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Abstract

The Wnt signaling pathway is known as one of the important molecular cascades that regulate cell
fate throughout lifespan. The Wnt signaling pathway is further separated into the canonical
signaling pathway that depends on the function of -catenin (Wnt/B-catenin pathway) and the
noncanonical pathways that operate independently of (3-catenin (planar cell polarity pathway and
Wnt/Ca2* pathway). The Wnt/B-catenin signaling pathway is complex and consists of numerous
receptors, inhibitors, activators, modulators, phosphatases, kinases and other components.
However, there is one central, critical molecule to this pathway, B-catenin. While there are at least
3 receptors, LRP 4, 5 and 6, and over twenty activators known as the wnts, and several inhibitors
such as sclerostin, dickkopf and secreted frizzled-related protein, these all target p-catenin. These
regulators/modulators function to target f-catenin either to the proteasome for degradation or to
the nucleus to regulate gene expression. Therefore, the interaction of f-catenin with different
factors and Wnt/B-catenin signaling pathway will be the subject of this review with a focus on how
this pathway relates to and functions in the formation and maintenance of bone and teeth based on
mainly basic and pre-clinical research. Also in this review, the role of this pathway in osteocytes,
bone cells embedded in the mineralized matrix, is covered in depth. This pathway is not only
important in mineralized tissue growth and development, but for modulation of the skeleton in
response to loading and unloading and the viability and health of the adult and aging skeleton.
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Introduction

The protein B-catenin is the central target and an essential component of the Wnt/3-catenin
signaling pathway. This pathway is involved in numerous aspects of growth and
development in many organs and tissues, ranging from cell fate determination, polarity and
differentiation to migration, proliferation, and function (Moon et al., 2002, Visweswaran et
al., 2015). For example, during embryonic development, Wnt/B-catenin critically contributes
to the establishment of the body axis and the orchestration of tissue and organ development.
After development, Wnt/p-catenin has been shown to play an essential role in self-renewing
tissues such as the hair follicle, the intestinal crypt, and the hematopoietic system. Under
pathological conditions, mutations resulting in the activation of this pathway are commonly
observed in cancers, such as colon cancer, hair follicle tumors, and leukemia (Clevers, 2006)
(For review see Baron and Kneissel 2013). As several reviews have summarized and updated
the progress of the Wnt signaling pathway in human skeletal disease (For review see
Rudnicki and Williams 2015, Baron and Kneissel 2013), the focus in this review will be on
the role of this pathway in mineralized tissue, both bone and tooth, development and
function based on the recent discoveries using animal models and cell lines. This pathway
not only plays a critical role in growth and development but in the maintenance of the
mature skeleton and response to conditions of loading such as exercise and conditions of
unloading such as space flight and patient immobilization.

2. Discovery and structure of p-catenin

Catenin, beta 1 (B-catenin; CtnnbI) was first named in the late 1980s by Ozawa and
colleagues along with a-catenin and y-catenin as these proteins linked E-cadherin to
cytoskeletal structures in Ca2*-dependent cell adhesion (Ozawa et al., 1989). It was reported
as a component of a mammalian cell adhesion complex even though the protein can also be
located in both the cytoplasm and nucleus (McCrea et al., 1991). The gene /nt 1 (integration
1) in mouse and the gene wyg (wingless) in drosophila were reported, found to be
homologues and later named as Wnt (Clevers, 2006). In the middle 1990s, several groups
independently found that b-catenin in the nucleus triggered Wnt-mediated transcription via
T-cell factor/Lymphoid enhancer-binding factor (TCF/LEF) transcription factors (Valenta et
al., 2012). The studies eventually supported a dual function of $-catenin, one of crucial
importance in the cadherin adhesion complex and a second playing a central role in the Wnt-
signaling pathway.

