptosis of OA chondrocytes by eliminating high reactive oxygen
species (ROS) and reducing the secretion of MMPs.372 Most studies
show that sclerostin is increased in chondrocytes as a protective
mechanism in OA to prevent further degeneration of joint.373

Besides the Wnt signaling-related components, Runx1, one key
transcription regulator for cartilage formation, inhibits OA develop-
ment by reducing the level of active β-catenin, thus inhibiting Wnt/
β-catenin signaling.374

Wnt signaling and rheumatoid arthritis (RA)
RA is an autoimmune disease characterized by damage of
cartilage and bone due to inflammation. Wnt signaling shows
critical roles in RA. Wnt5a is highly expressed in synovial
fibroblasts in RA patients and promotes the expression of
inflammatory cytokines in synovial fibroblasts.375–377 Transfection
of normal fibroblasts with a Wnt5a expression vector induces the
expression of inflammatory cytokines.378 Meanwhile, inflammatory
cytokine enhances Wnt5a expression in RA synoviocytes.379

Recently, Rodriguez-Trillo et al. found that Wnt5a specifically
promoted migration and invasion of RA FLS (fibroblast-like
synoviocytes) and induced the expression of inflammatory
cytokines through non-canonical Wnt/Ca2+ and ROCK path-
ways.380 All these findings demonstrate the promotion effect of
Wnt5a on RA (for review, see Huang et al.381). LRP5 and Krm1 are
associated with joint destruction in RA patients.382 By studying
1 418 patients with RA in four cohorts, de Rooy et al. found that in
the Leiden early arthritis clinic cohort, six Dkk1, three Sost, one
Krm1, and 10 LRP5 SNPs are significantly associated with
radiological progression of joint destruction.382 Studies further
indicate the important involvement of sclerostin and Dkk1 in RA
development.383 The serum sclerostin/SOST and Dkk1 are
significantly higher in RA patients than in controls and correlate
with bone erosion and inflammation.383,384 Sclerostin is upregu-
lated in FLS of RA patients but inhibition of sclerostin accelerates
TNFα-dependent inflammatory joint destruction in RA mice,
demonstrating a protective role of sclerostin in TNF-mediated
inflammation.385 Since Dkk1 is upregulated by TNFα, some studies
indicate that treatment with TNFα inhibitors, such as Certolizumab
pegol, decreases the serum concentration of Dkk1 in RA
patients.386,387 In addition, RA-associated osteoporosis might be
the result of both increased bone resorption and decreased bone
formation, due to increased TNFα-driven osteoclast activity and
overexpression of Dkk1.387 Besides, Dkk1 and Sost SNPs and the
interactions between SNPs on Dkk1 and Sost are associated with
RA.382 sFRP2, sFRP4, and sFRP5, antagonists of Wnt signaling,
show a suppressive effect on RA.388–390 sFRP2 inhibits the
proliferation of RA fibroblast-like synovial cells and the expression
of IL-6 and IL-8 and inhibits RA pathogenesis through suppressing
Wnt/β-catenin signaling.388 Mechanistically, DNA methylation
plays a key role in regulating the expression of sFRP2 and sFRP4
and the activation of Wnt/β-catenin signaling in RA.388,389

sFRP5 shows an anti-inflammatory role in FLS in RA patients by
downregulating c-Jun N-terminal kinase.390 Furthermore, other
molecules are also involved in RA by regulating Wnt signaling.
Acid-sensing ion channel 1a (ASIC1a), phospholipase D1 (PLD1),
Aquaporin 1, and neuron navigator 2 (NAV2) all show a promotive
effect on RA by activating Wnt/β-catenin signaling.391–394 ASIC1a,

PLD1, Aquaporin 1, and NAV2 promote cell proliferation,
migration, invasion, and inflammation of RA FLS through
activating the Wnt/β-catenin pathway.391–394 Moreover, noncod-
ing RNAs are involved in RA by regulating Wnt signaling. Sun et al.
found that long noncoding RNA (lncRNA) OIP5-AS1 promotes the
occurrence and development of RA by downregulating the
expression of miR-410-3p, which increases Wnt7b expression
and activates the Wnt/β-catenin pathway.395 Wang et al. reported
that LINC00152 increased the proliferation of RA FLS by promoting
the Wnt/β-catenin pathway.396 Mir-125a-3p suppresses cell pro-
liferation and inflammation of RA fibroblast-like synovial cells by
inactivating the Wnt/β-catenin pathway.397

