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The Therapeutic Potential of the Wnt Signaling Pathway in Bone Disorders 
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Abstract: The Wnt pathway plays a critical role in Development and differentiation of many tissues, such as the gut, hair 

follicles, and bone. Increasing evidence indicates that Wnts may function as key regulators in osteogenic differentiation of 

mesenchymal stem cells and bone formation. Conversely, aberrant Wnt signaling is associated with many osteogenic pa-

thologies. For example, genetic alterations in the Wnt signaling pathway lead to osteoporosis and osteopenia, while inac-

tivating mutations of Wnt inhibitors result in a hyperostotic skeleton with increased bone mineral density. Hyperparathy-

roidism causes osteopenia via induction of the Wnt signaling pathway. Lithium, often used to treat bipolar disorder, 

blocks a Wnt antagonist, decreasing the patient’s risk of fractures. Thus, manipulating the Wnt pathway may offer plenty 

therapeutic opportunities in treating bone disorders. In fact, induction of the Wnt signaling pathway or inhibition of Wnt 

antagonists has shown promise in treating bone metabolic disorders, including osteoporosis. For example, antibodies tar-

geting the Wnt inhibitor Sclerostin lead to increased bone mineral density in post-menopausal women. However, such 

therapies targeting the Wnt pathway are not without risk, as genetic alternations may lead to over-activation of Wnt/ -

catenin and its association with many tumors. It is conceivable that targeting Wnt inhibitors may predispose the individu-

als to tumorigenic phenotypes, at least in bone. Here, we review the roles of Wnt signaling in bone metabolic and patho-

logic processes, as well as the therapeutic potential for targeting Wnt pathway and its associated risks in bone diseases. 
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INTRODUCTION 

Discovered in the 1980s, the Wnt (Wingless and int-1) 
signaling cascade is involved in embryonic Development 
and homeostasis, through regulation of cell proliferation, 
differentiation, and apoptosis [1, 2]. The signaling pathway 
associated with tumorigenesis was first reported when the 
APC protein was found to interact with -catenin in patients 
suffering from familial adenomatous polyposis (FAP) [1, 2]. 
The expression of Wnt proteins is regulated throughout De-
velopment [3]. It has been well established that Wnts play an 
integral role in many physiologic and pathologic processes. 

Wnt genes encode a family of approximate 20 cysteine-rich 
secreted glycoproteins, which interact with cell surface re-
ceptors and trigger a cascade of intracellular events. There 
are three distinct pathways through which Wnt signaling can 
be transduced (Fig. 1). The canonical pathway converges on 
the transcriptional regulator -catenin (Table 1). Wnt pro-
teins, such as Wnt 1, Wnt 3a, or Wnt 8, bind to the Frizzled 
(Frz) receptors and co-receptor LRP5/6 (low-density lipopro-
tein-receptor-related protein 5/6), leading to -catenin stabi-
lization and translocation to the nucleus to initiate transcrip- 
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tion [4-7]. Wnt-Frz interactions are often described as pro-
miscuous, since a single Wnt protein may bind to multiple 
Frz proteins [8]. The Wnt-Frz/LRP5/6 interaction activates 
the associated kinases, which in turn phosporylates the intra-
cellular protein disheveled (Dvl). Activation of Dvl inhibits 
glycogen synthase kinase 3  (GSK3 ), resulting in subse-
quent stabilization of -catenin (Fig. 1) [9]. Stabilized -
catenin then translocates to nucleus and forms a transcrip-
tional complex with lymphoid-enhancer binding factor 
(Lef)/T-cell specific transcription factors (Tcfs) to regulate 
target gene expression [10]. Examples of the -catenin/Tcf 
target genes include c-Myc, cyclin D1 and PPAR  [11-14]. 
In the absence of Wnt ligands, a complex consisting of 
GSK3 , Axin and adenomatous polyposis coli (APC), phos-
phorylates the N-terminal of -catenin and initiates its pro-
teosomal degradation [4, 5].  

The non-canonical Wnt pathways, which occur inde-
pendently of -catenin, include the calcium dependent and 
cell polarity pathways (Fig. 1). Well characterized non-
canonical Wnts include Wnt 5a and Wnt 11 [7]. The cal-
cium-dependent Wnt pathway plays important roles in em-
bryonic Development, cell migration and motility, and pos-
sibly tumor suppression [5, 15]. In the calcium-dependent 
Wnt pathway, the Wnt ligands bind to Frz receptor and trig-
ger intracellular calcium release by heterotrimeric G protein 
stimulation. The released intracellular calcium activates pro-
tein kinase C (PKC) or calcineurin (CaCN), which then turns 
on transcription factors Elk-1 and NF-AT [16]. The cell 
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Fig. (1). Schematic representation of Wnt signaling pathways. Wnt ligands can activate either the canonical pathway (through -catenin) or 

the non-canonical pathway (through Ca++ signaling or Rac/Rho pathway) to achieve distinct biological functions. In the canonical pathway, 

Wnt ligand binding of LRP 5/6 receptors induces them to interact with Frz proteins, leading to the phosphorylation of Disheveld (Dvl). Acti-

vating Dvl, then inhibits the Wnt antagonist complex, consisting of Axin, Glycogen Synthase Kinase 3  (GSK3 ), and Adenomatous Poly-

posis Coli (APC), which then stabilizes -catenin and enables its translocation to the nucleus and interaction with the Tcf/Lef transcription 

factors. The non-canonical pathways include the calcium dependent and the cell polarity pathways. The calcium dependent pathway utilizes a 

heterotrimeric G protein to stimulate a cascade including phospholipase c, IP3, and DAG which concludes in intracellular calcium release and 

calcineurin activation. In the cell polarity pathway, Frz activates Rho and Rac and proceeds through JNK pathway to activate the transcription 

factor c-Jun. 

Table 1. Potential Therapeutic Strategies by Targeting Wnt Signaling at Different Levels 

 

 Mechanism Intervention Therapeutic Effect Reference 

Agonize Wnt Signaling Molecules 

-Catenin 
Transmits Wnt signal to nucleus, binds 

TCF-Lef-1 
DCA (activates -catenin) 

Enhanced Osteogenic Signaling and Differ-
entiation 

[96] 

Antagonize Wnt Signaling Molecules  

Sclerostin Inhibits Wnt coreceptors LRP 5/6 Anti-Sclerostin Abs Decreased BMD in Spine and Hip [4, 5] 

Dkk-1 Bind, Internalize LRP Receptors Anti-Dkk-1 Abs Increased Bone Mass and Osteogenesis [90] 

SFRPs 
Bind, competitively inhibit Frz Recep-

tors 
Small-molecule inhibitors of 

SFRPs 
Increased Bone Formation and resultant 

Bone Density 
[80, 92] 

Tcf/Lef-1 Binds -catenin, activates transcription 
Quercetin (blocks the association 

of -catenin to TCF/Lef-1) 
Decreases Wnt Signaling and Wnt associ-

ated Osteogenesis 
[97] 

GSK-3 
Phosphorylates -catenin to lead to its 

degradation 
Lithium and BIO (blocks GSK-3 
to inhibit -catenin degradation) 

Increased BMD in ovariectomized rats, 
decreased fracture incidence 

[87, 98, 99]  

Targeting Wnt Cross Talk  

Gleevec Tyrosine Kinase Inhibitor Anti-Cancer Therapies Downregulates -catenin signaling pathway [100] 

PPAR  and Reti-
noic Acid 

Stimulate Adipogenesis Synthetic Agonists Ligands 
Downregulates Wnt/ -catenin signaling 

pathway 
[89, 101] 

For therapeutic purpose, Wnt signaling can be targeted at the multiple levels of the signaling cascade, such as at the extracellular, cell membrane, and intracellular levels. Exemplary 
interventions targeting each signaling nodal point are given and discussed in the text. 
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polarity pathway functions through Frz receptors, activating 
Rho and Rac, which lead to c-jun NH2 terminal kinase 
(JNK) activation [17]. This pathway may modify the actin 
cytoskeleton, while also plays a role in cell proliferation, 
differentiation, and apoptosis [9, 18]. However, many as-
pects in the non-canonical Wnt signaling pathways are 
poorly understood.  

In this review, we primarily focus on the canonical Wnt 
pathway. The Wnt pathway plays an important role in many 
physiologic and pathologic processes throughout the body. 
Abnormal Wnt signaling has been associated with many dis-
eases, ranging from cancer to bone disorders. Investigations 
into the Wnt pathway have shed light on its role in os-
teogenesis, highlighting its role in associated pathologies. 
These lines of studies have also offered opportunities for 
therapeutic manipulation of the Wnt signaling components, 
from the receptors, signal transducers, and downstream tar-
gets to the antagonists. 

WNT ANTAGONISTS 

The negative regulation of the Wnt signaling pathway 
can occur both outside and within the cell (Fig. 2). Extracel-
lular inhibitors of the Wnt proteins include Wnt Inhibitory 
Factors (WIFs), Dickkopfs (Dkks), secreted frizzled-related 
proteins (SFRPs), Kremen1 and 2 (Krm 1/2), and Sclerostin 
(Sost) (Fig. 2 and Table 1). These regulatory molecules act 

by either binding the Frz (SFRPs) or LRP 5/6 (Sclerostin, 
Dkks, Krm) receptors to prevent Wnt association, or by di-
rectly binding the Wnt proteins (WIFs) [5]. Dkk 1 and Dkk 2 
are secreted proteins that bind to the LRPs, leading to a 
cross-linking and internalization of receptor [11]. The SFRPs 
inhibit Wnt signaling through sharing a similar ligand bind-
ing domain with Frz receptors [19]. The transmembrane pro-
teins kremens are involved in promoting LRP inactivation 
[11]. Sclerostin is a secreted protein that binds and blocks 
the Wnt co-receptors LRP 5/6. Intracellular inhibitors in-
clude the GSK3 -Axin-APC complex and Chibby (Cby) 
(Fig. 2). Cby competes with Tcf/Lef-1 to block -catenin 
signaling [20]. This nuclear control involves modifying the 
Tcf and Lef transcription factors in the Wnt signaling cas-
cade [21, 22]. The antagonist regulation of the Wnt cascade 
is critical in a variety of disease processes, and therefore, has 
tremendous potential in therapeutic regimens. 