The crystal structure of B-catenin was determined in 2008 (Xing et al., 2008). The structure
includes the N-terminal region, the armadillo or Arm domain (total 13 amino acid repeat),
the far C-terminal region adjacent to the Arm domain, the end of C-terminal region, Helix C,
and unstructured sequences distal to Helix C, each with specific functions. The N-terminal
region mediates the degradation of p-catenin, the inner surface of the Arm domain serves as
a ligand binding site, the C-terminal segment acts as a strong transactivator by recruiting
both effectors and inhibitors, and the Helix C is required for Wnt signaling by potentially
recruiting various coactivators. The function of p-catenin closely relies on the molecular
structure, though the binding domain or amino acids may vary in the different 3-catenin
signaling pathways. It is not clear how the unstructured sequences contribute to signaling,
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therefore studies using new techniques and approaches are still needed to explore the
dynamic structure of f-catenin (Gottardi and Peifer, 2008).

3. Components of the canonical Wnt/B-catenin pathway

There are several pathways in which Wnt plays a role such as the planar cell polarity
pathway, the Wnt/Ca*2 pathway and a Protein Kinase A pathway involving CREB, but we
will be addressing the best studied pathways referred to as the canonical pathway or the
Whnt/B-catenin signaling pathway (Bonewald and Johnson, 2008). Under normal
homeostasis, phosphorylated 3-catenin is part of a degradation complex consisting of
adenomatous polyposis coli (APC), glycogen synthase kinase 3B (GSK3p), and axin where it
becomes ubiquinated and targeted to the proteasome for degradation. However, with
receptor activation (the low density lipoprotein receptor-related proteins, LRP, 4, 5 or 6), -
catenin is freed from its degradation complex in a monomeric form for translocation to the
nucleus to initiate gene transcription. The secreted Wnts initiate receptor activation and
signaling by binding to the transmembrane receptor Frizzled and LRP coreceptors 4, 5, or 6,
inducing phosphorylation of the cytoplasmic tail of the LRPs which recruits axin from the
degradation complex to bind to this phosphorylated site. With axin removed, the degradation
complex is dissociated by cytoplasmic protein disheveled (DVL) to release p-catenin. Thus,
[3-catenin accumulates in the cytoplasm and ultimately translocates to the nucleus where it
binds with TCF/LEF, leading to the activation of target genes. Antagonists of the Wnt
receptors, including Sclerostin (SOST), Dickkopf (DKK) 1, 2, and 3, and secreted frizzled-
related protein 1 (sFRP1) protein prevent B-catenin translocation by binding to Wnt proteins
(as sFRP1) or by interfering with interactions between Wnt proteins and their receptors and
coreceptors (as Sclerostin and Dkk-1)(Burgers and Williams, 2013, Canalis, 2013, Chen et
al., 2007, Dallas et al., 2013). In the absence of wnts, the cytoplasmic levels of 3-catenin
remain low (Aberle et al., 1997).

New components of this pathway are constantly being discovered and therefore,
understanding how this pathway operates is not completely known. This pathway has been
expanding in number of Wnts, Wnt receptors, coreceptors, soluble inhibitors, modulators,
and other molecules thereby increasing the complexity of this pathway. More than one
pathway is believed to be activated by Wnt receptor activation. The p-catenin signaling
pathway was found to cross talk with bone morphogenic protein 2 (BMP2) signaling to
regulate osteoblastic anabolic function in bone (Zhang et al., 2013a). In addition, factor
signaling pathways such as estrogen, prostaglandin and parathyroid hormone have been
reported to crosstalk with Wnt signaling, which also increases the difficulty of studying and
understanding this pathway (Logan and Nusse, 2004). However, one component, -catenin,
is not duplicated and remains a single constant target of this pathway.