TARGETING WNT SIGNALING IN BONE DISEASE TREATMENT
The important involvement of Wnt signaling in bone formation,
homeostasis and diseases drives extensive research efforts to
target Wnt signaling for treating bone diseases. Studies show the
therapeutic effects on bone diseases in both animal models and
clinical trials by targeting either the extracellular molecules,
cytosol components, or nuclear components of Wnt signaling
(Table 4).

Targeting extracellular molecules of Wnt signaling
Targeting extracellular molecules taking part in Wnt signaling is of
prime importance for treating bone diseases. To date, various
biomolecules have been studied to target the extracellular
molecules of the Wnt signaling pathway to treat bone disease.
Wnt ligands are attractive targets for treating bone diseases.

Due to the promotion effect of Wnt signaling on bone mass, the
addition of Wnts can improve osteoporosis by increasing bone
mass. Yu et al. reported that Wnt4 prevents bone loss
in osteoporosis by inhibiting NF-κB via non-canonical Wnt
signaling.398 Jiang et al. suggested that stimulation using a
pulsed electromagnetic field can activate the Wnt10b/LRP5/
β⁃catenin pathway, which results in upregulation of Wnt10b,
LRP5, β-catenin, OPG, and Runx2 and downregulation of Axin2,
PPAR-γ, and Dkk-1 to prevent bone loss and improve lipid
metabolism disorders in glucocorticoid-induced osteoporosis
rats.399 In line with the findings of Jiang et al., Fan et al. also
found that the application of electroacupuncture stimulation
leads to increased expression of Wnt3α, β⁃catenin, and Runx2,
which affects bone formation and promotes bone metabolism
in rats with postmenopausal osteoporosis.400 More recently,
Diegel et al. showed the significance of inhibiting Wnt secretion
in alleviating high bone mass in three mouse models due to
Sost loss-of-function and Lrp5 gain-of-function mutations.401

For OA treatment, Wnt pathway is also an attractive target.
SM04690, a Wnt pathway inhibitor, appeared safe and well
tolerated and showed disease-modifying OA drug properties for
OA treatment in a phase 1 clinical trial (NCT02095548).402

Further phase 2 clinical trial of SM04690 (Lorecivint, LOR) for
intra-articular therapy of moderate to severe knee OA showed
that SM04690 improved the pain and cartilage degradation
(NCT03122860).403–405 The involvement of Wnt5a produced by
synoviocytes in RA suggests that suppression of Wnt5a is a
potential treatment of RA.406,407 Wnt5a knockout mice were
resistant to RA development, presenting as reduced inflamma-
tion parameters and less cartilage destruction.406 As Wnt5a
promotes RA via ROCK signaling, ROCK inhibitor Y-27632
inhibits Wnt5a-induced RA FLS migration and reduced inflam-
matory cytokines IL-1β, IL-6, MMP3, MMP9 and MMP13 levels.408

Moreover, traditional Chinese medicine, such as Ginkgolide B
and Resveratrol, show anti-RA effect for reducing articular
cartilage and bone destruction and decreasing inflammatory
cytokine levels through suppressing Wnt5a level.409,410 All these
results suggest Wnt5a a critical drug target for treating RA (for
review, see Huang et al.381). Liu et al. found that miR-21
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Table 4. Modifiers for Wnt signaling to treat bone diseases

Modifier Molecular
Target

Function Effect on Wnt
Signaling
Pathway

Diseases/Therapeutic effect Key
Reference

Overexpression Wnt4 Overexpresses Wnt4 Activates
non-
canonical
Wnt
signaling

Osteoporosis/Prevention 398

Genetic deletion Wnt5a Inhibits Wnt5a expression Inhibition RA/Alleviation 406,407

