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Abstract

Cadherins are calcium-dependent cell adhesion molecules that play major roles during morphogenesis
and tissue formation. Notably, the cell adhesion N-cadherin is an important regulator of chondrogenesis and
osteogenesis. One recognized mechanism by which N-cadherin may promote osteoblast differentiation is by
increasing cell-cell adhesion, resulting in activation of signals that promote osteoblast phenotypic gene
expression. Cadherins can also trigger intracellular signals by interacting with the Wnt signaling pathway. In
particular, cadherins can interact with g-catenin at the cell membrane, resulting in p-catenin sequestration,
reduction of the cytosolic B-catenin pool and inhibition of Wnt signaling. Recent data provide another
mechanism by which N-cadherin may control osteoblast function: N-cadherin was found to interact with the
Whnt-co-receptors LRP5 or LRP6 in osteoblasts in vitro and in vivo. This interaction promotes p-catenin
degradation, resulting in reduced Wnt signaling, decreased osteoblast differentiation and bone formation,
and delayed bone accrual in mice. These data highlight the important crosstalk between cell adhesion and
Whnt signaling molecules that impact osteoblast function, bone formation and bone mass. IBMS BoneKEy.
2009 April;6(4):150-156.
©2009 International Bone & Mineral Society

Wnt Signaling and Osteoblastogenesis

Osteoblast commitment, differentiation and
function are all governed by multiple factors
that in turn regulate bone formation and
bone mass. In recent years, canonical Wnt
signaling has emerged as an important
regulator of bone formation and bone mass
(1-5). Genetic evidence for the important
role of Wnt signaling in bone formation
originated from the altered bone mass
induced by gain-of-function or loss-of-
function mutations in the Wnt co-receptor
LRP5 in humans (6;7). Genetic
manipulations in mice have confirmed that
Whnt signaling mediated by LRPS5 is of major
importance in the regulation of bone
formation and bone mass (8). The positive
effects of Whnt signaling on
osteoblastogenesis appear to be mediated
in part through the Wnt/p-catenin canonical
pathway. The current model of the Wnt
canonical pathway implies that Wnt binding
to LRP5 and Frizzled leads to the
recruitment of an axin/Frat1/APC/glycogen
synthase kinase 3p/p-catenin complex to
LRP5, resulting in inhibition of GSK-3p,

decreased phosphorylation of g-catenin and
its subsequent translocation into the nucleus
where it binds TCF/LEF transcription factors
to activate target genes (9). As expected
from its important role in cells and tissues,
Whnt canonical signaling is tightly regulated
by several antagonists that interact with Wnt
proteins or Wnt signaling partners (9;10). An
important finding is that changes in the
expression or function of Wnt antagonists
result in alteration of Wnt signaling and bone
formation. Indeed, several experimental
studies have revealed that inactivation of
Wnt antagonists causes increased bone
mass whereas Whnt antagonist
overexpression induces low bone mass in
mice (8). The identification of molecules that
act as Wnt partners in osteoblasts may
therefore help in the development of novel
targeted strategies for promoting bone
formation and bone mass in clinical
situations where osteoblastogenesis is
compromised (10).
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Cadherins as Cell Adhesion Molecules

Cadherins are calcium-dependent cell
adhesion molecules that play major roles
during embryonic development,
morphogenesis and tissue formation (11).
During skeletal development, N-cadherin is
a key component of mesenchymal
condensation and chondrogenesis (12). In
bone, osteoblasts express N-cadherin
among other cadherins and the expression
profile of N-cadherin in osteoblasts during
bone formation suggests a role for this
molecule in osteogenesis (13). Consistent
with this observation, functional studies have
revealed that N-cadherin is involved in cell-
cell aggregation and in the development of
the osteoblast phenotype through activation
of intracellular signals (14;15). Furthermore,
N-cadherin is upregulated by several
anabolic molecules, which suggests a
potential role for N-cadherin in osteoblast
differentiation (16-18). This concept is also
supported by the finding that over-
expression of a dominant-negative N-
cadherin inhibits osteoblast differentiation
(19). Consistently, targeted expression of a
dominant-negative N-cadherin was found to
alter bone formation and bone mass (20;21).
All these studies indicate that N-cadherin is
an important regulator of osteoblast
differentiation and osteogenesis (22;23).
The molecular mechanisms by which N-
cadherin  controls intracellular  signals
regulating osteoblasts are beginning to be
understood and are summarized below.