4. Importance of the Wnt/B-catenin pathway in bone formation and

maintenance

The Wnts are essential for skeletal formation and development and are involved in a variety
of processes from limb patterning and formation to chondrogenesis, the differentiation,
proliferation and synthesis of bone matrix by osteoblasts as well as the differentiation and
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function of osteoclasts during development (Bonewald and Johnson, 2008, Glass Il and
Karsenty, 2006). Genome wide association studies, GWAS, have shown that many members
of this signaling pathway are associated with bone mineral density and susceptibility to
fracture (Hsu and Kiel, 2012). In every study, LRP5 and SOST, the gene coding for
sclerostin, an inhibitor of bone formation, are associated in with low bone mineral density,
osteoporosis, and susceptibility to fracture. Also LRP4, DKK1, Wnt4, Wnt16 and ctnnbl
(the gene for B-catenin), are also highly associated with bone phenotype. During the early
stages of fracture repair, B-catenin is required for pluripotent mesenchymal cells to
differentiate into either osteoblasts or chondrocytes and in later stages of repair for
preosteoblasts to differentiate into osteoblasts. Agents that are known to activate the -
catenin pathway are being used to accelerate bone healing along with other uses. Lithium, an
approved pharmacologic agent, known to activate $-catenin, appears to enhance bone
formation and may be used to improve fracture healing (Chen, Whetstone, 2007).
Therapeutics such as the anti-sclerostin antibody are being developed to not only enhance
bone formation but hopefully reverse the detrimental bone loss due to osteoporosis (Clarke,
2014, Desiderio et al., 2014, Iniguez-Ariza and Clarke, 2015, McClung and Grauer, 2014).

To determine if B-catenin is critical to osteoblast, osteoclast, or the function of both cells,
targeted deletion has been performed in bone cells as the global deletion is lethal. In the
postnatal and mature skeleton, the Wnt/B-catenin signaling pathway is essential for bone
mass maintenance by regulating the activity of the bone-forming osteoblasts and indirectly,
the bone-resorbing osteoclasts (Glass 11 and Karsenty, 2006). Several /in vitro assays and /in
vivo mouse models have been used to determine the function of the B-catenin signaling
pathway in these bone cell types. Mouse models have been generated using the global or
targeted deletion of p-catenin or conversely global or targeted activation of B-catenin. By
flanking the exon 2—6 with loxp sequences, p-catenin can be inactivated after crossing with
Cre recombinase because these sequences encode the unique N-terminal domain (N) and
armadillo 1-4. To overexpress active [3-catenin, a similar method is used to flox exon 3. This
exon encodes for the N-terminal and allows its phosphorylation by glycogen synthase kinase
3p and its subsequent degradation via ubiquitination. When this exon is deleted it creates a
constitutively active molecule (Harada et al., 1999). Constitutively active p-catenin (ca-p-
catenin) mouse models for deletion of both exons 3-6 and exons 3-5 have been made
(Brault et al., 2001, Hu et al., 2005, Huelsken et al., 2000, Huelsken et al., 2001).

The benefits of the numerous tissue-specific mice models and in vitro cell lines have brought
a better understanding of the function of B-catenin in bone metabolism. The macrophage-like
cell line Raw264.7, Fzd8-deficient mice and mice with targeted deletion of B-catenin in
osteoclasts were used to study the mechanism of action of -catenin in osteoclasts. Increased
bone resorption was observed suggesting that -catenin negatively regulates osteoclasts
independent of osteoblasts (Albers et al., 2013) To explore how (-catenin function in
osteoclasts, studies focused on nuclear factor kappa B ligand (RANKL) have been
performed. One study showed that 3-catenin does not affect the receptor activator of
RANKL induced osteoclastogenesis through the classic canonical wnt pathway as opposed
to the non canonical B-catenin-independent pathway, since deletion of B-catenin in bone
marrow macrophages did not affect their normal differentiation into osteoclasts in response
to RANKL (Sapir-Koren and Livshits, 2014). However, another study found that $-catenin

Int J Biochem Cell Biol. Author manuscript; available in PMC 2017 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Duan and Bonewald

Page 5

may upregulate RANKL through sclerostin (Wijenayaka et al., 2011). In summary, the
mechanism of 3-catenin function in osteoclasts is still unclear and further studies are still
needed.