WNT SIGNALING IN NON-OSTEOGENIC DIFFER-

ENTIATION 

The Wnt signaling cascade plays a crucial role in many 
aspects of Development, and tissue renewal. Abnormalities 
in the Wnt signaling pathway may disrupt homeostasis by 
altering normal physiologic processes. Gut epithelium is the 
most dynamic example of self-renewal, as the new epithelial 
cells form in a matter of 3-5 days. In this process, stem cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (2). Functions of some naturally occurring Wnt antagonists at cell surface. Wnt signaling is tightly regulated at cell surface level by 

several antagonists that can target receptors Frizzled (Frz), co-receptors (LRP5/6), or Wnt ligands themselves. Extracellular antagonists in-

clude Sclerostin, which binds and inhibits LRP 5/6, Wnt Inhibitory Factors (WIFs) that bind Wnt ligands, and secreted frizzled-related pro-

teins (SFRPs) that bind Frz and competively inhibit the LRP interaction with Frz. Kremens (Krm) and Dickkopfs (Dkk) facilitate LRP inac-

tivation through internalization of the receptor. The intracellular complex Glycogen Synthase Kinase 3  (GSK3 ), Axin, and Adenomatous 

Polyposis Coli (APC) inhibit -catenin translocation to the nucleus. The recently discovered Chibby (Cby) blocks -catenin association with 

its transcription factors in the nucleus. 
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form differentiated crypt precursors lining the base of the 
villi, enabling regeneration of the overlying epithelial layers 
[23]. Wnt signaling is an integral part in this process. Lack 
of Tcf4 or over-expression of the antagonist Dkk-1 leads to 
the absence of these progenitor cells, while Wnt stimulation 
results in cell proliferation and paneth cell terminal differen-
tiation [23-25]. 

Another rapidly renewing cell regeneration cycle involv-
ing stem cells occurs within the hair follicles. Bulge stem 
cells migrate to the base of the follicle to undergo terminal 
differentiation and form the precortex [11]. Wnt signaling is 
critical in this differentiation process, activating bulge stem 
cells to initiate the cascade and hair follicle formation [11]. 
Mutants in the transcription factor Lef1 have few hair folli-
cles, while the overexpression of -catenin leads to excessive 
hair [26, 27]. Wnt signaling also functions as important regu-
lators of the hematopoietic microenvironment. Wnt proteins 
and -catenin overexpression promote proliferation and self-
renewal of hematopoietic progenitor cells [28]. Furthermore, 
Tcf1 knockout leads to a decrease in thymocyte progenitors, 
impacting the production of T-lymphoid lineages [29]. 

WNT SIGNALING AND CROSS-TALK WITH OTHER 

PATHWAYS DURING OSTEOGENIC DIFFEREN-

TIATION 

The Wnt pathway plays an integral role in bone Devel-
opment and osteogenic homeostasis [6, 9, 10]. Wnt ligands 
have been identified as critical mediators for limb bud initia-
tion and Development, joint formation, and limb morpho-
genesis[9]. Experimental deficiencies of non-canonical Wnt 
signal transducers lead to abnormal bone formation through-
out Development [30, 31]. Recent studies indicate that Wnts 
are important regulators of osteogenic differentiation of 
mesenchymal stem cells (MSCs). MSCs are pluripotent bone 
marrow stromal progenitor cells that retain the ability to dif-
ferentiate into a variety of tissues, including bone, adipose, 
muscle, cartilage, and tendons (Fig. 3). This differentiation 
process is tightly regulated by complex signaling events [32, 
33]. Wnt signaling is crucial in regulating both osteogenic 
and adipogenic lineage-specific differentiation [6, 34], as 
Wnts can promote osteoblastic precursors into more differ-
entiated osteoblasts and serve as negative regulators of adi-
pogenesis (Fig. 3) [35, 36]. Canonical Wnt/ -catenin, acts 
synergistically with the osteogenic regulator Runx2 and 
promotes the differentiation pathway toward osteogenic pre-
cursors [37, 38]. The non-canonical Wnt pathway has also 
been shown to suppress the adipogenic regulator PPAR , 
and enhances Runx2, inducing osteogenesis [34, 39], as Wnt 
5a is able to promote osteoblastogenesis, while acting as a 
co-repressor of PPAR  and subsequent adipogenesis [39]. 
These counter-regulatory functions are integral to terminal 
osteogenic differentiation (Fig. 3). 

Wnt proteins play an important role in regulating adipo-
genic, chondrogenic and myogenic Development [40, 41]. 
Canonical Wnt ligands are able to suppress both adipogene-
sis and chondrogenesis [37, 38]. Inhibition of Wnt signaling 
leads to transdifferentiation of myoblasts to adipocytes [42]. 
Both Wnt antagonists Dkk1 and Dkk2 are required for ter-
minal differentiation of osteoblasts, suggesting a complex 
regulatory loop in the differentiation cascade [43, 44]. None-

theless, Wnt proteins may play a key role in both promoting 
and regulating the complex cascade associated with MSC 
differentiation into mature osteocyte during regenerative 
processes. 

Wnts cross-talk with bone morphogenetic proteins 
(BMPs) in regulating MSC differentiation. In particular, 
BMPs 2, 6, and 9 act as major osteogenic inducers [33]. 
Wnt3a acts synergistically to induce osteogenic differentia-
tion with BMP9, while -catenin knockdown or Frz antago-
nist overexpression blocks BMP9 induced osteogenic differ-
entiation and bone formation, inducing chondrogenic matrix 
production [45]. Addition of BMPs to -catenin has been 
proven to be critical for ectopic bone formation, although -
catenin alone is able to induce osteogenic differentiation, not 
bone formation [33, 46]. Both Wnt antagonist Dkk-1 and -
catenin null inhibit the BMP-2 induced bone formation, indi-
cating that these pathways may cross-talk at the interaction 
of Smad-4 and -catenin [47]. Thus, as two important media-
tors of osteogenesis, the cross-talk between Wnts and BMPs 
represents a critical step towards understanding and targeting 
this differentiation process. 

During osteogenic regulation, Wnt signaling may cross-
talk with the Hedgehog (Hh) and Notch signaling pathways. 
Hh is crucial for embryonic skeletal Development and en-
dochondral bone formation [48, 49]. Wnt signaling regulates 
key mediators in the Hh signal transduction, Gli2 and Gli3 
[50]. Notch signaling is also important for skeletal Devel-
opment. A deficiency in the Notch signal mediator preseni-
lin-1 leads to defects in the axial skeleton [51]. There ap-
pears to be a conserved domain between Notch signaling 
molecules and the transcription factors Tcf/Lef-1, enabling 
the Notch signaling mediators to inhibit the canonical Wnt 
pathway [52]. Other mechanisms associated with osteogenic 
induction through Wnt signaling involve activation of PKC , 
as well as, Src/ERK and PI3K/Akt signaling pathways [53]. 
Further investigations into the cross-talks between these sig-
naling pathways with Wnt signaling are imperative to elicit 
the mechanisms underlying MSC differentiation and bone 
Development. 

WNT SIGNALING IN OSTEOGENESIS AND OS-

TEOGENIC PATHOLOGIES 

The canonical and non-canonical Wnt signaling path-
ways play an important role in bone metabolism and os-
teogenesis, and contribute to osteogenic pathologies, as 
shown in both animal studies and genetic disorders in hu-
mans. Many signaling components of the Wnt pathways thus 
may represent potential drug targets for treating pathologies 
of the skeletal system. 

Wnt Co-Receptors as Regulators of Osteogenesis and 

Bone Mineral Density 

Abnormalities in LRP5 have significant impacts on 
skeletal homeostasis. Osteoporosis pseudoglioma syndrome 
(OPPG) is caused by inactivating mutations of the LRP5 
gene [54]. The OPPG patients are characterized with pheno-
types of osteoporosis and decreased bone mineral density 
[55]. Similar results have been seen in LRP5 knockout mice 
[56, 57]. However, LRP5 activating mutations lead to in-
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creased bone mass, while knockout mutations reduce bone 
mineral density from a defect in osteoblast proliferation [55, 
57, 58]. 

The role of LRP6 is analogous to that of LRP5 in initiat-
ing the Wnt signaling pathway. As a Wnt co-receptor, muta-
tions in the LRP6 gene results in a variety of phenotypes in 
adult bone homeostasis [59]. A mutation in the LRP6 gene in 
humans leads to osteoporosis and other metabolic abnormali-
ties [60]. In mice, a spontaneous missense mutation in the 
LRP6 gene leads to defects in somitogenesis and reduced 
bone mass in adults [61]. Null mutations in the LRP6 gene 
lead to prenatal lethality secondary to truncated distal limb 
and axial skeletal structures [59, 62]. The critical role of 
LRP6 in osteogenic Development is demonstrated when mu-
tations of both LRP5 and LRP6 synergistically delay and 
prevent skeletal Development [63].  

Although a few attentions have been paid to the Wnt 
ligands, there appears to be some associations of the ex-
tracellular Wnt agonists with metabolic abnormalities. Wnt 
10b missense mutations in humans may be linked to obesity, 
while similar mutations in animals lead to a decrease in post-
natal bone density [58, 64]. Furthermore, in mice overex-
pression of Wnt 10b results in increased bone mass [65]. 
Conditional Wnt 7b knockout causes defects in osteoblasto-
genesis and chondrogenesis [66]. Thus, therapeutic manipu-
lations of extracellular Wnt receptor, either through mimick-
ing Wnt ligands or using blocking antibodies against their 
receptors, hold tremendous potential for treating skeletal 
pathologies 

Wnt Intracellular Signaling During Osteogenesis 

As an important mediator of the canonical Wnt signaling 
pathway, -catenin is crucial in bone formation and regen-
eration [36]. Conditional deletion of -catenin in mice leads 
to impaired mineralization secondary to a deficiency of ter-
minally differentiated osteblasts [67, 68]. This also impaired 
endochondral ossification and ectopic chondrocyte formation 
[4]. The osteopenia, or mildly decreased bone mineral den-
sity, resulting from -catenin knockout is associated with 
increased osteoclasts [69]. These results point to the critical 
role for -catenin in regulating the relationship between os-
teoblasts and osteoclasts.  

