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Abstract

The maintenance of bone mass is critically dependent
on the balance between bone formation by osteoblasts and
bone resorption by osteoclasts, processes in which osteocytes
play also an important role. The activities of these bone cells
are regulated by a variety of endocrine and paracrine factors
of which sex steroids, parathyroid hormone, 1.25(OH)*-
vitamin D3, glucocorticoids, retinoids and thyroid hormones
are the most well known systemic factors. To the long list of
locally acting factors belong cytokines and growth factors.
This list was extended some 15 years ago by the discovery
of the very important role of the WNT signalling system for
the maintenance of bone mass. The first evidence of its role
was the findings that mutations in the LRP5 gene, encoding a
co-receptor in WNT-signaling, could result in either gain or
loss of bone mass, i.e. either high bone mass or osteoporosis.
This was a most unexpected observation since no indications
existed prior to this discovery that the WNT signalling system
had a role in bone remodeling. Since then, many observations
have been made demonstrating the important role of
different WNTs in regulating bone formation and resorption.
Interestingly, some of these findings have demonstrated
that trabecular and cortical bone are regulated by different
mechanisms. It is the aim of the present overview to give the
readers an insight into the WNT signalling system and its role
in bone remodeling.
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INTRODUCTION

The WNT signalling system was initially
discovered independently by scientists in the
embryology and tumor biology fields. During the
1970”s the Nobel laureates Niisslein-Volhard and
Wieschaus described several genes in Drosophila
melanogaster which were regulating the segments
and polarity of the fruit fly. A mutation in one of these
genes resulted in flies without wings and this gene

was called Wingless (1). Since the 1960°s, the tumor
biologists had been trying to understand how certain
retroviruses could induce mouse mammary tumor
cells to grow and during the 1980°s the Nobel laureate
Varmus and his co-worker Nusse discovered that these
viruses induced expression of a gene in the mammary
cells which they thought was causing the tumorigenic
growth and called it Intl (first common integration
site)(2). Cloning of the two genes revealed that Intl
was identical to Wingless and that the same gene was
involved in embryonic development and cancer (3).
In 1991 it was agreed that the Intl/Wingless family
should be denoted Wnt (Wingless-related integration
site)(4). At that time, it was not understood how the
proteins produced under the control of the Wnt genes
regulated embryological development in the fruit fly or
mammary tumor growth. Later on, it was found that the
WNT proteins bind to receptors in the cell membrane
made up by co-receptors called low density lipoprotein
receptor-related proteins (LRPs) and signalling receptor
components called Frizzleds. During that time, there
were no indications that bone cells could be regulated
by the WNT proteins.

In the later part of the 19907s, three groups
found that a gene in chromosome 11ql12-13 was
associated with bone mass. In 1996, Warman et al.
reported that patients with osteoporosis pseudoglioma
syndrome (OPPG) were associated with mutations in
this chromosome (5). The following year, Johnson et al.
reported that the unusually high bone mass in the entire
skeleton in certain families was assigned to the same
chromosome(6). The year after, Heaney et al. showed
that autosomal recessive osteopetrosis with high bone
mass, progressive deafness and blindness was linked
to microsattelite markers on chromosome 11q12-13
(7). These studies did not reveal which gene in this
chromosome was regulating bone mass.

In 2001, Gong et al. reported that OPPG was

*Correspondence to: Professor Ulf H. Lerner, Centre for Bone and Arthritis Research at Institute for Medicine, Sahlgrenska Academy at
University of Gothenburg, Vita Straket 11, Sahlgrenska University Hospital, 413 45, Gothenburg, Sweden.E-mail: ulf.lerner@gu.se