Considerably more information is available on the role of f-catenin in the osteoblast lineage.
[3-catenin is necessary for differentiation of mesenchymal precursor cells into osteoblasts
(Day et al., 2005) and osteoblast survival (Glass Il and Karsenty, 2006). 3-catenin deletion in
the osteoblast lineage using alpha 1 type 1 collage-Cre (Collal-Cre) (Glass Il et al., 2005)
or in late osteoblasts using Osteocalcin-Cre (Holmen et al., 2005) resulted in mice will a low
bone mass phenotype due to increased osteoclastic bone resorption due to decreased
expression of the RANKL inhibitor osteoprotegerin (OPG). However, these mice died early
due to an extremely fragile skeleton. Time and site specific expression of the constitutively
active B-catenin in osteoblasts using TM-inducible Cre fusion protein showed that
constitutively active B-catenin at different postnatal stages can increase vertebral bone
volume by increasing bone formation and decreasing bone resorption (Jia et al., 2013).
These mice were much smaller than controls due to the closure of the growth plate but were
active and viable. When constitutively activated B-catenin was expressed in the osteoblasts
using Collal Cre x Ctnnb+/lox (exon 3) mice, a leukemia phenotype was observed (Kode et
al., 2014). However, the leukemia phenotype was not observed in the DMP1-8kb-Cre x
Ctnnb+/lox (exon 3) mice (Tu et al, 2015) but instead a bone anabolic response.

5. Role of B-catenin in osteocyte viability and function

Osteocytes are the most abundant bone cells and are located inside mature bone. They are
originally derived from osteoprogenitors though osteoblast differentiation. Osteoblasts after
producing osteoid that will mineralize to form bone have one of three fates, they can die due
to senescence, degeneration/necrosis, apoptosis, and/or osteoclastic engulfment (Knothe
Tate et al., 2004), they can become osteocytes or they can become lining cells (Manolagas,
2000). During their long lifespan, which varies from species to species, osteocytes are
suggested to play a crucial biological and functional role in maintenance of the skeleton.
Numerous studies has proposed that the osteocyte may function to 1) modify its extracellular
microenvironment, 2) regulate bone remodeling by translating the mechanical stimuli into
biochemical signals, 3) initiate and maintain bone mineralization, 4) regulate phosphate and
calcium homeostasis and 5) also serve as a endocrine cell to target organs such as the kidney
(Bonewald, 2005, Bonewald et al., 2013, Bonewald and Wacker, 2013, Xiong et al., 2014,
Zhang et al., 2006) (Capulli et al., 2014, Sheng et al., 2013). Although the molecular
mechanisms responsible for these osteocyte functions have not been completely elucidated,
significant progress is being made to unravel the signaling pathways that play a role in
osteocyte regulation of bone homeostasis. It also appears that osteocytes can play a role in
disease. Understanding osteocyte function has led to new targets to treat bone diseases like
osteoporosis, bone fracture healing, hypophosphatemic rickets, chronic kidney disease and
others to maintain healthy bone it is necessary to maintain healthy osteocytes (Clarke, 2014,
Dallas, Prideaux, 2013, Iniguez-Ariza and Clarke, 2015).

[-catenin is a central molecule that is necessary to maintain bone homeostasis and
mechanotransduction through maintenance of osteocyte viability (Kramer et al., 2010).
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Dying osteocytes are necessary for bone repair such as occurs with microdamage (Kennedy
et al., 2012). Bone that has no live osteocytes, called osteonecrotic or dead bone does not
remodel suggesting that osteocytes are necessary for bone remodeling. Several factors have
been identified that prevent osteocyte apoptosis such as bisphosphonates (Plotkin et al.,
1999), prostaglandin (Kitase et al., 2010), muscle factors (Jahn et al., 2012) and estrogen
(Tomkinson et al., 1998). However, one of the most potent inhibitors of osteocyte apoptosis
is the application of fluid flow shear stress (Kitase, Barragan, 2010). Shear stress is thought
to mimic the flow of the bone fluid through the osteocyte lacunacanalicular network in
response to loading or exercise. It is thought to be necessary not only to maintain osteocyte
viability (Davidson et al., 2012), but also osteocyte communication (Hu et al., 2015).