The Tcf/Lef transcription factors are critical mediators in 
the Wnt pathway’s regulation of osteogenesis through -
catenin. Tcf1 null mice demonstrate low bone density with 
an increased number of osteoclasts [35]. This is similar to 
the impaired mineralization seen in -catenin deficient mice, 
as would be expected from the interaction of these transcrip-
tion factors with -catenin. Further investigation into ma-
nipulating these intracellular mediators of Wnt signaling 
may enable us to target these nuclear mediators in the path-
way using biological and/or chemical agents. 

Wnt Extracellular Antagonists in Osteogenesis and Bone 

Pathologies 

Sclerostin (Sost) is a protein secreted by osteocytes that 
binds to and blocks Wnt binding to co-receptors LRP5/6, 
leading to inhibiting osteogenic differentiation. It has been 
shown that sclerostin is able to indirectly inhibit BMP in-

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (3). The roles of Wnt signaling in regulating mesenchymal stem cell differentiation. Canonical Wnts can inhibit adipogenic differentia-

tion, and promote osteogenic differentiation, which can be inhibited by sclerostin. Wnt signaling proteins are thought to regulate the late 

stages of ostegenic differentiation, while inhibiting adipogenesis in part through its interaction with PPAR . Sclerostin is secreted by osteo-

cytes in a negative feedback cycle to inhibit the Wny cascade. PPAR  and retinoic acid are critical regulators of adipogenesis, while Runx2, 

osterix, osteocalcin, and osteopontin are involved in the regulation of the osteogenic differentiation cascade. 
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duced osteogenic differentiation and bone formation through 
its association with LRP 5/6 [70]. During bone remodeling, 
osteocytes regulate bone formation by expressing sclerostin 
to complete a negative feedback cycle of Wnt signaling in 
mature osteoblasts [71]. Furthermore, mechanical stimula-
tion of long bones reduces the expression of sclerostin and 
enhances bone formation, while mechanical unloading in-
creases the sclerostin antagonistic effects and diminishes 
bone strength [72, 73]. 

Sclerostin represents one of the best documented exam-
ples that offer a link between Wnt antagonists and specific 
pathologies. The autosomal recessive diseases Sclerostosis 
and Van Buchen disease form secondary to homozygous 
mutations of Sost encoding the secreted protein sclerostin 
[74, 75]. These disorders are associated with a progressive 
increase in bone mass, hyperostotic skeleton and increased 
bone mineral density [76]. Sclerostin is directly involved in 
the regulation of osteoblastic differentiation through the an-
tagonism of the Wnt signaling pathway [76]. Furthermore, 
specific polymorphisms of the Sost promoter have been im-
plicated in osteoporosis [19]. Thus, sclerostin plays an im-
portant role in many facets of osteogenesis, as both a marker 
for osteogenic abnormalities and a therapeutic target.  

Another group of extracellular regulators are the Dkk 
proteins, which play an important role in regulating bone 
matrix mineralization through the Wnt pathway. A mutation 
in the LRP5 receptor leads to Dkk1 resistance and increased 
bone density [55]. Furthermore, Dkk1 and Dkk2 expression 
levels correlate with matrix mineralization [4, 43, 77]. Dkk1 
knockout mice exhibit increased bone density, while Dkk1 
overexpression results in osteopenia [77, 78]. Dkk2 null mice 
are also osteopenic with impaired mineralization [43], dem-
onstrating the importance of both proteins in regulating bone 
Development and regeneration.  

Although the antagonists to LRP 5/6 co-receptors are 
well established in their osteogenic regulatory roles, the 
Frizzled receptor antagonists play a key function in os-
teogenesis and osteogenic pathologies. Osteogenic abnor-
malities are associated with SFRPs, as increased incidence of 
hip osteoarthritis has been associated with alterations of the 
Sfrp gene [79]. Sfrp1 knockout mice exhibit increased trabe-
cular bone volume [80]. Furthermore, deficiencies in both 
sclerostin and Sfrp1 result in increased bone mass [58, 81]. 
Another antagonist to the Frz receptor, FrzB, can inhibit 
BMP9 induced osteogenic differentiation and bone forma-
tion [45]. Thus, these extracellular Wnt antagonists may be 
exploited as future therapeutic manipulations of osteogene-
sis. 

Wnt Intracelullar Antagonists Regulate Bone Develop-

ment and Regeneration 

The Axin-GSK3 -APC complex has been shown to play 
a role in osteogenesis. Axin mutations lead to both os-
teogenic and chondrogenic abnormalities as familial tooth 
agenesis has been linked to Axin2 mutations [82]. Through 
the activation of the -catenin signaling pathway, Axin 2 
knockout mice present with increased osteoblast prolifera-
tion, craniosynostosis, increased chondrocyte differentiation, 
reduced limb length, and increased bone mass phenotypes 
[83-85]. GSK3  also regulates osteogenesis, as GSK3  in-

hibitors, such as lithium, are able to increase bone density 
and enhance osteoblast differentiation [86, 87]. Mice het-
erozygous for Gsk3  alleles exhibit increased bone mass 
[88]. It is thus conceivable that the Axin-GSK3 -APC com-
plex may be potential drug targets.  

OSTEOGENIC PATHOLOGIES AND THEIR 

THERAPEUTIC TARGETS IN THE WNT PATHWAY 

There are an increased number of reports about the po-
tential use of synthetic or natural compounds to enhance or 
inhibit the Wnt signaling pathway (Table 1). There has been 
much investigation into the role of the Wnt pathway in many 
bone pathologies, such as osteoporosis, fracture healing, and 
hyperparathyroidism. Osteoporosis, defined as decreased 
bone mineral density 2.5 standard deviations below peak 
bone mass of young women, is the most prevalent bone pa-
thology occurring in older women. Osteoporotic bones stead-
ily lose bone mass, eventually leading to thin trabeculae, 
high marrow adipose content, and low tensile strength. 
Clinically, agents, such as bisphosphonates and SERMs, are 
used to block bone resorption. Furthermore, much attention 
has been paid to strategies enhancing bone regeneration in 
severe osteogenic abnormalities, such as critical sized de-
fects, non-union fractures, and vertebral interventions. Thus, 
manipulation of both the intracellular and extracellular Wnt 
pathway has shown great potential in treating these and other 
osteogenic pathologies. 

Extracellular Wnt Signaling Components as Therapeutic 

Targets 

The extracellular Wnt receptors may be exploited as po-
tential targets for pharmacologic therapies. For anticancer 
therapies, Wnt ligands have been targeted through antisense 
molecules, RNA interference, or neutralizing antibodies 
[89]. Recent investigation has focused on a similar strategy 
to induce the opposite effect in attempts to enhance the Wnt 
signaling pathway and osteogenesis, such as the possible use 
of synthetic receptor agonists or the inhibitors of the ex-
tracellular Wnt antagonists. 

Investigations are undertaking to study the effects of 
blocking extracellular Wnt antagonists, such as DKK, SFRP, 
and sclerostin (Table 1) [5]. One highly promising endeavor 
is to target sclerostin using humanized antibodies. As scle-
rostin is produced by mature osteoblasts, this intervention 
decreases bone resorption in animals [5, 90, 91]. Further-
more, since alterations in the Sost promoter are associated 
with osteoporosis, targeting sclerostin in osteoporosis has 
yielded promising results [19]. This strategy has been exem-
plified by the use of anti-sclerostin antibodies, which lead to 
increased bone mass [90]. Antibodies to sclerostin in estro-
gen deficient rats results in increased bone formation [90]. In 
a phase one clinical trial, a single dose of anti-sclerostin an-
tibody given to post-menopausal women increased the bone 
mineral density of the lumbar spine and increased production 
of collagen type I [90]. 

The role of the extracellular Wnt pathway in osteogenic 
regeneration is demonstrated as both canonical and non-
canonical Wnt ligands are upregulated throughout the early 
and late stages of fracture healing [9]. Exogenous treatment 



The Therapeutic Potential of the Wnt Signaling Pathway Current Molecular Pharmacology, 2011, Vol. 4, No. 1    7 

with Dkk-1 inhibits both chondrogenesis and osteogenesis, 
while delaying the time in fracture healing [46, 90]. Exoge-
nous inhibition of SFRP1 induces bone formation and in-
creases bone density [92]. Thus, sclerostin, Dkks, and other 
extracellular Wnt antagonists may emerge as one of the most 
promising targeted therapies for osteogenic disorders. 

Therapeutic Targets of the Intracellular Wnt Pathway in 

Bone Disorders 

The intracellular molecules involved in the Wnt pathway 
also show promise in osteogenic therapeutic interventions. 
The Wnt intracellular targets have been investigated as pos-
sible anti-cancer therapeutic modalities. These strategies 
focus on the intracellular molecules, such as -catenin and 
Tcf/Lef, or antagonists, such as Axin or GSK3 , to block the 
Wnt signaling cascade (Table 1). These strategies involve 
overexpression or knockdown via transduction, antisense, or 
protein knockdown [93]. A particular study screened around 
7000 compounds to identify a variety of molecules that in-
hibit the -catenin and Tcf/Lef-1 complexes [94]. One ex-
ample of a potential target is the -catenin antagonist Cby, 
which inhibits complex formation between -catenin and 
Tcf/Lef-1. This protein is required for MSC differentiation 
into adipocytes, and therefore, could enable drug-mediated 
shifts in the osteogenic cascade. Although synthetic -
catenin agonists or antagonists to Wnt inhibitors have poten-
tial, this study introduces an interesting strategy using natu-
rally occurring proteins to target the Wnt pathway.  