90

Acta Endocrinologica (Buc), vol. XIV, no. 1, p. 90-101, 2018



WNTs and bone

caused by six homozygous frame shift or non-sense
mutations in the LRP5 gene located in chromosome
11q12-13 (8). Next year, Little et al. described that
all individuals in a family with the high bone mass
syndrome (total body Z score of 4.91) had a mutation
in exon 3 of the LRP5 gene which resulted in a
substitution of the amino acid glycine to valine in the
extracellular part of LRP5 (9). The same year, Boyden
et al. could show that the same mutation was the cause
of the high bone mass syndrome in another family
(10). Since serum markers of bone resorption were
unchanged, whereas markers of bone formation were
increased, it was likely that the enhanced bone mass
was due to increased osteoblast activity. None of these
three studies, however, could determine if the mutation
directly affected the osteoblasts or if the mutation
affected other cells in the body indirectly regulating
osteoblasts. All three groups showed that LRPS5 was
expressed by osteoblasts. It was also reported that
WNT proteins could stimulate osteoblast activities and
that the high bone mass mutation was associated with
decreased binding of an inhibitor to the extracellular
part of LRP5. These findings suggested that a gain-of-
function mutation in the LRP5 gene caused the high
bone mass syndrome and that a variety of loss-of-
function mutations in the same gene caused the OPPG
syndrome. Thus, the knowledge on the importance of
the WNT signalling system in bone biology started
with the discovery of the role of the co-receptor LPRS.
In subsequent studies, the role of Frizzled receptors,
different WNT proteins as well as different WNT
signalling inhibitors for osteoblast and osteoclast
activities has been extensively studied.

It is the aim of the present overview to give the
readers a simplified overview of the WNT signalling
system and in some more detail to describe how this
system can regulate bone mass. For detailed reviews on
these topics, the interested readers are referred to more
extensive reviews (11-14).

WNT signalling pathways

The basic principles involved in WNT
signalling are rather similar to those for many
hormones, cytokines and growth factors acting through
cell surface receptors. Thus, WNTs, present as proteins
in the extracellular milieu, act as ligands binding to
the co-receptors LRPs and to signalling receptors
Frizzleds, present in cell membranes. LRPs are so called
single-pass proteins, whereas Frizzleds belong to the
family of seven-transmembrane signalling receptors.
The complexity of this system is due to the presence

of several LRPs (LRP4-6), 19 different WNTSs, 10
different Frizzleds and several inhibitors.

When the heterotrimeric complex of WNT-
LRP-Frizzled is activated by the binding of WNTs,
Frizzled signalling in the cell cytosol inactivates the
so-called “destruction complex” and, thereby, a protein
called B-catenin becomes activated (Fig. 1). This
protein translocates from the cytosol to the nucleus
where it will remove the inhibitor Groucho from the
transcription factor complex TCF/LEF. Subsequently,
TCF/LEF binds to the promoter regions of different
genes and, thereby, regulates gene transcription, in
the case of osteoblasts stimulating genes which are
involved in bone formation. This WNT signalling
pathway is called canonical WNT signalling pathway
or the B-catenin pathway.

The complexity of the WNT signalling pathway
is not only made up by the existence of different WNTs,
LRPs, Frizzleds and inhibitors, but also by the fact that
WNT, in addition to the canonical pathway, can regulate
cell activities also by other signalling mechanisms, so
called non-canonical WNT signalling. In the planar
cell polar pathway, WNTs form a complex with either
one of the co-receptors ROR2 or RYK and Frizzled,
which leads to activation of the small G-proteins Rho
or Racl. In the WNT/calcium pathway, WNTs activate
phospholipase C which will cause changes in the
intracellular levels of calcium and activation of MAPK
(mitogen-activated protein kinases).

Although the role of the WNT signalling
pathways in bone remodeling has attracted substantial
interest during the past decade, we do not know which
of the receptor components are most crucial for the
regulation of osteoblast and osteoclast activities, nor do
we know which cells produce the WNTs that regulate
bone cells and what is regulating their production.
We know, however, how certain WNTs can affect
osteoblasts and osteoclasts. We also know how some
of the inhibitors are important regulators of bone
mass through their effects on WNT signalling. In the
following sections, examples of how certain WNTs
can affect bone cells will be given. In addition, certain
inhibitors and their roles will be described.