Fluid flow shear stress has also been shown to synergize with anti-apoptotic factors to
protect osteocytes against cell death by a number of apoptotic agents such as
dexamethasone. Fluid flow shear stress is a very potent inducer of prostaglandin E2 (PGE2)
production by osteocytes (Kamel et al., 2010). /n vitro experiments performed using the
MLO-Y4 osteocyte like cell line, showed that the protective effects of shear stress induced
PGE2 against dexamethasone was mediated through j-catenin (Kitase, Barragan, 2010).
Muscle factors have also been shown to protect osteocytes against dexamethasone induced
apoptosis (Jahn, Lara-Castillo, 2012). C2C12 differentiated myotubes secrete factors that
induce the nuclear translocation of f-catenin to protect the cell against the apoptotic effect of
glucocorticoid (Jahn, Lara-Castillo, 2012). This work shows that muscle tissue produces
factors that maintain osteocyte viability and therefore skeletal health.

Bellido and colleagues showed that B-catenin is required for FOXO mediated transcription,
and there is competition between FOXO and the B-catenin activated transcription factor T-
cell factor (TCF) mediated transcription (Bellido, 2010). Using MLO-Y4 osteocyte like cell
culture, they suggested that the bidirectional crosstalk between the caveolin-1/ERK and
Whnt/B-catenin pathways was important for osteocyte survival in mechanotransduction
(Gortazar et al., 2013). They also showed that shear stress induced PGE2 release in MLO-
Y4 cells leads to the increase in nuclear accumulation of B-catenin through activation of both
PI13K/Akt and cAMP-PKA signaling. f-catenin mediated the transduction of Caveolin-1-
dependent vascular endothelial growth factor receptor 2 (VEGFR2), which is shown to
promote the viability of osteocytic MLO-Y4 cells exposed to mechanical stimuli (de Castro
et al., 2015). Jiang and colleagues showed that -catenin binds to the connexin 43 (Cx43)
promoter, stimulating Cx43 expression and functional gap junctions between osteocytes (Xia
et al., 2010). These findings support the hypothesis that p-catenin is also involved in both
cell viability and communication. /n vitro studies have greatly aided investigations in
understanding the function of p-catenin in osteocytes. However, in vitro studies cannot
mimic the complexity of /n vivo environment especially with regards to developing clinical
diagnosis and treatment. /n vivo, mechanical stimuli have been shown to protect osteocytes
from undergoing apoptosis (Kalajzic et al., 2013). Experiments performed where animals
were generated with the dentin matrix acidic phosphoprotein 1 (Dmp1) promoter driving the
diphtheria toxin receptor also showed that viability of osteocytes is important for skeletal
health and response to load. When diphtheria toxin was given to these mice killing all Dmp1
positive cells, early osteocytes, the animal experienced increased osteoclast activation, bone
loss, and lost response to mechanical loading (Komori, 2014).

Int J Biochem Cell Biol. Author manuscript; available in PMC 2017 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Duan and Bonewald Page 7

6. Role of B-catenin in osteocyte mechanotransduction

Wolff’s Law is well known in the bone biology field and states that bone has the capacity to
adapt to loading or unloading by increasing or decreasing bone mass. However, it is not clear
what is responsible for bone’s capacity to sense mechanical loading or lack of mechanical
stimuli and then how the mechanical stimuli is translated into biochemical activity. Evidence
has accumulated in the last two decades that osteocytes, the most abundant bone cell (95%
of the cellular component in mature adult bone) is the main mechanosensory cell that
responds to mechanical loading or lack of mechanical stimuli (Bonewald, 2011, Dallas,
Prideaux, 2013, Kalajzic, Matthews, 2013). Their stellate shaped cell bodies, dendritic
processes and/or primary cilia are thought to contribute to the mechanosensory function.
Gap junctions allow intracellular communication between osteocytes within the
lacunocanalicular network and with cells such as osteoblasts, lining cells and osteoclasts on
the bone surface. The dendritic processes of these cells can extend into the bone marrow
space and the vascular space potentially mediating communication with non-bone cells
(Bonewald and Johnson, 2008, Dallas, Prideaux, 2013, Kalajzic, Matthews, 2013, Malone et
al., 2007, Verbruggen et al., 2014). The Wnt/p-catenin pathway has been identified using /in
vitroand in vivo approaches to be an important pathway in osteocytes to sense and transduce
the signals of mechanical stimuli to bone cells.