Targeting the interaction and signal propagation by -
catenin and Tcf/Lef-1 holds significant promise in therapies 
for osteogenic disorders (Table 1). The canonical Wnt path-
way’s upregulation of -catenin induced signaling plays a 
crucial role in chondrocyte maturation and mineralization, 
and resultant endochondral bone formation [46, 95]. As ex-
pected, -catenin plays an integral role in fracture repair, as 
the fracture healing is inhibited in the conditional -catenin 
knockout animals [46]. An example of exogenously enhanc-
ing the activity of -catenin is the secondary bile acid deoxy-
cholic acid (DCA). Exogenous administration of DCA is 
able to activate the -catenin signaling pathway and its asso-
ciated downstream molecules [96]. Conversely, Quercetin, 
an anti-tumor agent, antagonizes the Wnt signaling pathway 
via disrupting the association of -catenin with Tcf/Lef-1 
[97].  

Wnt antagonists may also have potential therapeutic ap-
plications for bone metabolic disorders (Table 1). One ex-
ample involves the side effect from lithium, used to treat 
patients with Bipolar disorder. Lithium inhibits GSK3 , a 
Wnt protein antagonist. Lithium can enhance fracture heal-
ing in mice, while clinically it reduces the incidence of frac-
tures [46, 98]. Its role in fracture healing is further demon-
strated by increased -catenin expression in fracture tissue in 
patients taking lithium [9]. Additionally, a similar GSK3  
inhibitor was able to increase the bone mineral density in 
ovariectomized rats [87]. Exogenous administration of 6-
bromoindirubin3’-oxime (BIO), another pharmacologic 
GSK3  inhibitor, activates the Wnt signaling pathway in 
MSCs [99]. These agents represent examples of how future 
Wnt-based therapies may be utilized to treat bone patholo-
gies. 

Pharmacologic Manipulations of Wnt Signaling Syner-

gies with Other Pathways 

During osteogenesis and bone regeneration, the Wnt/ -
catenin signaling pathway cross-talks with many other path-
ways associated with osteogenesis, such as the BMPs, Hh, 
and Notch [33] (Table 1). Furthermore, it has been shown 
that tyrosine kinase inhibitors, including Gleevec, downregu-
late the -catenin signaling pathway [100]. The adipogenic 
regulator PPAR  and retinoic acids are able to suppress the 
Wnt/ -catenin signaling pathways [89, 101]. Utilizing these 
interactions of the Wnt pathway with other signaling path-
ways has significant potential in osteogenic and endocrine 
therapeutic strategies. 

A well-documented example of cross-talk between the 
Wnt pathway and another important osteogenic pathway is 
seen with parathyroid hormone (PTH). PTH is an important 
endocrine calcium regulator that has a remarkable ability to 
induce bone formation through intermittent administration. 
The mechanism underlying its osteogenic induction is 
thought to prevent osteoblast apoptosis via inducing IGF and 
their TGF-  receptors [102-104]. It appears to induce TGF  
associated signaling protein Smad 3, leading to the induction 
of the Wnt signaling cascade [103]. Daily PTH treatment 
following fractures enhances the regeneration capabilities 
through, at least in part, upregulating the Wnt/ -catenin sig-
naling pathway [105]. It has been recently reported that PTH 
may exert its function by targeting the Wnt antagonist scle-
rostin [106, 107]. Interestingly, continuous administration, as 
is seen in primary hyperparathyroidism, leads to osteopenia, 
or decreased bone mineral density [108, 109]. Regardless, 
the osteogenic effects from PTH therapy seem to occur, at 
least in part, through the Wnt signaling cascades cross talk 
with the TGF  signaling proteins. 

POTENTIAL TUMORIGENIC EFFECT OF WNT-
TARGETD THERAPIES 

Although the Wnt signaling cascade has tremendous po-
tential in the treatment of osteogenic abnormalities, caution 
is required, as Wnt signaling has been linked to tumorigene-
sis (Fig. 4). Oncogenic mutations have been documented 
amongst the Wnt signaling mediators, including -catenin, 
APC, Axin, Tcf/Lef1, Axins, and Wnt1 [110]. APC muta-
tions are linked to patients with Familial Adenomatous Poly-
posis and sporadic colorectal cancers [111, 112]. Mutations 
in -catenin and its associated transcription factors have 
been implicated in hair follicle and sebaceous gland tumors, 
as well as cancers of the hematopoietic system [113-115]. 
Exogenous activation of the Wnt/ -catenin pathway with 
molecules, such as DCA, has been shown to enhance tumor 
growth [96]. The oncogenic characteristics of the Wnt sig-
naling are secondary to their roles in promoting cell prolif-
eration and cell cycle progression. 

One potential risk with overstimulation of the Wnt path-
way in bone would be the Development of osteosarcoma 
(OS). OS is the most common primary bone malignancy, 
characterized by a loss of differentiation and high propensity 
to metastasize [116, 117]. Although there are a variety of 
factors that have been linked to OS Development and prog-
nosis, up-regulating the Wnt signaling pathway through 
silencing the Wnt inhibitory factor 1 (WIF1) may lead to a 
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lencing the Wnt inhibitory factor 1 (WIF1) may lead to a 
loss of differentiation and an increase in cell proliferation 
(Fig. 4) [118]. Furthermore, OS often displays high levels of 

-catenin, increasing their tumorigenic and/or metastatic 
potential [110, 119]. There have been reports of OS Devel-
opment secondary to intermittent PTH, a known sclerostin 
antagonist [120, 121]. Thus, it remains to be thoroughly in-
vestigated about the tumorigenic potential of Wnt-targeted 
therapies, especially in long term use.  

ACKNOWLEDGEMENTS 

The reported work was supported, in part, by research 
grants from The Brinson Foundation (TCH), the American 
Cancer Society (TCH), the National Institutes of Health 
(CA106569, AT004418, AR50142, and AR054381 to TCH, 
RCH and HHL), and the 863 Program of Ministry of Science 
and Technology of China (#2007AA2z400 to TCH and 
ZLD).  

ABBREVIATIONS 

APC = adenomatous polyposis coli 

BIO = 6-bromoindirubin3’-oxime 

BMP = bone morphogenetic protein 

CaCN = calcineurin 

Cby = Chibby 

DAG = diacylglycerol 

DCA = deoxycholic acid 

Dkk = Dickkopf 

Dvl = the Disheveled 

Elk-1 = Ets LiKe gene 1 

ERK = extracellular-signal-regulated kinase 

FAP = familial adenomatous polyposis 

Frz = the Frizzled 

GSK3  = glycogen synthase kinase 3  

Hh = Hedgehog 

IGF = Insulin-like growth factor 

IP3 = inositol 1,4,5-trisphosphate 

JNK = c-jun NH2 terminal kinase 

Krm 1/2 = Kremen1 and 2 

Lef = lymphoid-enhancer binding factor 

LRP 5/6 = low-density lipoprotein-receptor-related pro-
tein 5/6 

MSCs = mesenchymal stem cells 

NF-AT = Nuclear factor of activated T-cells 

OPPG = Osteoporosis pseudoglioma syndrome 

OS = osteosarcoma 

PI3K = Phosphatidylinositol 3-kinase 

PKC = protein kinase C 

PPAR = peroxisome proliferator-activated receptor 

PTH = parathyroid hormone 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (4). The balance act of Wnt signaling in osteogenesis and bone tumorigenesis. The canonical Wnt pathway can promote osteogenic dif-

ferentiation, which is inhibited by Wnt antagonists, such as Sclerostin, Dkk, SFRPs, Krms, and WIFs. However, an excessive activation of 

canonical Wnt signaling (e.g., by neutralizing antagonists by antibodies, loss of function mutations of antagonists, or over-expression of Wnt 

agonists) may lead to excessive cell proliferation and bone tumorigenesis. Blocks of Wnt signaling or osteogenic differentiation were indi-

cated by “X”. 
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SERM = Selective Estrogen Receptor Modulator 

SFRP = secreted frizzled-related protein 

Sost = Sclerostin 

Tcf = T-cell specific transcription factor 

TGF  = transforming growth factor  

WIF = Wnt Inhibitory Factor 

Wnt = Wingless and int-1 

REFERENCES 

[1] Rubinfeld, B.; Souza, B.; Albert, I.; Muller, O.; Chamberlain, S.H.; 

Masiarz, F.R.; Munemitsu, S.; Polakis, P. Association of the APC 

gene product with beta-catenin. Science, 1993, 262(5140), 1731-

1734. 

[2] Su, L.K.; Vogelstein, B.; Kinzler, K.W. Association of the APC 

tumor suppressor protein with catenins. Science, 1993, 262(5140), 

1734-1737. 

[3] Wodarz, A.; Nusse, R. Mechanisms of Wnt signaling in Develop-

ment. Annu. Rev. Cell Dev. Biol., 1998, 14, 59-88. 

[4] Kubota, T.; Michigami, T.; Ozono, K. Wnt signaling in bone me-

tabolism. J. Bone Miner. Metab., 2009, 27(3), 265-271. 

[5] Piters, E.; Boudin, E.; Van Hul, W. Wnt signaling: a win for bone. 

Arch. Biochem. Biophys., 2008, 473(2), 112-116. 

[6] Takada, I.; Kouzmenko, A.P.; Kato, S. Wnt and PPARgamma 

signaling in osteoblastogenesis and adipogenesis. Nat. Rev. 

Rheumatol., 2009, 5(8), 442-447. 

[7] Rao, T.P.; Kuhl, M. An updated overview on Wnt signaling path-

ways: a prelude for more. Circ. Res.,2010, 106(12), 1798-1806. 

[8] Bhanot, P.; Brink, M.; Samos, C.H.; Hsieh, J.C.; Wang, Y.; Macke, 

J.P.; Andrew, D.; Nathans, J.; Nusse, R. A new member of the friz-

zled family from Drosophila functions as a Wingless receptor. Na-

ture,, 1996, 382(6588), 225-230. 

[9] Chen, Y.; Alman, B.A. Wnt pathway, an essential role in bone 

regeneration. J. Cell Biochem., 2009, 106(3), 353-562. 

[10] Westendorf, J.J.; Kahler, R.A.; Schroeder, T.M. Wnt signaling in 

osteoblasts and bone diseases. Gene, 2004, 341, 19-39. 

[11] Clevers, H. Wnt/beta-catenin signaling in Development and dis-

ease. Cell, 2006, 127(3), 469-480. 