Inhibitors of WNT signalling

Like in most biological systems, WNT
signalling is controlled both by stimulators and
inhibitors. In the case of canonical WNT signalling, the
inhibitors can act either by sequestering soluble WNTs
or by binding to the extracellular part of LRP5 and,
thereby, interfering with the binding of WNTs (Fig. 2).
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Figure 1. A. When the co-receptor LRP and the signaling receptor Frizzled are not activated by WNTs, the heterotetrameric destruction
complex made up of the four components Axin, adenomatous polyposis coli, casein kinase and the constitutively active enzyme GSK3,
phosphorylates B-catenin in the cytosol. This makes B-catenin directed to proteasomal degradation. B. When WNTs bind to LRP and
Frizzled, the destruction complex becomes inactivated and non-phosphorylated B-catenin accumulates in the cytosol and translocates
to the nuclei. In the nuclei, B-catenin activates the transcription factor complex TCF/LEF which binds to promoter regions of many genes
including genes in osteoblasts which are involved in new bone formation.

To the first category, which also can act as inhibitors
of non-canonical pathways, belongs secreted Frizzled-
related proteins 1-5 (sFRP1-5) and WNT inhibitory
factor 1 (WIF1). The other category includes sclerostin
and Dickkopf 1-4 (DKK1-4).

Sclerostin is encoded by the SOSTgene, a gene
which was found to be mutated in diseases with high
bone mass such as van Buchems disease, sclerosteosis
and autosomal dominant craniodiaphyseal dysplasia
(15-17). Initially, it was not known which protein this
gene was encoding but it was suspected that it could
encode an inhibitor of bone morphogenetic proteins
(BMPs). More recently, it was found that SOST
encodes the protein sclerostin which acts as an inhibitor
of WNT canonical signalling. As a consequence
of the mutations, either less amount of sclerostin is
produced or the mutated protein binds less well to
the extracellular part of LRPs. Importantly, although
WNT signalling seems to regulate a large variety of
different cell types in the body, sclerostin seems to be
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expressed mainly by osteocytes (see further below for
the therapeutic implications)(18). The common view
is that sclerostin is secreted from osteocytes in their
lacuna to osteoblasts on the bone surfaces. Decreased
sclerostin expression or function lead to increased
binding of WNTs in osteoblasts, enhanced activation of
canonical WNT signalling and, therefore, more active
bone forming osteoblasts. Patients with these mutations
exhibit dense bone in all parts of the skeleton but the
most striking phenotype is large jaw bones and very
thick skull bones. Decreased sclerostin expression has
been associated with both loading induced new bone
formation (19) and the anabolic activity of intermittent
parathyroid hormone (PTH) injections (20).

Experimental studies have shown that DKK1
can also act as an inhibitor of WNT canonical signalling
in vitro and in vivo (21). In humans, increased DKK1
has been associated with decreased bone formation in
the osteolytic lesions observed in patients with multiple
myeloma (22).
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Figure 2. Different inhibitors can interact with WNT signaling. A. Sclerostin (Scler.) acts by binding to the extracellular part of the co-
receptor LRP and thereby inhibits the binding of WNTs. Loss-of-function mutations in the SOST gene encoding sclerostin enhances binding
of WNT and thereby increases WNT signalling and bone mass in patients with van Buchem’s disease and sclerosteosis. B. Dickkopf 1-4
(DKK) also binds to the extracellular part of the co-receptor LRP and inhibits binding of WNTs. C. Secreted Frizzled-related proteins (SFRP1-
5) and WNT inhibitory protein (WIF) act as decoy receptors to bind soluble WNTs. Mutations in the SFRP4 gene are the cause of low bone

mass in patients with Pyle’s disease.