Cell culture experiments using osteocyte-like cell lines and primary osteocytes have
provided insight showing that B-catenin is one of the most important molecules in the
osteocyte response to mechanotransduction. /n7 vitro when exposed to fluid flow shear stress,
osteocyte-like MLO-Y4 cells showed obvious nuclear translocation of 3-catenin at very low
levels of shear stress to do not elicit responses in other cell types such as osteoblasts (Kamel,
Picconi, 2010). With the development of transgenic models and new techniques, Wnt/p-
catenin signaling has been identified as a normal physiological response to load and
activation of the Wnt/B-catenin pathway enhances the sensitivity of osteoblasts/osteocytes to
mechanical loading (Robinson et al., 2006). One of the most useful models developed to
study the role of 3-catenin in osteocytes has been the 10kb Dmp1-Cre promoter crossed with
floxed B-catenin (Kramer, Halleux, 2010). Dentin-matrix protein, Dmp1, is expressed as the
bone cell is starting to embed or become surrounded by mineral and therefore a good marker
for the early osteocyte was utilized to delete 3-catenin in osteocytes. Mice lacking both
alleles of B-catenin were normal when born but developed progressive loss of bone density
and an increase of osteoclast activity throughout the skeleton (Kramer, Halleux, 2010). This
was in contrast to deletion of -catenin using either the Collal-Cre (Glass Il, Bialek, 2005)
or the osteocalcin-Cre (Holmen, Zylstra, 2005). Those mice showed a perinatal defect and
died around a month of age whereas the Dmp1-Cre knock-outs were viable for a longer
period of time, 3—4 months. Their skeleton displayed a ‘moth eaten’ appearance with holes
bored through the cortical bone by osteoclasts. The heterozygotes lacking one allele of -
catenin appeared normal at 2 months of age with only a small reduction in trabecular bone.

The effect of loss-(exon 2—-6) or gain-of-function (exon 3) of B-catenin in osteocytes have
been shown to decrease or increase bone mass, supporting the hypothesis that f-catenin in
osteocytes is essential for normal bone mass. The decrease in activity of B-catenin results in
less expression of OPG and low bone mass due to increased osteoclast activity (Glass II,
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Bialek, 2005, Holmen, Zylstra, 2005). Bellido and colleagues recently used the Dmp1-8kb-
Cre crossed with the gain-of-function Ctnnb+/lox (exon 3) mice (Tu et al., 2015). Similar to
the activation of p-catenin in osteoblasts, these mice exhibit an increased bone mineral
density and decreased bone resorption. Furthermore, the Notch signaling was activated and
interacted with activation of f-catenin in osteocytes. However, they were much smaller than
controls due to early closure of the growth plate but viable for longer than 12 months of age.
In stark contrast, activation of f-catenin in osteoblasts using the osteocalcin-Cre results in
anemia, expansion of myeloid cells and death at 6 weeks of age (Kode, Manavalan, 2014)
which was not observed with deletion in osteocytes. This shows that osteocytes most likely
regulate bone growth-probably through regulation of the osteoblast.

Not only have studies been used to show that p-catenin is necessary for normal osteocyte
function postnatally but also to demonstrate the role of f-catenin in the response of the
skeleton to load and unloading. Using the 10kb Dmp1-Cre promoter, when both alleles of -
catenin are conditionally deleted the result is very fragile bone, whereas when one allele of
[-catenin is deleted the skeleton is relatively normal. However, when 5 month old male mice
were subjected to anabolic loading, no response was observed in the Dmp1-Cre -catenin
heterozygote mice suggesting that f-catenin is essential for osteocyte response to loading
(Javaheri et al., 2014). These findings suggest that one allele of B-catenin is necessary for
normal bone, and both alleles are necessary for the bone anabolic response. Recently we
have shown that B-catenin haplo insufficient male mice do not lose bone in response to
hindlimb unloading, whereas female mice show a greater response to unloading compared to
controls (abstract and paper submitted). The male mice lost bone with tail attachment and no
suspension suggesting stress had a greater effect on the transgenic animals than their
controls. Additional bone was not lost with unloading. The data suggest a protective effect of
j-catenin against the effects of stress in males and partial protection against unloading in
females.