Cadherin Interactions With Wnt Signaling

Besides being transmembrane cell adhesion
molecules, cadherins mediate cellular
signaling by interacting with Wnt signaling
(24-26). Classic cadherins are connected to
the cytoskeleton by association with
cytoplasmic proteins such as a-, $-, and y-
catenin (11). The interactions between
cadherins and catenins are known to play
essential roles in cell adhesion and normal
development (27-31). At cell junctions, E-
cadherin can associate with p-catenin and
the association of p-catenin with E-cadherin
and the actin microfilament cytoskeletal
network controls cell adhesion and cell
shape (33-36). Although these cadherin-
catenin interactions are known to modulate

key intracellular signaling pathways such as
the Wnt signaling pathway, the downstream
signals emanating from cadherin-mediated
contacts are both cadherin-specific and cell-
context-specific (27).

One generally recognized mechanism by
which E-cadherin may negatively modulate
Wnt-dependent gene expression is by
sequestering p-catenin at the plasma
membrane (9). p-catenin can bind to the
cadherin cytoplasmic tail in the membrane,
which reduces the B-catenin cytosolic pool,
B-catenin nuclear  translocation and
subsequent transcription in conjunction with
LEF/TCF transcription factors. In addition to
E-cadherin, N-cadherin was also found to
interact directly with p-catenin and thereby
may decrease Wnt signaling (37;38). N-
cadherin may therefore have a dual
functional role in cell signaling both through
a cell adhesion-dependent mechanism and
by repressing canonical Wnt signaling. This
suggests that concerted actions or crosstalk
between the Wnt and cadherin pathways are
key modulators of cytoplasmic f-catenin
protein levels and Wnt signaling. Given the
important role of Wnt signaling in the control
of bone formation, the possibility exists that
mechanisms linking cadherins and Wnt
partners may control Wnt signaling and
thereby osteoblastogenesis. Indeed, recent
data indicate that Wnt signaling is controlled
by N-cadherin in osteoblasts by a
mechanism involving a Wnt partner other
than p-catenin, namely, the Wnt co-
receptors LRP5/6. This provides evidence
for a previously unrecognized link between a
cell adhesion molecule and Wnt co-
receptors, and emphasizes the important
role of the signaling network linking cell
adhesion and Wnt signaling molecules in
osteoblasts.

N-Cadherin-LRP5 Interaction Impacts
Wnt Signaling and Osteoblast
Differentiation

The hypothesis that cadherins may interact
with  Wnt signaling independently of f-
catenin binding has been tested recently.
Recent data revealed a novel link between
LRP5, a major co-receptor of Wnt proteins,
and N-cadherin (39). This concept came
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from the observation that LRP5 (or LRPG6)
can bind to N-cadherin, as revealed by
immunoprecipitation analyses in vitro, and is
supported by the finding that forced
expression of N-cadherin in  murine
osteoblasts increases N-cadherin-LRP5/6
interaction. This interaction has functional
consequences since increasing N-cadherin-
LRPS interaction negatively regulates Wnt/j3-
catenin signaling, resulting in alteration of
expression of osteoblast phenotypic genes.
Furthermore, this interaction has significant
implications in vivo since transgenic
expression of N-cadherin targeted to
osteoblasts in mice results in reduced
osteoblast activity and bone formation,
resulting in delayed bone mass accrual (39).
Interestingly, a similar phenotype was found
in mice exhibiting N-cadherin loss-of-
function, presumably because of blockade of
N-cadherin-mediated intracellular signaling
(20). These novel findings suggest that N-
cadherin is a novel LRP5 antagonist that
negatively regulates Wnt/$-catenin signaling
in osteoblasts. This concept is highly
relevant to the regulation of
osteoblastogenesis since both N-cadherin
and LRPS5 are strongly expressed in
osteoblasts and Wnt signaling is a major
modulator of osteoblast function and bone
mass (1-5).