Pyle’s disease, which is a skeletal disease
with high incidence of fractures is characterized by a
skeleton with thin cortices and dense trabecular bone.
Recently it has been shown that this disease is caused
by recessive mutations in the SFRP4 gene (23). Similar
to the skeleton in humans with Pyle’s disease, deletion
of the Sfrp4 gene in mice resulted in thin cortical bone,
enhanced amount of trabecular bone in the metaphyses
and weaker bones. Mechanistic evidence suggested
that the reduced cortex is caused by a combination
of enhanced bone resorption and decreased bone
formation. Thus, SFRP4 was shown to act as an
inhibitor of non-canonical signalling potentiating the
osteoclastogenic effect of RANKL and as an inhibitor
of non-canonical signalling affecting a BMP pathway
associated with decreased cortical bone mass.

The role of WNT signalling in bone formation
The clinical studies revealing the important
role of LRP5 for bone mass could not prove that the

LRP5/WNT/Frizzled signalling was active directly
in osteoblasts to regulate bone mass. The evidence
showing that this signalling system can affect bone
mass comes from mouse genetic studies in which
LRPs and WNTs have been either genetically deleted
or overexpressed globally in all cells or specifically in
osteoblasts.

LRPs

Global deletion of the Lrp5 gene in mice results
in decreased bone mass due to decreased number of
active osteoblasts. Bone mass decreased to such an
extent that some mice were limping due to spontaneous
fractures in tibiae (24). Overexpression of the gene
encoding human wild type LRP5 in osteoblasts results
in increased bone mass in mice (25). This was much
more pronounced when LRPS with the G171V gain-
of-function mutation, found to be associated with
high bone mass in humans, is expressed in mice. Both
trabecular and cortical bone mass was increased and
this was due to more active osteoblasts with no effect
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on osteoclasts (25), in line with the analyses of bone
formation and bone resorption markers in patients with
LRP5 mutations.Further evidence for a direct role of
LRP5/WNT/Frizzled signalling in osteoblasts comes
from the elegant studies by Cui et al. (26). In mice with
high bone mass mutations in Dmpl-Cre expressing
cells (i.e. in late osteoblasts/osteocytes), bone mass is
increased due to increased bone formation. In contrast,
deletion of the mouse Lrp5 gene driven by Dmpl1 results
in decreased bone mass. High bone mass mutations in
humans driven by Prxx1 result in increased bone mass
in the femur, but not in vertebrae, because Prxx1 is
expressed only by osteoblasts in appendicular skeleton
but not in osteoblasts in the axial skeleton.

The mutations causing high bone mass are
present in the extracellular part of LRP5 and decrease
the sensitivity to inhibitors such as DKKI1 (27) and
sclerostin(28), resulting in increased binding of WNT
and thereby enhanced LRPS/WNT/Frizzled signalling.

LRP6 is also expressed in osteoblasts and has
overlapping but not identical functions with LRP5. In
contrast to LRP5, mice with deletion of both alleles
of Lrp6 die. However, mice with deletion of one of
alleles of Lrp6 survive and have decreased bone mass
(29). Mice with a spontaneous Lrp6 loss-of-function
mutation have decreased bone mass, interestingly not
due to decreased bone formation but to enhanced bone
resorption (30).

Also LRP4 has been found to be expressed in
osteoblasts and Lrp4 mutations in two patients with
high bone mass could be linked to decreased sensitivity
to sclerostin inhibition (31).

WNTs and canonical signalling

The WNT proteins and the different WNT-
signalling pathways have important roles in the
development, including the skeleton, as well as being
important for bone mass in adults. The amount of
bone tissue is dependent on the balance between bone
formation and bone resorption and the understanding of
how WNTs regulate bone mass requires the knowledge
how different WNTs and different signal pathways
regulate differentiation and function of osteoblasts and
osteoclasts and how these cell types interact(13,14).
WNTs regulate osteoblast differentiation from
mesenchymal stem cells at different levels. Thus, WNTs
have been shown to positively regulate bone formation
by inducing osteoblastic differentiation of mesenchymal
stem cells, increase osteoblast proliferation and inhibit
osteoblast apoptosis, while negatively regulating
adipocyte and chondrocyte differentiation. WNTs also
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affect osteoclast differentiation directly and indirectly
(see further below). There are many difficulties to
resolve before the WNT-signalling system can be
therapeutically used. Despite these problems, antibody
neutralization of the canonical WNT antagonist
sclerostin seems to be one possibility (see further
below).