[12] He, T.C.; Chan, T.A.; Vogelstein, B.; Kinzler, K.W. PPAR delta is 

an APC-regulated target of nonsteroidal anti-inflammatory drugs. 

Cell, 1999, 99(3), 335-345. 

[13] He, T.C.; Sparks, A.B.; Rago, C.; Hermeking, H.; Zawel, L.; da 

Costa, L.T.; Morin, P.J.; Vogelstein, B.; Kinzler, K.W., Identifica-

tion of c-MYC as a target of the APC pathway. Science, 1998, 

281(5382), 1509-1512. 

[14] Tetsu, O.; McCormick, F. Beta-catenin regulates expression of 

cyclin D1 in colon carcinoma cells. Nature,, 1999, 398(6726), 422-

426. 

[15] Torres, M.A.; Yang-Snyder, J.A.; Purcell, S.M.; DeMarais, A.A.; 

McGrew, L.L.; Moon, R.T. Activities of the Wnt-1 class of se-

creted signaling factors are antagonized by the Wnt-5A class and 

by a dominant negative cadherin in early Xenopus Development. J. 

Cell Biol. 1996, 133(5), 1123-1137. 

[16] Kuhl, M. The WNT/calcium pathway: biochemical mediators, tools 

and future requirements. Front. Biosci., 2004, 9, 967-974. 

[17] Davis, R.J. Signal transduction by the JNK group of MAP kinases. 

Cell, 2000, 103(2), 239-252. 

[18] Habas, R.; Dawid, I.B.; He, X. Coactivation of Rac and Rho by 

Wnt/Frizzled signaling is required for vertebrate gastrulation. 

Genes Dev., 2003, 17(2), 295-309. 

[19] Huang, Q.Y.; Li, G.H.; Kung, A.W. The -9247 T/C polymorphism 

in the SOST upstream regulatory region that potentially affects 

C/EBPalpha and FOXA1 binding is associated with osteoporosis. 

Bone, 2009, 45(2), 289-294. 

[20] Takemaru, K.; Yamaguchi, S.; Lee, Y.S.; Zhang, Y.; Carthew, 

R.W.; Moon, R.T. Chibby, a nuclear beta-catenin-associated an-

tagonist of the Wnt/Wingless pathway. Nature,, 2003, 422(6934), 

905-909. 

[21] Cavallo, R.A.; Cox, R.T.; Moline, M.M.; Roose, J.; Polevoy, G.A.; 

Clevers, H.; Peifer, M.; Bejsovec, A. Drosophila Tcf and Groucho 

interact to repress Wingless signalling activity. Nature,, 1998, 

395(6702), 604-608. 

[22] Semenov, M.; Tamai, K.; He, X. SOST is a ligand for LRP5/LRP6 

and a Wnt signaling inhibitor. J. Biol. Chem., 2005, 280(29), 

26770-26775. 

[23] Reya, T.; Clevers, H. Wnt signalling in stem cells and cancer. Na-

ture, 2005, 434(7035), 843-850. 

[24] Korinek, V.; Barker, N.; Moerer, P.; van Donselaar, E.; Huls, G.; 

Peters, P.J.; Clevers, H. Depletion of epithelial stem-cell compart-

ments in the small intestine of mice lacking Tcf-4. Nat. Genet., 

1998, 19(4), 379-383. 

[25] van Es, J.H.; van Gijn, M.E.; Riccio, O.; van den Born, M.; Vooijs, 

M.; Begthel, H.; Cozijnsen, M.; Robine, S.; Winton, D.J.; Radtke, 

F.; Clevers, H., Notch/gamma-secretase inhibition turns prolifera-

tive cells in intestinal crypts and adenomas into goblet cells. Na-

ture, 2005, 435(7044), 959-963. 

[26] Alonso, L.; Fuchs, E. Stem cells in the skin: waste not, Wnt not. 

Genes Dev., 2003, 17(10), 1189-1200. 

[27] van Genderen, C.; Okamura, R.M.; Farinas, I.; Quo, R.G.; Parslow, 

T.G.; Bruhn, L.; Grosschedl, R. Development of several organs that 

require inductive epithelial-mesenchymal interactions is impaired 

in LEF-1-deficient mice. Genes Dev., 1994, 8(22), 2691-2703. 

[28] Van Den Berg, D.J.; Sharma, A.K.; Bruno, E.; Hoffman, R. Role of 

members of the Wnt gene family in human hematopoiesis. Blood, 

1998, 92(9), 3189-3202. 

[29] Okamura, R.M.; Sigvardsson, M.; Galceran, J.; Verbeek, S.; 

Clevers, H.; Grosschedl, R. Redundant regulation of T cell differ-

entiation and TCRalpha gene expression by the transcription fac-

tors LEF-1 and TCF-1. Immunity, 1998, 8(1), 11-20. 

[30] Fujino, T.; Asaba, H.; Kang, M. J.; Ikeda, Y.; Sone, H.; Takada, S.; 

Kim, D.H.; Ioka, R.X.; Ono, M.; Tomoyori, H.; Okubo, M.; Mu-

rase, T.; Kamataki, A.; Yamamoto, J.; Magoori, K.; Takahashi, S.; 

Miyamoto, Y.; Oishi, H.; Nose, M.; Okazaki, M.; Usui, S.; Imai-

zumi, K.; Yanagisawa, M.; Sakai, J.; Yamamoto, T.T. Low-density 

lipoprotein receptor-related protein 5(LRP5) is essential for normal 

cholesterol metabolism and glucose-induced insulin secretion. 

Proc. Natl. Acad. Sci. USA, 2003, 100(1), 229-234. 

[31] Harada, H.; Tagashira, S.; Fujiwara, M.; Ogawa, S.; Katsumata, T.; 

Yamaguchi, A.; Komori, T.; Nakatsuka, M. Cbfa1 isoforms exert 

functional differences in osteoblast differentiation. J. Biol. Chem., 

1999, 274(11), 6972-6978. 

[32] He, T.C. Distinct osteogenic activity of BMPs and their orthopae-

dic applications. J. Musculoskelet. Neuronal Interact., 2005, 5(4), 

363-366. 

[33] Luu, H.H.; Song, W.X.; Luo, X.; Manning, D.; Luo, J.; Deng, Z.L.; 

Sharff, K.A.; Montag, A.G.; Haydon, R.C.; He, T.C. Distinct roles 

of bone morphogenetic proteins in osteogenic differentiation of 

mesenchymal stem cells. J. Orthop. Res., 2007, 25(5), 665-677. 

[34] Kang, S.; Bennett, C.N.; Gerin, I.; Rapp, L.A.; Hankenson, K.D.; 

Macdougald, O.A. Wnt signaling stimulates osteoblastogenesis of 

mesenchymal precursors by suppressing CCAAT/enhancer-binding 

protein alpha and peroxisome proliferator-activated receptor 

gamma. J. Biol. Chem., 2007, 282(19), 14515-14524. 

[35] Glass, D.A. 2nd; Bialek, P.; Ahn, J.D.; Starbuck, M.; Patel, M.S.; 

Clevers, H.; Taketo, M.M.; Long, F.; McMahon, A.P.; Lang, R.A.; 

Karsenty, G. Canonical Wnt signaling in differentiated osteoblasts 

controls osteoclast differentiation. Dev., Cell, 2005, 8(5), 751-764. 

[36] Krishnan, V.; Bryant, H.U.; Macdougald, O.A. Regulation of bone 

mass by Wnt signaling. J. Clin. Invest., 2006, 116(5), 1202-1209. 

[37] Bennett, C.N.; Longo, K.A.; Wright, W.S.; Suva, L.J.; Lane, T.F.; 

Hankenson, K.D.; MacDougald, O.A. Regulation of osteoblasto-

genesis and bone mass by Wnt10b. Proc. Natl. Acad. Sci. USA, 

2005, 102(9), 3324-3329. 

[38] Glass, D.A. 2nd; Karsenty, G. In vivo analysis of Wnt signaling in 

bone. Endocrinology, 2007, 148(6), 2630-2634. 

[39] Takada, I.; Mihara, M.; Suzawa, M.; Ohtake, F.; Kobayashi, S.; 

Igarashi, M.; Youn, M.Y.; Takeyama, K.; Nakamura, T.; Mezaki, 

Y.; Takezawa, S.; Yogiashi, Y.; Kitagawa, H.; Yamada, G.; Ta-

kada, S.; Minami, Y.; Shibuya, H.; Matsumoto, K.; Kato, S. A his-

tone lysine methyltransferase activated by non-canonical Wnt sig-

nalling suppresses PPAR-gamma transactivation. Nat. Cell Biol., 

2007, 9(11), 1273-1285. 



10    Current Molecular Pharmacology, 2011, Vol. 4, No. 1 Wagner et al. 

[40] Cossu, G.; Borello, U. Wnt signaling and the activation of myo-

genesis in mammals. EMBO J., 1999, 18(24), 6867-6872. 

[41] Hartmann, C.; Tabin, C.J. Dual roles of Wnt signaling during 

chondrogenesis in the chicken limb. Development, 2000, 127(14), 

3141-3159. 

[42] Ross, S.E.; Hemati, N.; Longo, K.A.; Bennett, C.N.; Lucas, P.C.; 

Erickson, R.L.; MacDougald, O.A. Inhibition of adipogenesis by 

Wnt signaling. Science, 2000, 289(5481), 950-953. 

[43] Li, X.; Liu, P.; Liu, W.; Maye, P.; Zhang, J.; Zhang, Y.; Hurley, 

M.; Guo, C.; Boskey, A.; Sun, L.; Harris, S.E.; Rowe, D.W.; Ke, 

H.Z.; Wu, D. Dkk2 has a role in terminal osteoblast differentiation 

and mineralized matrix formation. Nat. Genet., 2005, 37(9), 945-

952. 

[44] van der Horst, G.; van der Werf, S.M.; Farih-Sips, H.; van Bezooi-

jen, R.L.; Lowik, C.W.; Karperien, M. Downregulation of Wnt sig-

naling by increased expression of Dickkopf-1 and -2 is a prerequi-

site for late-stage osteoblast differentiation of KS483 cells. J. Bone 

Miner. Res., 2005, 20(10), 1867-1877. 