Ginkgolide B Wnt5a Inhibits Wnt5a expression Inhibition RA/Alleviation 409

Resveratrol Wnt5a Inhibits Wnt5a expression Inhibition RA/Alleviation 410

miR-21 Wnt Inhibits Wnt expression Inhibition RA/Alleviation 411

Adenovirus-Wnt16 Wnt16 Increase Wnt16 expression Activates
PCP/JNK

OA/Alleviation 357

Wnt mimetics Wnt Binds to Fzd and LRPs Activation Osteoporosis, aging and long bone fracture/Induce
rapid and robust bone building effects, correct bone
mass deficiency and bone defects, improve the
therapeutic effects of antiresorptive
bisphosphonates and anti-sclerostin antibody

412

Wnt-induced
osteogenic tissue
model

Wnt Maintain Wnt. Activation Bone defects/Maintain the osteogenesis of human
skeletal stem cells and repair bone defects

413

SM04690 (Lorecivint,
LOR)

Wnt
pathway

Inhibits Wnt signaling
pathway

Inhibition OA/Improve the pain and cartilage degradation 402–405

Dkk1-AS Dkk1 Inhibits Dkk1 expression Activation Estrogen deficiency induction of bone loss and
glucocorticoid-induced bone loss/Alleviation

414,415

Exosomal miR-196a
from BM-MSCs

Dkk1 Inhibits Dkk1 expression Activation Osteoporosis/In vitro study shows the promotion
effect on osteogenic differentiation

416

MiR-483-3p Dkk2 Inhibits Dkk2 expression Activation Osteoporosis/In vitro study shows the promotion
effect on bone formation process by increasing
osteoblast proliferation, preosteoblast differentiation
into mature osteoblasts, and new bone matrix
formation

417

AdDkk1 Dkk1 Upregulates Dkk1 expression Inhibition OA/Inhibits OA cartilage destruction 370

Dkk1-AS Dkk1 Inhibits Dkk1 expression Activation OA/Reduce the OA-associated increase of Dkk1 and
abrogate chondrocyte apoptosis

369

Romosozumab (a
humanized monoclonal
anti-sclerostin
antibody)

Sclerostin Inhibit the function of
sclerostin by binding to
sclerostin

Activation Osteoporosis/Increase BMD and reduces fragility
fractures in both male and female osteoporotic
patients

420–426

Sclerositn small-
molecule inhibitors

Sclerostin Inhibit the function of
sclerostin

Activation Bone defects/Promote osteogenesis 427

Bispecific antibody Sclerostin
and Dkk1

Inhibit the function of
sclerostin and Dkk1

Activation Bone fracture/Superior bone repair activity 428

Sclerostin antibody/
Dkk1 antibody
combination

Sclerostin
and Dkk1

Inhibits the function of
sclerostin and Dkk1

Activation Osteoporosis/Increase more cancellous bone mass 429

WIF-1 cDNA plasmid
transfection

WIF-1 Overexpression of WIF-1 Inhibition OA/Promote proliferation and suppress apoptosis of
OA chondrocytes

372

Lithium/Lithium
chloride

GSK3β Inhibition of GSK3β from
phosphorylating β-catenin

Activation Osteoporosis/Promotes osteogenic differentiation
and increases bone mass

431,432

Transgene method MACF1 Overexpression of MACF1 Activation Osteoporosis/Prevent aging induced osteoporosis 433

Daphnetin Not clear Increase the nucleus level of
β-catenin and the p-GSK3β
expression

Activation Osteoporosis/Increase the DEX-induced reduction in
BMC and microstructure parameters, and restore the
levels of bone turnover markers in glucocorticoid-
induced osteoporosis

434

Gentiopicroside β-catenin Increase β-catenin level Activation Osteoporosis/Promote BM-MSCs osteogenic
differentiation, promote bone formation in OVX mice

435

Ahs GSK3β Bind to and inhibit GSK3β Activation Osteoporosis/Enhance osteoblast differentiation and
bone formation, ameliorate prednisolone-induced
osteoporosis

436

Troxerutin Not clear Increase the expression of
β-catenin and downstream
target genes of Wnt signaling

Activation Bone fracture/Promote osteogenic differentiation of
human BM-MSCs, stimulate new bone formation and
accelerate the fracture healing in femur fracture rats