Although it is clear from clinical and
experimental studies on LRP5 that canonical WNT
signalling has a crucial role for bone mass by regulating
bone formation through effects in osteoblasts, it is not
clear which WNTs are the most important ligands
activating this pathway. As a consequence, it is not
known which are the important WNT producing cells
involved in bone formation. Nor is it known which are
the important Frizzled receptors in osteoblasts causing
bone formation. There are no reasons to believe that
WNT are systemic endocrine acting factors and it is
most likely that cells in the bone compartment produce
the bone stimulatory WNTs. The knowledge on WNTs
stimulating bone formation is mainly derived from
experimental studies in mice although some human
genetic data are also available (see further below).

The findings in mice lacking the WIs gene in
osteoblasts nicely illustrate that WNTs produced and
released by osteoblasts are important for bone mass.
Whntless (Wls) is an intracellular chaperone protein
which is important specifically for secretion of WNT
proteins to the extracellular milieu (32). As could
be expected, given the important roles of WNTs for
embryonic development, mice lacking the Wls gene
die early during embryonic development. However,
deletion of Wls specifically in osteoblasts results in mice
that survive (33). These mice have large reductions in
both trabecular and cortical bone mass, in appendicular
as well as axial skeleton, including skull bones. Bone
mass is reduced to such an extent that mice exhibit
spontaneous fractures. These observations demonstrate
that WNTs produced by osteoblasts are important for
skeletal development and indicate that osteoblastic
WNTs act by auto- or paracrine mechanisms to control
bone mass. The reduction of bone seems to be dependent
on a combination of decreased bone formation and
increased bone resorption since a decreased number of
bone forming osteoblasts and an increased number of
osteoclasts were observed. Observations in vivo and in
vitro indicate that the decreased bone formation is due
to decreased canonical WNT signalling in osteoblasts,
in agreement with the findings showing the importance
of LRP5 for bone mass.

WNTI1, WNT 3a, WNT6 and WNTI10b are
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three stimulators of canonical WNT signalling in
many cell types including osteoblasts. WNT1, which
is expressed in osteoblasts, has been shown to bind
to LRP5 and to activate canonical WNT signalling
(34). WNT3a, which is not expressed in osteoblasts,
can act on these cells to increase their differentiation
in vitro (35, 36). Interestingly, when Wnt3a is over-
expressed in multiple myeloma cells and these cells
are injected in mice, the osteoclast rich skeletal lesions
are not developed (37). It is not known, however, if
WNT3a acts on osteoblasts or osteoclasts to inhibit
these lesions. Although WNT3a activates canonical
WNT signalling in osteoblasts (33) and other cells, this
ligand has been shown to activate also non-canonical
WNT signalling in osteoblasts (38). WNT6 has been
shown to increase osteoblastic differentiation while
inhibiting adipocyte differentiation in vitro depending
on [-catenin, indicating that the effects are due to
canonical WNT signalling (39). WntlOb, which
is expressed at increasing levels in differentiating
osteoblasts (33), is the best characterized stimulator
of canonical WNT-induced bone formation. WNT10b
induces osteoblast differentiation in vitro (39, 40).
Overexpression of the Wnt10b gene in bone marrow
results in enhanced trabecular and cortical bone mass
in long bones, hip and vertebrae resulting in bone with
enhanced strength (40). These mice are resistant to
ovariectomy induced osteoporosis. Increased Wnt10b
expression specifically in osteoblasts also results in
increased bone mass, which is due mainly to enhanced
osteoblastogenesis (41). Bone mass is enhanced to
such a degree that tooth eruption is impaired. The role
of WNT10b for bone mass is further demonstrated
by the observation that global deletion of the Wnt10b
gene results in a decreased amount of trabecular bone
(40,42). Together, these observations demonstrate the
important role of canonical WNT signalling for bone
mass in mice.