[45] Tang, N.; Song, W.X.; Luo, J.; Luo, X.; Chen, J.; Sharff, K.A.; Bi, 

Y.; He, B.C.; Huang, J.Y.; Zhu, G.H.; Su, Y.X.; Jiang, W.; Tang, 

M.; He, Y.; Wang, Y.; Chen, L.; Zuo, G.W.; Shen, J.; Pan, X.; 

Reid, R.R.; Luu, H.H.; Haydon, R.C.; He, T.C. BMP-9-induced os-

teogenic differentiation of mesenchymal progenitors requires func-

tional canonical Wnt/beta-catenin signalling. J. Cell Mol. Med., 

2009, 13(8B), 2448-2464. 

[46] Chen, Y.; Whetstone, H.C.; Lin, A.C.; Nadesan, P.; Wei, Q.; Poon, 

R.; Alman, B.A. Beta-catenin signaling plays a disparate role in 

different phases of fracture repair: implications for therapy to im-

prove bone healing. PLoS Med., 2007, 4(7), e249. 

[47] Fischer, L.; Boland, G.; Tuan, R.S. Wnt-3A enhances bone 

morphogenetic protein-2-mediated chondrogenesis of murine 

C3H10T1/2 mesenchymal cells. J. Biol. Chem., 2002, 277(34), 

30870-30878. 

[48] Day, T.F.; Yang, Y. Wnt and hedgehog signaling pathways in bone 

Development. J. Bone Joint Surg. Am., 2008, 90(Suppl. 1), 19-24. 

[49] St-Jacques, B.; Hammerschmidt, M.; McMahon, A.P. Indian 

hedgehog signaling regulates proliferation and differentiation of 

chondrocytes and is essential for bone formation. Genes Dev., 

1999, 13(16), 2072-2086. 

[50] Ogden, S.K.; Ascano, M. Jr.; Stegman, M.A.; Robbins, D. J. Regu-

lation of Hedgehog signaling: a complex story. Biochem. Pharma-

col., 2004, 67(5), 805-814. 

[51] Shen, J.; Bronson, R.T.; Chen, D.F.; Xia, W.; Selkoe, D.J.; Tone-

gawa, S. Skeletal and CNS defects in Presenilin-1-deficient mice. 

Cell, 1997, 89(4), 629-639. 

[52] Sciaudone, M.; Gazzerro, E.; Priest, L.; Delany, A.M.; Canalis, E. 

Notch 1 impairs osteoblastic cell differentiation. Endocrinology, 

2003, 144(12), 5631-5639. 

[53] Almeida, M.; Han, L.; Bellido, T.; Manolagas, S.C.; Kousteni, S. 

Wnt proteins prevent apoptosis of both uncommitted osteoblast 

progenitors and differentiated osteoblasts by beta-catenin-

dependent and -independent signaling cascades involving Src/ERK 

and phosphatidylinositol 3-kinase/AKT. J. Biol. Chem., 2005, 

280(50), 41342-413451. 

[54] Gong, Y.; Slee, R.B.; Fukai, N.; Rawadi, G.; Roman-Roman, S.; 

Reginato, A.M.; Wang, H.; Cundy, T.; Glorieux, F.H.; Lev, D.; 

Zacharin, M.; Oexle, K.; Marcelino, J.; Suwairi, W.; Heeger, S.; 

Sabatakos, G.; Apte, S.; Adkins, W.N.; Allgrove, J.; Arslan-

Kirchner, M.; Batch, J. A.; Beighton, P.; Black, G.C.; Boles, R.G.; 

Boon, L.M.; Borrone, C.; Brunner, H.G.; Carle, G. F.; Dallapic-

cola, B.; De Paepe, A.; Floege, B.; Halfhide, M.L.; Hall, B.; Hen-

nekam, R.C.; Hirose, T.; Jans, A.; Juppner, H.; Kim, C.A.; Kep-

pler-Noreuil, K.; Kohlschuetter, A.; LaCombe, D.; Lambert, M.; 

Lemyre, E.; Letteboer, T.; Peltonen, L.; Ramesar, R. S.; Roma-

nengo, M.; Somer, H.; Steichen-Gersdorf, E.; Steinmann, B.; Sulli-

van, B.; Superti-Furga, A.; Swoboda, W.; van den Boogaard, M.J.; 

Van Hul, W.; Vikkula, M.; Votruba, M.; Zabel, B.; Garcia, T.; 

Baron, R.; Olsen, B.R.; Warman, M.L. LDL receptor-related pro-

tein 5(LRP5) affects bone accrual and eye Development. Cell, 

2001, 107(4), 513-523. 

[55] Boyden, L.M.; Mao, J.; Belsky, J.; Mitzner, L.; Farhi, A.; Mitnick, 

M.A.; Wu, D.; Insogna, K.; Lifton, R.P. High bone density due to a 

mutation in LDL-receptor-related protein 5. N. Engl. J. Med., 2002, 

346(20), 1513-15121. 

[56] Babij, P.; Zhao, W.; Small, C.; Kharode, Y.; Yaworsky, P.J.; Boux-

sein, M.L.; Reddy, P.S.; Bodine, P.V.; Robinson, J.A.; Bhat, B.; 

Marzolf, J.; Moran, R.A.; Bex, F. High bone mass in mice express-

ing a mutant LRP5 gene. J. Bone Miner. Res., 2003, 18(6), 960-

974. 

[57] Kato, M.; Patel, M.S.; Levasseur, R.; Lobov, I.; Chang, B.H.; 

Glass, D.A. 2nd.; Hartmann, C.; Li, L.; Hwang, T.H.; Brayton, C.F.; 

Lang, R.A.; Karsenty, G.; Chan, L. Cbfa1-independent decrease in 

osteoblast proliferation, osteopenia, and persistent embryonic eye 

vascularization in mice deficient in Lrp5, a Wnt coreceptor. J. Cell 

Biol., 2002, 157(2), 303-314. 

[58] Hartmann, C. A Wnt canon orchestrating osteoblastogenesis. 

Trends Cell Biol., 2006, 16(3), 151-158. 

[59] Williams, B.O.; Insogna, K.L. Where Wnts went: the exploding 

field of Lrp5 and Lrp6 signaling in bone. J. Bone Miner. Res., 

2009, 24(2), 171-178. 

[60] Mani, A.; Radhakrishnan, J.; Wang, H.; Mani, M.A.; Nelson-

Williams, C.; Carew, K.S.; Mane, S.; Najmabadi, H.; Wu, D.; 

Lifton, R.P. LRP6 mutation in a family with early coronary disease 

and metabolic risk factors. Science, 2007, 315(5816), 1278-1282. 

[61] Kokubu, C.; Heinzmann, U.; Kokubu, T.; Sakai, N.; Kubota, T.; 

Kawai, M.; Wahl, M.B.; Galceran, J.; Grosschedl, R.; Ozono, K.; 

Imai, K. Skeletal defects in ringelschwanz mutant mice reveal that 

Lrp6 is required for proper somitogenesis and osteogenesis. Devel-

opment, 2004, 131(21), 5469-5480. 

[62] Pinson, K.I.; Brennan, J.; Monkley, S.; Avery, B.J.; Skarnes, W.C. 

An LDL-receptor-related protein mediates Wnt signalling in mice. 

Nature, 2000, 407(6803), 535-538. 

[63] Holmen, S.L.; Giambernardi, T.A.; Zylstra, C.R.; Buckner-

Berghuis, B.D.; Resau, J.H.; Hess, J.F.; Glatt, V.; Bouxsein, M.L.; 

Ai, M.; Warman, M.L.; Williams, B.O. Decreased BMD and limb 

deformities in mice carrying mutations in both Lrp5 and Lrp6. J. 

Bone Miner. Res., 2004, 19(12), 2033-20340. 

[64] Christodoulides, C.; Scarda, A.; Granzotto, M.; Milan, G.; Dalla 

Nora, E.; Keogh, J.; De Pergola, G.; Stirling, H.; Pannacciulli, N.; 

Sethi, J.K.; Federspil, G.; Vidal-Puig, A.; Farooqi, I. S.; O'Rahilly, 

S.; Vettor, R. WNT10B mutations in human obesity. Diabetologia, 

2006, 49(4), 678-684. 

[65] Bennett, C.N.; Ouyang, H.; Ma, Y.L.; Zeng, Q.; Gerin, I.; Sousa, 

K.M.; Lane, T.F.; Krishnan, V.; Hankenson, K.D.; MacDougald, 

O.A. Wnt10b increases postnatal bone formation by enhancing os-

teoblast differentiation. J. Bone Miner. Res., 2007, 22(12), 1924-

1932. 

[66] Tu, X.; Joeng, K.S.; Nakayama, K.I.; Nakayama, K.; Rajagopal, J.; 

Carroll, T.J.; McMahon, A.P.; Long, F. Noncanonical Wnt signal-

ing through G protein-linked PKCdelta activation promotes bone 

formation. Dev. Cell, 2007, 12(1), 113-127. 

[67] Rodda, S.J.; McMahon, A.P. Distinct roles for Hedgehog and ca-

nonical Wnt signaling in specification, differentiation and mainte-

nance of osteoblast progenitors. Development, 2006, 133(16), 

3231-3244. 

[68] Yu, K.; Xu, J.; Liu, Z.; Sosic, D.; Shao, J.; Olson, E.N.; Towler, 

D.A.; Ornitz, D.M. Conditional inactivation of FGF receptor 2 re-

veals an essential role for FGF signaling in the regulation of os-

teoblast function and bone growth. Development, 2003, 130(13), 

3063-3074. 

[69] Holmen, S.L.; Zylstra, C.R.; Mukherjee, A.; Sigler, R.E.; Faugere, 

M.C.; Bouxsein, M.L.; Deng, L.; Clemens, T.L.; Williams, B.O. 

Essential role of beta-catenin in postnatal bone acquisition. J. Biol. 

Chem., 2005, 280(22), 21162-21168. 