437
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overexpression inhibits the expression of IL-6 and IL-8 and
relieves RA by suppressing Wnt expression.411 In addition,
upregulation of Wnt16 through intra-articular injection of
adenovirus-Wnt16 into mouse knee joint dramatically attenu-
ated all the OA parameters.357 Fowler et al. designed an
antibody-based platform to generate potent and selective Wnt
mimetics and engineer bi-specific Wnt mimetics that target Fzd
and LRPs.412 They found that the synthetic Wnt mimetics induce
rapid and robust bone-building effects and that the Wnt
mimetics correct bone mass deficiency and bone defects in
various disease models, including osteoporosis, and long bone
fracture.412 Additionally, these Wnt mimetics show improve-
ment in the therapeutic effects of antiresorptive bisphospho-
nates and anti-sclerostin antibody.412 All these findings
demonstrate Wnt mimetics as promising agents for treating
bone disease. One recent study reveals a promising effect of a
Wnt-induced osteogenic tissue model on maintaining the
osteogenesis of human skeletal stem cells and repairing bone
defects, demonstrating manipulation of Wnt signaling as
promising strategy in treating bone disease.413

Secreted Wnt inhibitors/antagonists, such as Dkk1, sclerostin,
WIF-1, and RSpo2, become attractive targets for the treatment of
skeletal diseases. Exogenous end-capped phosphorothioate Dkk1-
AS treatment significantly alleviates both estrogen depletion-
induced bone loss in OVX rats and glucocorticoid-induced bone
loss.414,415 Moreover, exosomal miR-196a from BM-MSCs signifi-
cantly promotes osteoblast differentiation by targeting Dkk1 to
activate the Wnt/β-catenin pathway, providing a novel therapeutic
strategy for bone diseases such as osteoporosis.416 In human

osteoblasts, miR-483-3p directly binds to and negatively regulates
DKK2, an antagonist of Wnt signaling, thus increasing the
expression of Wnt1, β-catenin, and cyclin D1. This increase in
expression promotes the bone formation process by increasing
osteoblast proliferation, pre-osteoblast differentiation into mature
osteoblasts, and new bone matrix formation.417 Oh et al. found
the upregulation of Dkk1 in both human and mouse experimental
OA cartilage and showed that overexpression of Dkk1 by
intraarticular injection of AdDkk1 significantly inhibits OA in mice,
suggesting Dkk1 as a therapeutic target for OA treatment.370

However, Weng et al. found that Dkk1-AS treatment decreases the
OA-associated increase of Dkk1 and abrogates chondrocyte
apoptosis in OA in rats.369 These contrary findings may be due
to different stages of OA progression and further clinical
experiments are necessary.
The genetic linkage of sclerosteosis and van Buchem disease

(two high bone mass diseases) to the SOST gene and the
specificity of sclerostin in osteocytes strongly demonstrate that
sclerostin is a target for osteoporosis therapy. Gao et al.
demonstrated sclerostin as a target for enhancing the osteogen-
esis of BM-MSCs in the treatment of osteoporosis.418 They found
that SOST overexpression significantly inhibited BM-MSCs prolif-
eration and osteogenic differentiation, while Icariin promoted
osteogenesis of BM-MSCs by regulating sclerostin, which activated
Wnt/β-catenin signaling.418 Besides, a sclerostin antibody has
been developed to improve bone mineral density. Anti-sclerostin
antibody treatment significantly improves the bone quantity and
quality of a Wnt1-related osteogenesis imperfecta mouse
model.304 Presently, various studies that adopted animal models

Table 4. continued

Modifier Molecular
Target

Function Effect on Wnt
Signaling
Pathway

Diseases/Therapeutic effect Key
Reference

Small molecule
inhibitors

Dvl-CXXC5
interaction

Inhibits Dvl-CXXC5 interaction Activation Osteoporosis/Enhance osteoblast differentiation, and
rescue bone loss

438

Apigenin Not clear Increase the expression of
β-catenin and downstream
target genes of Wnt signaling

Activation Bone fracture/Promote osteogenesis and facilitate
the fracture healing

439

Glycyrrhizic acid (GA) Not clear Increase both active β-catenin
and total β-catenin protein

Activation Bone fracture/Promote osteogenic differentiation of
human BM-MSCs and promote bone fracture healing