7. Role of B-catenin in tooth formation

The morphogenesis of teeth is very complicated and must occur with precision for formation
of normal dentition. Several distinct, different signaling pathways such as BMPs (Vainio et
al., 1993), Sonic hedgehog (Shh) (Khan et al., 2007) and fibroblast growth factors (FGFs)
(Bei, 2009) are involved in the epithelial-mesenchymal interactions during tooth initiation
tooth specific cell proliferation, migration and differentiation. Different mice models have
been used to study them (Munne et al., 2009, Murashima-Suginami et al., 2008). Among
these pathways, Wnt/p-catenin signaling is dynamically active and involved in various stages
of tooth morphogenesis (Liu and Millar, 2010). Stabilized epithelial B-catenin in the dental
initiation promotes continuous ectopic dental development in embryos. Conversely, deletion
of epithelial p-catenin inhibits or arrests tooth development at the early bud stage (Liu et al.,
2008). From the bud stage to the cap stage, gain-of-function of p-catenin in the mutant
embryos has a positive effect on the formation of enamel knots (Chen et al., 2009), whereas
lost-of-function of mesenchymal B-catenin is negative for the development of enamel knots
(Jarvinen et al., 2006). Inactivation of B-catenin in developing odontoblasts caused a
deficiency in the molar roots and aberrantly thin incisors (Kim et al., 2013, Zhang et al.,
2013b). Overall, B-catenin is essential for tooth development.
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As both teeth and bone are mineralized tissue, it is not surprising that similar or related
phenotypes would be present with deletion or activation of B-catenin in mice (Chen, Lan,
2009, Clevers, 2006). With the Collal-Cre, activation of B-catenin led to increased
ossification and decreased osteoclast number in the long bone and vertebrae (Glass 11,
Bialek, 2005). With regards to the teeth in these mice, tooth eruption was delayed and
aberrant maxillofacial formation was observed (Glass 11, Bialek, 2005, Kim et al., 2012).
The phenotype in long bone, vertebrae and teeth may be due to the same cellular and
molecular mechanisms, as the number and activity of osteoclasts are decreased in B-catenin
knock-outs due to the reduced RANKL production (Li et al., 2000, Lu et al., 2009). Similar
results were observed using the 8kb Dmp1 Cre; B-catenin activation mouse model (Tu,
Delgado-Calle, 2015). Recently, it has been shown that constitutively active 3-catenin in the
dental mesenchyme leads to excessive cementum formation. Activation of Wnt/B-catenin
signaling may stimulate cementoblast differentiation and cementum formation (Kim et al.,
2011). Gain- or loss-of-function of f-catenin through different Cre models cause a hyper- or
hypo- genesis in both teeth and bone (Holmen, Zylstra, 2005, Liu, Chu, 2008). These
findings support the concept that there are similar effects of f-catenin on both teeth and bone
during postnatal life due to the embryonic homology of odontoblasts, cementoblasts,
ameloblasts, and osteoblasts.

8. Role of B-catenin signaling in the periodontal ligament (PDL) and

dental mechanotransduction

During postnatal life, the occlusal force produced by daily chewing maintains maxillofacial
bone and protects it against bone resorption. The bone turnover rate in alveolar bone is
considerably higher than that in long bones, 30-35 % vs. 2-5% per year (Clarke, 2008, Huja
et al., 2006). Also during orthodontic treatment, mechanical stimuli initiate both bone
formation and resorption around the tooth root. It is not clear if B-catenin is responsible for
bone maintenance in response to loading, plays a role in mechanotransduction in alveolar
bone around teeth, or plays a role in the functions of the PDL. Supporting evidence shows [3-
catenin expression in the PDL in mice (Lim et al., 2014, Premaraj et al., 2011) in addition to
being present in osteocytes and cementocytes. A recent study using PDL stem cells showed
that B-catenin could regulate osteogenic differentiation in inflammatory microenvironments
through inhibition of the noncanonical Wnt pathway, which is similar to the regulation by -
catenin of bone homeostasis (Liu et al., 2011). With the osteocalcin-Cre; Wntless fl/fl mice
(Whntless, a conserved membrane protein gene dedicated to the secretion of Wnt proteins), a
pathological widening of the periodontal ligament space is observed with this elimination of
Whitless in teeth (Lim, Liu, 2014). An in vivo study using human PDL cells showed
responses to the activation of B-catenin via LiCl, leading to intensive p-catenin nuclear
translocation (Premaraj, Souza, 2011). With loading on the human PDL cell, the activation
of p-catenin was increased and inhibition of FAK suppressed [-catenin, suggesting that -
catenin mediated mechanotransduction in PDL (Premaraj et al., 2013). It would be of
interest to perform /n vivo experiments on transgenic mice models with targeted deletion or
constitutive activation of p-catenin in specific dental tissues to further investigate the
function of B-catenin in tooth movement. Unlike the appendicular skeleton, less is known
about p-catenin function in craniofacial growth, development and function. With the tools
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and recent advances in the bone field, the role of B-catenin in oral and craniofacial bone and
teeth will be available for investigation.