[70] ten Dijke, P.; Krause, C.; de Gorter, D.J.; Lowik, C.W.; van Be-

zooijen, R.L. Osteocyte-derived sclerostin inhibits bone formation: 

its role in bone morphogenetic protein and Wnt signaling. J. Bone 

Joint Surg. Am., 2008, 90(Suppl. 1), 31-35. 

[71] van Bezooijen, R.L.; ten Dijke, P.; Papapoulos, S.E.; Lowik, C.W. 

SOST/sclerostin, an osteocyte-derived negative regulator of bone 

formation. Cytokine Growth Factor Rev., 2005, 16(3), 319-327. 

[72] Lin, C.; Jiang, X.; Dai, Z.; Guo, X.; Weng, T.; Wang, J.; Li, Y.; 

Feng, G.; Gao, X.; He, L. Sclerostin mediates bone response to me-

chanical unloading through antagonizing Wnt/beta-catenin signal-

ing. J. Bone Miner. Res., 2009, 24(10), 1651-1661. 

[73] Moustafa, A.; Sugiyama, T.; Saxon, L.K.; Zaman, G.; Sunters, A.; 

Armstrong, V.J.; Javaheri, B.; Lanyon, L.E.; Price, J.S. The mouse 



The Therapeutic Potential of the Wnt Signaling Pathway Current Molecular Pharmacology, 2011, Vol. 4, No. 1    11 

fibula as a suitable bone for the study of functional adaptation to 

mechanical loading. Bone, 2009, 44(5), 930-935. 

[74] Balemans, W.; Ebeling, M.; Patel, N.; Van Hul, E.; Olson, P.; 

Dioszegi, M.; Lacza, C.; Wuyts, W.; Van Den Ende, J.; Willems, 

P.; Paes-Alves, A.F.; Hill, S.; Bueno, M.; Ramos, F.J.; Tacconi, P.; 

Dikkers, F.G.; Stratakis, C.; Lindpaintner, K.; Vickery, B.; Foern-

zler, D.; Van Hul, W. Increased bone density in sclerosteosis is due 

to the deficiency of a novel secreted protein(SOST). Hum. Mol. 

Genet., 2001, 10(5), 537-543. 

[75] Brunkow, M.E.; Gardner, J.C.; Van Ness, J.; Paeper, B.W.; Kova-

cevich, B.R.; Proll, S.; Skonier, J.E.; Zhao, L.; Sabo, P.J.; Fu, Y.; 

Alisch, R.S.; Gillett, L.; Colbert, T.; Tacconi, P.; Galas, D.; Ham-

ersma, H.; Beighton, P.; Mulligan, J. Bone dysplasia sclerosteosis 

results from loss of the SOST gene product, a novel cystine knot-

containing protein. Am. J. Hum. Genet., 2001, 68(3), 577-589. 

[76] Li, X.; Ominsky, M.S.; Niu, Q.T.; Sun, N.; Daugherty, B.; 

D'Agostin, D.; Kurahara, C.; Gao, Y.; Cao, J.; Gong, J.; Asuncion, 

F.; Barrero, M.; Warmington, K.; Dwyer, D.; Stolina, M.; Morony, 

S.; Sarosi, I.; Kostenuik, P.J.; Lacey, D.L.; Simonet, W.S.; Ke, 

H.Z.; Paszty, C. Targeted deletion of the sclerostin gene in mice re-

sults in increased bone formation and bone strength. J. Bone Miner. 

Res., 2008, 23(6), 860-869. 

[77] Li, J.; Sarosi, I.; Cattley, R.C.; Pretorius, J.; Asuncion, F.; Grisanti, 

M.; Morony, S.; Adamu, S.; Geng, Z.; Qiu, W.; Kostenuik, P.; La-

cey, D.L.; Simonet, W.S.; Bolon, B.; Qian, X.; Shalhoub, V.; Om-

insky, M.S.; Zhu Ke, H.; Li, X.; Richards, W.G. Dkk1-mediated 

inhibition of Wnt signaling in bone results in osteopenia. Bone, 

2006, 39(4), 754-766. 

[78] Morvan, F.; Boulukos, K.; Clement-Lacroix, P.; Roman Roman, S.; 

Suc-Royer, I.; Vayssiere, B.; Ammann, P.; Martin, P.; Pinho, S.; 

Pognonec, P.; Mollat, P.; Niehrs, C.; Baron, R.; Rawadi, G. Dele-

tion of a single allele of the Dkk1 gene leads to an increase in bone 

formation and bone mass. J. Bone Miner. Res., 2006, 21(6), 934-

945. 

[79] Loughlin, J.; Dowling, B.; Chapman, K.; Marcelline, L.; Mustafa, 

Z.; Southam, L.; Ferreira, A.; Ciesielski, C.; Carson, D. A.; Corr, 

M. Functional variants within the secreted frizzled-related protein 3 

gene are associated with hip osteoarthritis in females. Proc. Natl. 

Acad. Sci. USA, 2004, 101(26), 9757-9762. 

[80] Bodine, P.V.; Zhao, W.; Kharode, Y.P.; Bex, F.J.; Lambert, A.J.; 

Goad, M.B.; Gaur, T.; Stein, G.S.; Lian, J.B.; Komm, B.S. The 

Wnt antagonist secreted frizzled-related protein-1 is a negative 

regulator of trabecular bone formation in adult mice. Mol. Endocri-

nol., 2004, 18(5), 1222-1237. 

[81] Li, X.; Zhang, Y.; Kang, H.; Liu, W.; Liu, P.; Zhang, J.; Harris, 

S.E.; Wu, D. Sclerostin binds to LRP5/6 and antagonizes canonical 

Wnt signaling. J. Biol. Chem., 2005, 280(20), 19883-19887. 

[82] Lammi, L.; Arte, S.; Somer, M.; Jarvinen, H.; Lahermo, P.; 

Thesleff, I.; Pirinen, S.; Nieminen, P. Mutations in AXIN2 cause 

familial tooth agenesis and predispose to colorectal cancer. Am. J. 

Hum. Genet., 2004, 74(5), 1043-1050. 

[83] Dao, D.Y.; Yang, X.; Flick, L.M.; Chen, D.; Hilton, M.J.; O'Keefe, 

R.J. Axin2 regulates chondrocyte maturation and axial skeletal De-

velopment. J. Orthop. Res., 2010, 28(1), 89-95. 

[84] Yan, Y.; Tang, D.; Chen, M.; Huang, J.; Xie, R.; Jonason, J.H.; 

Tan, X.; Hou, W.; Reynolds, D.; Hsu, W.; Harris, S.E.; Puzas, J.E.; 

Awad, H.; O'Keefe, R.J.; Boyce, B.F.; Chen, D. Axin2 controls 

bone remodeling through the beta-catenin-BMP signaling pathway 

in adult mice. J. Cell Sci., 2009, 122(Pt 19), 3566-3578. 

[85] Yu, H.M.; Jerchow, B.; Sheu, T.J.; Liu, B.; Costantini, F.; Puzas, 

J.E.; Birchmeier, W.; Hsu, W. The role of Axin2 in calvarial 

morphogenesis and craniosynostosis. Development, 2005, 132(8), 

1995-2005. 

[86] Clement-Lacroix, P.; Ai, M.; Morvan, F.; Roman-Roman, S.; 

Vayssiere, B.; Belleville, C.; Estrera, K.; Warman, M.L.; Baron, R.; 

Rawadi, G. Lrp5-independent activation of Wnt signaling by lith-

ium chloride increases bone formation and bone mass in mice. 

Proc. Natl. Acad. Sci. USA, 2005, 102(48), 17406-17411. 

[87] Kulkarni, N.H.; Onyia, J.E.; Zeng, Q.; Tian, X.; Liu, M.; Halladay, 

D.L.; Frolik, C.A.; Engler, T.; Wei, T.; Kriauciunas, A.; Martin, 

T.J.; Sato, M.; Bryant, H.U.; Ma, Y.L. Orally bioavailable GSK-

3alpha/beta dual inhibitor increases markers of cellular differentia-

tion in vitro and bone mass in vivo. J. Bone Miner. Res., 2006, 

21(6), 910-920. 

[88] Kugimiya, F.; Kawaguchi, H.; Ohba, S.; Kawamura, N.; Hirata, 

M.; Chikuda, H.; Azuma, Y.; Woodgett, J.R.; Nakamura, K.; 

Chung, U.I. GSK-3beta controls osteogenesis through regulating 

Runx2 activity. PLoS One, 2007, 2(9), e837. 

[89] Luu, H.H.; Zhang, R.; Haydon, R.C.; Rayburn, E.; Kang, Q.; Si, 

W.; Park, J.K.; Wang, H.; Peng, Y.; Jiang, W.; He, T.C. Wnt/beta-

catenin signaling pathway as a novel cancer drug target. Curr. 

Cancer Drug Targets, 2004, 4(8), 653-671. 

[90] Deal, C. Potential new drug targets for osteoporosis. Nat. Clin. 

Pract. Rheumatol., 2009, 5(1), 20-27. 

[91] Li, F.Q.; Singh, A.M.; Mofunanya, A.; Love, D.; Terada, N.; 

Moon, R.T.; Takemaru, K. Chibby promotes adipocyte differentia-

tion through inhibition of beta-catenin signaling. Mol. Cell Biol., 

2007, 27(12), 4347-4354. 

[92] Bodine, P.V.; Stauffer, B.; Ponce-de-Leon, H.; Bhat, R.A.; 

Mangine, A.; Seestaller-Wehr, L. M.; Moran, R.A.; Billiard, J.; Fu-

kayama, S.; Komm, B.S.; Pitts, K.; Krishnamurthy, G.; Gopalsamy, 

A.; Shi, M.; Kern, J.C.; Commons, T.J.; Woodworth, R.P.; Wilson, 

M.A.; Welmaker, G.S.; Trybulski, E.J.; Moore, W.J. A small mole-

cule inhibitor of the Wnt antagonist secreted frizzled-related pro-

tein-1 stimulates bone formation. Bone, 2009, 44(6), 1063-1068. 

[93] Luo, J.; Chen, J.; Deng, Z.L.; Luo, X.; Song, W.X.; Sharff, K.A.; 

Tang, N.; Haydon, R.C.; Luu, H.H.; He, T.C. Wnt signaling and 

human diseases: what are the therapeutic implications? Lab. In-

vest., 2007, 87(2), 97-103. 