440

BM-MSCs-derived
exosomal miR-335

VapB Inhibit VapB expression Activation Bone fracture/Promote osteoblast differentiation and
bone fracture recovery

442

BM-MSC-derived
exosomes carrying miR-
136-5p

LRP4 Inhibit LRP4 expression Activation Bone fracture/promote osteoblast proliferation and
differentiation and fracture healing

443

Exosomes derived from
platelet-rich plasma

Not clear Reduce the protein levels of
β-catenin, Runx2, and Wnt5a

Activation OA/Promote proliferation and migration, inhibit
apoptosis of OA chondrocyte and prevent OA
progression

444

BM-MSC-derived
exosomal miR-127-3p

CDH11 Inhibit CDH11 Inhibition OA/Promote cell viability, suppresses apoptosis of
OA chondrocyte and alleviates OA

445

PiR-63049 Wnt2b Inhibit Wnt2b expression Inhibition Osteoporosis/PiR-63049-antagonist attenuates bone
loss in OVX rats by promoting bone formation

446

miR-129-5p TCF4 Inhibit TCF4 expression Inhibition Osteoporosis/Inhibition of miR-129-5p rescues
osteoporosis

448

miR-320-3p β-catenin Inhibit the relative
transcriptional activity of the
β-catenin/TCF complex

Inhibition OA/Injection of mmu-miR-320-3p attenuates OA
progression in the OA mouse model

449

AdDkk1 Dickkopf 1-expressing adenovirus, BMC bone mineral content, BM-MSCs bone marrow mesenchymal stem cells, DEX dexamethasone, Dkk Dickkopf,
Dkk1-AS Dickkopf 1 antisense, Fzd frizzled, GA glycyrrhizic acid, GSK3β glycogen synthase kinase 3β, hASCs human adipose-derived stem cells, LEF lymphoid
enhancer-binding factor, LRP low-density lipoprotein receptor-related protein, MSCs mesenchymal stem cells, OA osteoarthritis, OCN osteocalcin, OPN
osteopontin, OVX ovariectomized, PTH parathyroid hormone, RUNX2 runt-related transcription factor 2, TCF T-cell factor, VapB vesicle-associated membrane
protein B, WIF Wnt inhibitory factor
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of human low bone mass diseases show the effectiveness and
safety by targeting sclerostin for the treatment of osteoporosis,
osteogenesis imperfecta, and osteoporosis pseudoglioma.419

Currently, romosozumab, a fully humanized monoclonal anti-
sclerostin antibody, has been approved for the clinical application
of treating osteoporosis in humans and shows efficacy in
increasing BMD and reducing fragility fractures in both male and
female osteoporotic patients.420,421 Phase 2 and phase 3 clinical
trials (NCT00896532, NCT01575834, NCT01796301) show that
romosozumab increases bone mineral density and bone formation,
decreases bone resorption and reduces fracture risk in both
postmenopausal women with osteoporosis and men with osteo-
porosis422–426 (for review, see Sølling et al.421 and Kerschan-
Schindl420). More recently, sclerostin small-molecule inhibitors
induced de novo bone to promote bone fusion, showing the
potential to be used in novel, cost-effective bone graft substitutes
for bone fusion and fracture defects healing.427 In addition, a
bispecific antibody against both sclerostin and Dkk1 shows super-
ior bone repair activity compared with monotherapies.428 Further,
Choi et al. found that a sclerostin antibody/Dkk1 antibody
combination approach was highly efficacious in the cancellous
bone mass, suggesting that the osteoanabolic effects of Wnt
pathway targeting can be made more efficient if multiple
antagonists are simultaneously targeted.429

Zhu et al. showed that overexpression of WIF-1 promotes
proliferation and suppresses apoptosis of OA chondrocytes by
eliminating ROS and reducing the secretion of MMPs via blocking
the Wnt/β-catenin signaling pathway, providing a new therapeutic
theory for OA treatment.372 Melnik et al. demonstrated that miR-
181a targets RSpo2, which is the activator of Wnt signaling and
repressor of BMP signaling, to promote chondrogenesis of MSC.430

Moreover, they observed the disruption of a tight correlation
between miR-181a and miR-218 expression levels in OA cartilage,
highlighting the importance of the Wnt-BMP signaling crosstalk
for preventing OA.430

The combination of these findings suggests that targeting
either components or regulators of the Wnt signaling pathway
could provide anabolic treatments for bone diseases.