9. Conclusion and perspectives

Clearly, the wnt/p-catenin signaling pathway is critical for normal bone and tooth formation
and development. But its effects are not limited to growth and development, as -catenin
also clearly plays a role in mechanosensation and transduction. In the osteocyte, this
pathway is essential for viability, protection against apoptotic factors, for communication,
for normal bone formation, in addition to being essential for sensing mechanical loading.

There are still many questions to be answered. It appears that osteocytes can orchestrate the
activity of both osteoblasts and osteoclasts to initiate new bone turnover balance with
physiological loading. However, how do osteocytes sense the mechanical signal and
translate the mechanical signals into chemical signaling? Which structures are critical for
signal transduction, the osteocyte cell body, their dendritic processes, pericellular matrix or a
combination? Are other signaling pathways involved in the signal transduction? Also, as
osteocytes are endocrine cells, what are the effects of loading on this function of osteocytes?

Also, better tools are needed to study osteocytes in bone and teeth such as cementocytes-all
thought to be mechanosensory cells. More osteocyte-specific Cre models are needed for
future studies. Technology has allowed dramatic advances to take place in understanding the
role of B-catenin in osteocyte function. It will be important to use new technologies such as
the CRISPR/CAS gene editing approach to study osteocytes and the role of 3-catenin in their
function.
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Abbreviations

APC adenomatous polyposis coli
BMP bone morphogenic protein

Collal alpha 1 type 1 collage

Cx43 connexin 43

DKK Dickkopf

Dmp1l Dentin matrix acidic phosphoprotein 1
DVL disheveled

FGFs fibroblast growth factors

GSK3p glycogen synthase kinase 3

intl integration 1
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LRP low density lipoprotein receptor-related protein
OPG osteoprotegerin

PCP planar cell polarity

PDL periodontal ligament

PGE2 prostaglandin E2

RANKL receptor activator of nuclear factor kappa B ligand

SFRP1 secreted frizzled-related protein 1
Shh Sonic hedgehog
SOST Sclerostin

TCF/LEF T-cell factor/Lymphoid enhancer-binding factor

VEGFR2 vascular endothelial growth factor receptor 2
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Figure 1.
In the osteocyte, B-catenin is essential for 1). Maintenance of osteocyte viability and

protection from apoptotic factors such as glucocorticoids through PGE; (Kitase et al, 2010);
2). Communication between osteocytes potentially through the regulation of Connexin 43
(Xia et al, 2009); 3). Bone integrity as loss of -catenin in osteocytes leads to elevated bone
resorption through the increase of RankL/OPG ratios (Kramer et al, 2010); 4). Response to
anabolic loading through the upregulation of Wnts (Javaheri et al, 2014); 5). Response to
unloading leads to an increase in inhibitors of the wnt/p -catenin pathway such as sclerostin
(Robling et al, 2008) and 6). Gender effects are observed in response to unloading and
potentially environmental stress (Maurel and Duan et al; 2016). The target gene involved in
sensing environment stress is still unclear. It will be important to determine if 3-catenin also
plays a role in these functions in other cells embedded in a mineralized matrix such as
cementocytes.
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