WNTs and non-canonical signalling

As pointed out above, WNTs can also signal
through non-canonical signalling and there are
suggestions from mice experiments that this pathway
is also important for bone mass. Bone mass has
been shown to be affected by three WNTs signalling
through non-canonical pathway to regulate osteoblastic
bone formation. Thus, enhanced expression of Wnt4
increases osteoblast differentiation in vitro (43). This
has also been shown in vivo in mice overexpressing
Wnt4 resulting in increased trabecular bone mass
(44). This response was found to be due not only to

enhanced bone formation, but also to decreased bone
resorption. These mice were less susceptible to bone
loss caused by estrogen deficiency or overexpression
of TNF-a. WNT5a, which is expressed by osteoblasts
(33), is important for embryonic development and
mice lacking both alleles for Wnt5a (Wnt5a-/-) die
perinatally. However, mice lacking only one allele
(Wnt5a+/-) survive and have decreased trabecular
bone mass since bone formation is decreased and bone
resorption enhanced (45). WNT7b is not expressed by
osteoblasts but can induce their differentiation from
mesenchymal stem cells in vitro (38,46) and enhance
bone formation and trabecular bone mass when
overexpressed in vivo specifically in osteoblasts (47).
These mice form so much bone that the bone marrow
space is reduced and mice develop splenomegaly
similar to osteopetrotic mice. In agreement with these
observations, deletion of the Wnt7b gene results in
decreased bone formation (38). These observations
further illustrate the complexity of WNT signalling
affecting bone formation.

The role of WNT signalling in bone
resorption

The possibility to use pharmaceuticals
increasing bone mass through WNT signalling not only
requires knowledge on how such compounds affect
canonical - and non-canonical - induced regulation of
bone formation by osteoblasts, but also knowledge how
the compounds affect osteoclast formation and activity,
directly through effects on osteoclast progenitors
or mature osteoclasts, but also indirectly through
osteoblasts.

Differentiation of multinucleated, mature, bone
resorbing osteoclasts from mononucleated osteoclast
progenitors is critically dependent on activation of
the receptor RANK (receptor activator of NF-«B) on
the osteoclast progenitor cells by the ligand RANKL.
RANKL can be produced locally in bone by osteoblasts/
osteocytes, in which the expression of this cytokine
is activated by stimulators of bone resorption such as
parathyroid hormone or 1.25(OH)2-vitamin D3. The
osteoclastogenic effect of RANKL is balanced by the
decoy receptor osteoprotegerin (OPG), which binds to
RANKL and inhibits the interaction with RANK (48,
49). OPG s produced by a variety of cell types including
osteoblasts and its expression is negatively regulated by
hormones stimulating bone resorption. The expression
of OPG is also enhanced by canonical WNT signalling
(50-52) and, therefore, the osteoanabolic effect of this
signalling pathway is often due not only to increased
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bone formation but also to decreased bone resorption.
We have demonstrated that also WNT16 can increase
expression of OPG in osteoblasts (53). Since WNT16
can activate both canonical and non-canonical WNT
signalling in osteoblasts it is unclear which pathway
mediates the effect of WNT16.

There is also evidence that WNTSs can act
directly on osteoclast progenitor cells. Mice lacking
one allele of Wnt5a have a decreased bone mass due
to the decreased number of bone forming osteoblasts
as discussed above (45). These mice also have a
decreased number of osteoclasts, which does not
explain the skeletal phenotype but suggests that
WNT5a may regulate osteoclastogenesis. In line
with this view, WNT5a potentiates RANKL-induced
osteoclast formation of bone marrow macrophages.
The authors demonstrate that WNT5a signalling in
osteoclast progenitor cells is mediated by binding to
the co-receptor ROR2 and subsequent non-canonical
signalling, indicating that ROR2 is part of a positive
regulation of osteoclastogenesis. Further evidence was
gained by the finding that deletion of one allele of ROR2
results in an increased bone mass due to the decreased
number of osteoclasts. In addition, it was found that
ROR?2 is not only involved in physiological regulation
of osteoclast formation, but also in inflammation
induced osteoclastogenesis. Thus, administration of
soluble ROR2 protein, which acts as decoy receptor
for WNT5a, inhibits excessive osteoclast formation in
collagen-induced arthritis in mice.