Targeting cytosol components of Wnt signaling
Cytosolic components of Wnt signaling like GSK3β, Dvl, and APC,
and its modulators, such as MACF1, also play significant roles in
targeting agents involved in treating bone disorders.
GSK3β, a cytosolic component of Wnt signaling, shows promise as

a potential treatment target for treating various bone disorders. The
inhibition of GSK3β from phosphorylating β-catenin through using
lithium, which results in osteogenic differentiation and increasing
bone mass in mouse models.431,432 Moreover, we demonstrated
MACF1, the activator of Wnt/β-catenin signaling, as a promotor for
osteoblast differentiation and bone formation125,126,276 and a novel
potential therapeutic target for treating osteoporosis.433 Overexpres-
sion of MACF1 specifically in mesenchymal stem cells prevented
aging-induced osteoporosis in 18- and 21-month-old mice.433

Small molecules cause great attention for their convenient
application in the treatment of disease. Some small molecules
show therapeutic effects on bone disease by targeting Wnt/
β-catenin signaling. Wang et al. discovered that Daphnetin, a
major active component of daphne odora var. marginatai,
increases the dexamethasone (DEX)-induced reduction in bone
mineral content (BMC) and microstructure parameters, and
restores the levels of bone turnover markers in glucocorticoid-
induced osteoporosis in vivo.434 Additionally, they found that
Daphnetin promotes proliferation, differentiation, and miner-
alization in DEX-treated pre-osteoblasts in vitro and showed
that Daphnetin activates Wnt/GSK3β/β-catenin signaling.434

Their findings demonstrate the potential therapeutic effect of
Daphnetin on osteoporosis by targeting Wnt/GSK3β/β-catenin
signaling.434 Gentiopicroside, a class of natural compounds,

promotes BM-MSC osteogenesis by regulating the β-catenin-
BMP signaling pathway both in vitro and in vivo.435 As
silencing of β-catenin blocks the osteogenic differentiation
induced by Gentiopicroside in BM-MSCs, β-catenin was
revealed as the target for Gentiopicroside.435 The recent
increase in understanding of Gentiopicroside may provide a
novel strategy for the treatment of osteoporosis.435

Anthocyanin-enriched polyphenols from the petal of H.
syriacus L. (Ahs) enhance osteoblast differentiation and bone
formation both in vitro and in vivo while ameliorating
prednisolone-induced osteoporosis.436 Ahs is able to bind to
GSK3β and exerts the promotional effect on osteogenic
activities by inhibiting GSK3β and subsequently activating
β-catenin, leading to anti-osteoporosis.436 Troxerutin, a semi-
synthetic derivative of the natural bioflavonoid rutin, enhances
osteogenic differentiation of human BM-MSCs by stimulating
the expression of the critical transcription factor β-catenin and
several downstream target genes of Wnt signaling, such as
Cmyc, CD44, and Survivin, thus activating Wnt/β-catenin
signaling.437 Besides, Dvl-CXXC5 interaction is targeted for
treating osteoporosis. CXXC5 is a negative feedback regulator
of Wnt/β-catenin signaling through interacting with Dvl. By
targeting Dvl-CXXC5 interaction, small molecules activate Wnt/
β-catenin signaling, enhance osteoblast differentiation, and
rescue bone loss in OVX mouse by inhibiting Dvl-CXXC5
interaction,438 demonstrating that targeting Dvl-CXXC5 inter-
action is a new strategy for treating osteoporosis. Furthermore,
troxerutin stimulates new bone formation and accelerates the
healing of femur fractures in rats.437 Apigenin, a natural plant
flavone, promotes osteogenesis in vitro and facilitates the
healing of fractures in vivo by enhancing β-catenin expression
and activating Wnt/β-catenin signaling, indicating that Api-
genin is a promising therapeutic candidate for bone fracture
repair.439 Bai et al. found that glycyrrhizic acid (GA), a major
triterpene glycoside isolated from licorice root, promotes
osteogenic differentiation of human BM-MSCs by increasing
both active β-catenin and total β-catenin protein, with GA-
GelMA hydrogels promoting bone fracture healing, demon-
strating GA as a potential and cost-effective treatment of bone
defects.440