Several downstream mechanisms come into
play as the result of N-cadherin-LRP5
interactions. Both in vifro studies and
analysis of osteoblasts from N-cadherin
transgenic mice show that increasing N-
cadherin/LRP5 interaction results in
increased B-catenin ubiquitination,
decreased p-catenin cytosol levels and
nuclear translocation in response to Wnt3a
and subsequent downregulation of Wnt/f-
catenin signaling in osteoblasts (39). The
mechanism by which N-cadherin-LRP5
interaction negatively regulates Wnt/3-
catenin signaling does not appear to result
from direct interaction of N-cadherin with f3-
catenin and subsequent [-catenin
sequestration. Indeed, raising N-cadherin
levels fails to increase p-catenin membrane
sequestration or to prevent the release of 8-
catenin by Wnt3a stimulation (39). Thus, p-
catenin sequestration by N-cadherin is not
primarily responsible for the defective Wnt
signaling in N-cadherin over-expressing

osteoblasts. Rather, both in vitro and in vivo
data show that N-cadherin interacts with the
intracellular domain of LRP5. This action of
N-cadherin as a Wnt antagonist therefore
differs from the effect of other Wnt
antagonists that act by binding to Wnt
ligands (SFRPs, Cerberus, WIF1) or by
interacting with LRPS extracellular domains
(DKK1, CTGF, Wise, sclerostin). Further
studies have revealed that the interaction of
N-cadherin with LRP5 or LRP6 in
osteoblasts is mediated by the formation of
an axin-LRP5 complex implicating axin-
binding sites in the cytoplasmic tail of LRP5.
However, other proteins may also be
partners of the p-catenin-axin-N-cadherin-
LRPS complex.

These data support the concept that
interaction between N-cadherin and the Wnt
co-receptors LRP5/6 negatively regulates
Whnt/B-catenin signaling and is critical in the
regulation of osteoblast function and bone
formation in vitro and in vivo. Thus, N-
cadherin appears to control osteoblasts by
at least three mechanisms: a positive
mechanism involving increased cell-cell
adhesion and downstream signals, and two
negative mechanisms involving p-catenin
sequestration and reduction of Wnt signaling
mediated by its interaction with LRP5/6 (Fig.
1). These three regulatory mechanisms are
likely to play important roles in the control of
osteoblasts where both cadherins and Wnt
receptors are highly expressed and play a
significant role in the control of cell
differentiation and function.

Implications for Osteoblast Biology and
Pathology

There is emerging evidence that crosstalk
between N-cadherin and Wnt signaling
controls osteoblast function in vitro and in
vivo. In addition to the previously recognized
homophilic N-cadherin links and N-cadherin-
B-catenin interaction, there is now evidence
that N-cadherin-LRP5/6 interaction controls
bone formation and bone mass, which
provides new insight into the mechanisms
involved in N-cadherin-mediated osteoblast
differentiation. This highlights the key role of
N-cadherin in the control of Wnt signal
transduction and osteoblastogenesis and
emphasizes the important crosstalk between
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Fig. 1. Mechanisms by which N-cadherin may control osteoblast function and bone formation. (A).
Homophilic N-cadherin interactions promote cell-cell adhesion, downstream signals and osteoblast
differentiation. (B). N-cadherin-f-catenin interaction results in p-catenin sequestration at the membrane and
reduced Wnt signaling. (C). The interaction between N-cadherin and the Wnt co-receptors LRP5/6 results in
B-catenin degradation, inhibition of Wnt/g-catenin signaling, reduced osteoblast function and bone formation.

(UP: unknown protein; Ub: ubiquitin).

cell adhesion and Wnt signaling molecules
in osteoblast biology. This also opens the
possibility that targeting N-cadherin, now
considered as a Wnt antagonist, may be of
therapeutic value to promote osteoblast
function in disorders where bone formation
is compromised.
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