[94] Lepourcelet, M.; Chen, Y.N.; France, D.S.; Wang, H.; Crews, P.; 

Petersen, F.; Bruseo, C.; Wood, A.W.; Shivdasani, R.A. Small-

molecule antagonists of the oncogenic Tcf/beta-catenin protein 

complex. Cancer Cell, 2004, 5(1), 91-102. 

[95] Kitagaki, J.; Iwamoto, M.; Liu, J.G.; Tamamura, Y.; Pacifci, M.; 

Enomoto-Iwamoto, M. Activation of beta-catenin-LEF/TCF signal 

pathway in chondrocytes stimulates ectopic endochondral ossifica-

tion. Osteoarthr. Cartil., 2003, 11(1), 36-43. 

[96] Pai, R.; Tarnawski, A.S.; Tran, T. Deoxycholic acid activates beta-

catenin signaling pathway and increases colon cell cancer growth 

and invasiveness. Mol. Biol. Cell, 2004, 15(5), 2156-2163. 

[97] Park, C.H.; Chang, J.Y.; Hahm, E.R.; Park, S.; Kim, H.K.; Yang, 

C.H. Quercetin, a potent inhibitor against beta-catenin/Tcf signal-

ing in SW480 colon cancer cells. Biochem. Biophys. Res. Com-

mun., 2005, 328(1), 227-234. 

[98] Vestergaard, P.; Rejnmark, L.; Mosekilde, L. Reduced relative risk 

of fractures among users of lithium. Calcif. Tissue Int., 2005, 77(1), 

1-8. 

[99] Sato, N.; Meijer, L.; Skaltsounis, L.; Greengard, P.; Brivanlou, 

A.H. Maintenance of pluripotency in human and mouse embryonic 

stem cells through activation of Wnt signaling by a pharmacologi-

cal GSK-3-specific inhibitor. Nat. Med., 2004, 10(1), 55-63. 

[100] Zhou, L.; An, N.; Haydon, R.C.; Zhou, Q.; Cheng, H.; Peng, Y.; 

Jiang, W.; Luu, H.H.; Vanichakarn, P.; Szatkowski, J.P.; Park, J.Y.; 

Breyer, B.; He, T.C. Tyrosine kinase inhibitor STI-571/Gleevec 

down-regulates the beta-catenin signaling activity. Cancer Lett., 

2003, 193(2), 161-70. 

[101] Lu, D.; Carson, D.A. Repression of beta-catenin signaling by 

PPARgamma ligands. Eur. J. Pharmacol., 2010. 

[102] Bellido, T.; Ali, A.A.; Plotkin, L.I.; Fu, Q.; Gubrij, I.; Roberson, 

P.K.; Weinstein, R.S.; O'Brien, C.A.; Manolagas, S.C.; Jilka, R.L. 

Proteasomal degradation of Runx2 shortens parathyroid hormone-

induced anti-apoptotic signaling in osteoblasts. A putative explana-

tion for why intermittent administration is needed for bone anabo-

lism. J. Biol. Chem., 2003, 278(50), 50259-50272. 

[103] Inoue, Y.; Canaff, L.; Hendy, G.N.; Hisa, I.; Sugimoto, T.; Chihara, 

K.; Kaji, H. Role of Smad3, acting independently of transforming 

growth factor-beta, in the early induction of Wnt-beta-catenin sig-

naling by parathyroid hormone in mouse osteoblastic cells. J. Cell 

Biochem., 2009, 108(1), 285-294. 

[104] Janssens, K.; ten Dijke, P.; Janssens, S.; Van Hul, W. Transforming 

growth factor-beta1 to the bone. Endocr. Rev., 2005, 26(6), 743-

774. 

[105] Kakar, S.; Einhorn, T.A.; Vora, S.; Miara, L.J.; Hon, G.; Wigner, 

N.A.; Toben, D.; Jacobsen, K. A.; Al-Sebaei, M. O.; Song, M.; 

Trackman, P. C.; Morgan, E. F.; Gerstenfeld, L.C.; Barnes, G. L. 

Enhanced chondrogenesis and Wnt signaling in PTH-treated frac-

tures. J. Bone Miner. Res., 2007, 22(12), 1903-1912. 



12    Current Molecular Pharmacology, 2011, Vol. 4, No. 1 Wagner et al. 

[106] Bellido, T.; Ali, A.A.; Gubrij, I.; Plotkin, L.I.; Fu, Q.; O'Brien, 

C.A.; Manolagas, S.C.; Jilka, R.L. Chronic elevation of parathyroid 

hormone in mice reduces expression of sclerostin by osteocytes: a 

novel mechanism for hormonal control of osteoblastogenesis. En-

docrinology, 2005, 146(11), 4577-4583. 

[107] O'Brien, C.A.; Plotkin, L.I.; Galli, C.; Goellner, J.J.; Gortazar, 

A.R.; Allen, M.R.; Robling, A.G.; Bouxsein, M.; Schipani, E.; 

Turner, C.H.; Jilka, R.L.; Weinstein, R.S.; Manolagas, S.C.; Bel-

lido, T. Control of bone mass and remodeling by PTH receptor sig-

naling in osteocytes. PLoS One, 2008, 3(8), e2942. 

[108] Dempster, D.W.; Cosman, F.; Parisien, M.; Shen, V.; Lindsay, R. 

Anabolic actions of parathyroid hormone on bone. Endocr. Rev., 

1993, 14(6), 690-709. 

[109] Rosen, C.J.; Bilezikian, J.P. Clinical review 123: Anabolic therapy 

for osteoporosis. J. Clin. Endocrinol. Metab., 2001, 86(3), 957-964. 

[110] Haydon, R.C.; Deyrup, A.; Ishikawa, A.; Heck, R.; Jiang, W.; 

Zhou, L.; Feng, T.; King, D.; Cheng, H.; Breyer, B.; Peabody, T.; 

Simon, M.A.; Montag, A.G.; He, T.C. Cytoplasmic and/or nuclear 

accumulation of the beta-catenin protein is a frequent event in hu-

man osteosarcoma. Int. J. Cancer, 2002, 102(4), 338-342. 

[111] Kinzler, K.W.; Nilbert, M.C.; Su, L.K.; Vogelstein, B.; Bryan, 

T.M.; Levy, D.B.; Smith, K. J.; Preisinger, A.C.; Hedge, P.; 

McKechnie, D. Identification of FAP locus genes from chromo-

some 5q21. Science, 1991, 253(5020), 661-665. 

[112] Kinzler, K.W.; Vogelstein, B. Lessons from hereditary colorectal 

cancer. Cell, 1996, 87(2), 159-70. 

[113] Chan, E.F.; Gat, U.; McNiff, J.M.; Fuchs, E. A common human 

skin tumour is caused by activating mutations in beta-catenin. Nat. 

Genet., 1999, 21(4), 410-413. 

[114] Jamieson, C.H.; Ailles, L.E.; Dylla, S.J.; Muijtjens, M.; Jones, C.; 

Zehnder, J.L.; Gotlib, J.; Li, K.; Manz, M.G.; Keating, A.; Saw-

yers, C.L.; Weissman, I.L. Granulocyte-macrophage progenitors as 

candidate leukemic stem cells in blast-crisis CML. N. Engl. J. 

Med., 2004, 351(7), 657-667. 

[115] Takeda, H.; Lyle, S.; Lazar, A.J.; Zouboulis, C.C.; Smyth, I.; Watt, 

F.M. Human sebaceous tumors harbor inactivating mutations in 

LEF1. Nat. Med., 2006, 12(4), 395-397. 

[116] Luo, X.; Chen, J.; Song, W.X.; Tang, N.; Luo, J.; Deng, Z.L.; 

Sharff, K.A.; He, G.; Bi, Y.; He, B.C.; Bennett, E.; Huang, J.; 

Kang, Q.; Jiang, W.; Su, Y.; Zhu, G.H.; Yin, H.; He, Y.; Wang, Y.; 

Souris, J.S.; Chen, L.; Zuo, G.W.; Montag, A.G.; Reid, R.R.; Hay-

don, R.C.; Luu, H. H.; He, T.C. Osteogenic BMPs promote tumor 

growth of human osteosarcomas that harbor differentiation defects. 

Lab. Invest., 2008, 88(12), 1264-1277. 

[117] Tang, N.; Song, W.X.; Luo, J.; Haydon, R.C.; He, T.C. Osteosar-

coma Development and stem cell differentiation. Clin. Orthop. Re-

lat. Rres., 2008, 466(9), 2114-21130. 

[118] Kansara, M.; Tsang, M.; Kodjabachian, L.; Sims, N.A.; Trivett, 

M.K.; Ehrich, M.; Dobrovic, A.; Slavin, J.; Choong, P.F.; Sim-

mons, P.J.; Dawid, I.B.; Thomas, D.M. Wnt inhibitory factor 1 is 

epigenetically silenced in human osteosarcoma, and targeted dis-

ruption accelerates osteosarcomagenesis in mice. J. Clin. Invest., 

2009, 119(4), 837-851. 

[119] Iwaya, K.; Ogawa, H.; Kuroda, M.; Izumi, M.; Ishida, T.; Mukai, 

K. Cytoplasmic and/or nuclear staining of beta-catenin is associ-

ated with lung metastasis. Clin. Exp. Metastasis, 2003, 20(6), 525-

529. 

[120] Harper, K.D.; Krege, J.H.; Marcus, R.; Mitlak, B.H. Osteosarcoma 

and teriparatide? J. Bone Miner. Res., 2007, 22(2), 334. 

[121] Vahle, J.L.; Long, G.G.; Sandusky, G.; Westmore, M.; Ma, Y.L.; 

Sato, M. Bone neoplasms in F344 rats given teriparatide [rhPTH(1-

34)] are dependent on duration of treatment and dose. Toxicol. 

Pathol., 2004, 32(4), 426-438. 

 

 

Received: June 01, 2010 Revised: July 28, 2010 Accepted: September 06, 2010 

 