Recent findings demonstrate exosomes and noncoding RNAs
as novel strategies for bone disease treatment. BM-MSCs-derived
exosomes overexpressing miR-424-5p suppress osteogenesis by
regulating the WIF-1/Wnt/β-catenin signaling pathway, demon-
strating miR-424-5p as a new biomarker for the treatment of
osteoporosis.441 BM-MSCs-derived exosomal miR-335 promotes
osteoblast differentiation and bone fracture recovery via
activating the Wnt/β-catenin pathway by targeting VapB
(vesicle-associated membrane protein B), which is a regulator
of vesicle trafficking. This finding provides a novel insight into
therapeutic approaches in bone fracture treatment.442 BM-MSC-
derived exosomes carrying miR-136-5p target and inhibit LRP4
expression to activate the Wnt/β-catenin pathway, thus promot-
ing osteoblast proliferation and differentiation and initiating the
healing of fractures.443 Exosomes derived from platelet-rich
plasma (PRP-Exos) promote proliferation and migration, inhibit
apoptosis of OA chondrocytes and prevent OA progression by
activating the Wnt/β-catenin signaling pathway.444 Exosomal
miR-127-3p derived from BM-MSCs promotes cell viability,
suppresses apoptosis of OA chondrocyte, and alleviates OA by
inhibiting CDH11, thereby blocking the Wnt/β-catenin pathway
activation.445 Chen et al. found that piRNA-63049 is significantly
increased in both bone tissues and plasma of osteoporotic rats
and postmenopausal osteoporotic patients.446 Overexpression of
piR-63049 inhibits osteoblastogenesis of BM-MSCs while knock-
down of piR-63049 promotes the osteoblastogenesis of BM-
MSCs through the upregulation of the Wnt2b/β-catenin signal-
ing pathway.446 PiR-63049-antagonist can attenuate bone loss in

Wnt signaling in bone formation, homeostasis, and disease
L Hu et al.

23

Bone Research           (2024) 12:39 



OVX rats by promoting bone formation, suggesting piR-63049 as
a possible novel target for treating osteoporosis.446

Targeting the nuclear components of Wnt signaling
Like extracellular molecules and cytosolic components, the
nuclear components of Wnt signaling can also be targeted for
treating bone diseases. As a key mediator of Wnt/β-catenin
signaling, β-catenin translocates into the nucleus to bind to TCF/
LEF transcription factors that regulate the transcription of the
downstream target genes. Therefore, targeting β-catenin, TCF/LEF,
or the interaction of β-catenin and TCF/LEF in the nucleus is an
opportunity for disease therapy.
MicroRNAs show possible therapeutic potential by targeting

the nuclear components of Wnt signaling. Let-7i-3p negatively
regulates the Wnt/β-catenin signaling pathway by targeting
LEF1 and inhibiting osteogenic differentiation of human
adipose-derived stem cells (hASCs) under cyclic strain
in vitro.447 Therefore, either inhibition of Let-7i-3p or over-
expression of LEF1 promotes osteogenic differentiation of
hASCs,447 demonstrating the targeting of LEF1 as a therapeutic
strategy for treating disease. Moreover, miR-129-5p targets
TCF4 to inhibit Wnt/β-catenin signaling, thus inhibiting
osteoblast differentiation and bone formation.448 Thus, inhibi-
tion of miR-129-5p enhances osteoblast differentiation and
bone formation, showing a rescue effect on osteoporosis.448

Recently, Hu et al. demonstrated that miR-320c can inhibit
chondrogenic degeneration during OA by downregulating the
β-catenin protein level in the nucleus and decreasing the
relative transcriptional activity of the β-catenin/TCF com-
plex.449 Intra-articular injection of mmu-miR-320-3p attenuates
OA progression in the OA mouse model, demonstrating miR-
320-3p as a novel therapeutic agent for OA treatment.449

Taken together, from the extracellular components, cytosol
components to the nuclear components of the Wnt signaling
pathway, multiple components have been studied as drug targets
to modulate Wnt signaling, making Wnt signaling a perfect target
for treating bone diseases.

CONCLUSIONS AND PERSPECTIVES
Wnt signaling is a universal signaling pathway involved in
development, physiology, and pathology. Here we highlight data
exploring the role of both canonical (Wnt/β-catenin) and
noncanonical Wnt signaling pathways in bone physiology
and pathology by discussing Wnt proteins, receptors, activators,
and inhibitors, and their interactions. Moreover, the efforts
targeting Wnt signaling for treating bone disease are summar-
ized. Human bone diseases and skeletal abnormalities resulting
from aberrant Wnt signaling mimicked in mutant mice reveal the
importance of Wnt signaling in bone development. Different
animal models and human diseases studies establish a complex
Wnt signaling pathway network with multiple players. Defects in
Wnt ligands and agonists may lead to bone development
disorders, joint formation abnormality, or osteoporosis.450 Muta-
tion in LRP5/6, the Wnts receptors, leads to various bone diseases.
Sclerostin is an extracellular antagonist that is involved in several
bone diseases, including van Buchem disease and sclerosteosis.
The mutation of other inhibitors such as WIF and Dkk causes
altered bone density. In addition, the Wnt signaling pathway
overlaps with other pathways related to bone development such
as the PTH pathway, the Ihh pathway, and the TGF-β/BMP
pathway. Through this interconnected network of signaling
pathways, Wnt signaling regulates both bone remodeling and
the determination of mesenchymal stem cell fate.
The Wnt signaling pathway has been studied for decades,

however, many important questions regarding Wnt signaling
remain unanswered. What are the molecular structures of Wnt
pathway components? What is their mechanism of interaction, the

complicated network between the canonical Wnt pathway,
noncanonical Wnt pathway, and other pathways? Where does
Wnt signaling take place in cell organelles? What is the insight into
the mechanisms of action of these Wnt receptors? Can we identify
a truly potent Wnt inhibitor or agonist? Whether further
complexity of Wnt-regulated gene expression will be uncovered
through comparative analyses of Wnt-responsive transcription
programs that depend on TCF/LEF versus others?
As Wnt signaling plays an important role in bone formation,

homeostasis and diseases, it become the topic of drug
development for bone diseases. The approach to the Wnt
pathway focuses on extracellular mediators such as Sclerostin,
which is selectively and highly expressed in bone. Agents that
specifically target Sclerostin show great promise for simulta-
neously treating osteoporosis and repairing bone fractures.
The FDA approved the first-in-class anti-sclerostin antibody for
osteoporosis in 2019. While current osteoporosis drugs
decrease bone breakdown and bone formation, the anti-
sclerostin antibody simultaneously increases bone formation
and decreases bone breakdown.451 The Wnt signaling pathway
consists of numerous antagonists, ligands, and intracellular
proteins that alter the development of bone as well as the
pathogenesis of bone diseases. Thus, it would be useful to
investigate more upstream targets in the Wnt canonical
pathway for further drug discovery, which could yield more
promise than targeting β-catenin and downstream events.
New biological analytical technologies, including single-cell

RNA-seq analysis and spatial transcriptomics should enable us to
dissect where, when, and how Wnt signaling occurs inside the
cells. New imaging technologies, such as spatially resolved, highly
multiplexed RNA profiling in single cells452 will facilitate the
visualization of the dynamic Wnt signaling events in vivo. Novel
regulators will likely continue to be identified using classical
genetic, molecular, modern genomic, proteomic approaches,
bioinformatics, and protein structure biology using cryo-electron
microscopy and Deep learning system, AlphaFold, an artificial
intelligence (AI) program, which performs predictions of protein
structure. As there are multiple components in Wnt signaling,
identification of the key regulator or the key interaction between
these components involved in specific tissue physiology or
disease will be helpful for both understanding the underlying
mechanism and providing a target for specific disease therapy.
Besides, it will be helpful to identify specific activators and
inhibitors of the specific components of Wnt signaling based on
their structure, both for studying their physio-pathological role
and for investigating therapeutic methods. Answering these
questions and identifying these issues will provide a deeper
understanding of the physiological and pathological role of Wnt
signaling and will make Wnt signaling a more suitable target for
bone disease therapy.
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