Clinical studies have shown that a functional
signal nucleotide polymorphism in the WNT16 gene
is associated with cortical bone mass and increased
susceptibility to fractures in humans (see further below).
We have demonstrated that WNT16, expressed by
osteoblasts, acts paracrinally on osteoclast progenitors in
cortical bone and negatively regulate osteoclast formation
causing an increase of cortical but not trabecular bone
(53). Thus, mice in which the Wnt16 gene was deleted
globally have a very thin cortex, but normal trabecular
bone in long bones and vertebrae. The cortex was so
thin that these mice developed spontaneous fractures,
similar to mice in which the Lrp5 and WIs gene were
deleted. Since WNT16 is expressed by osteoblasts, we
next asked ourselves if it is WNT16 in these cells that
is important for cortical bone mass. When Wnt16 was
knocked out specifically in osteoblasts the mice also
exhibited thin cortical bone with no change in trabecular
bone, but when Wntl6 was deleted in osteocytes the
mice were normal. The decreased cortical thickness was
found to be associated with the increased number of
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cortical osteoclasts, whereas the number of osteoblasts
and bone formation was normal. We next could show
that the increase of osteoclasts was due to that WNT16
protein inhibits osteoclast formation by interfering with
the signal mechanism by which the RANK receptor
differentiates osteoclast progenitor cells from mature
osteoclasts. This observation was made using both
mouse and human osteoclast progenitor cells. WNT16-
induced inhibition of osteoclastogenesis was mediated
by non-canonical signalling. Thus, WNT16 can inhibit
osteoclast formation both indirectly by increasing OPG
in osteoblasts (see above) and by directly interfering
with osteoclast differentiation. We also could show
that inflammation induced bone resorption could be
blocked by local treatment with WNT16 protein. Since
the commonly used osteoporosis drugs mainly inhibit
fractures in vertebrae, rich in trabecular bone, but are less
effective to inhibit fractures in non-vertebral bones, rich
in cortical bone, there is a medical need to develop drugs
that more effectively increase cortical bone mass. It is
possible that increasing WNT16 may be a mechanism
to enhance cortical thickness reducing the risk for non-
vertebral fractures. The importance of developing such
drugs is demonstrated by the fact that fractures in elderly
individuals often occur at sites suffering from cortical-
bone fragility. The fact that WNT16 is important for bone
mass in adult mice strengthens the view that increased
WNT16 could be a potential mechanism for treatment
of osteoporosis in humans. Thus, we have shown that
induced deletion of Wntl6 in adult mice also results in
decreased cortical bone mass (54).

Since we could observe that estrogen treatment
increased Wntl16 expression in cortical bone we next
addressed the issue if WNT16 could be involved in the
mechanisms by which estrogen preserves bone mass.
However, using mice in which the Wntl6 gene was
over-expressed specifically in osteoblasts we observed
that ovariectomy caused reduced bone mass to the
same degree in these mice as in normal mice (55).
We also could show that estrogen treatment increased
bone mass to the same degree in mice with deletion of
the Wnt16 gene as compared to normal mice. These
observations demonstrate that the bone-sparing effect
of estrogen and WNTI16 are independent of each
other, but WNT16-targeted therapies might still be
useful for treatment of post-menopausal osteoporosis.
This strategy might also be useful for treatment of
glucocorticoid-induced osteoporosis since we have
shown that prednisolone-induced bone loss in mice can
be prevented by overexpression of Wnt16 in osteoblasts
(56).
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Clinical evidence for the importance of WNT
signalling in regulation of bone mass

In addition to the observations that gain-of-
function and loss-of-function mutations in the LRP5
gene are the cause of high bone mass in humans and
the osteoporosis pseudoglioma syndrome, respectively,
loss-of-function mutations in the LRP6 gene have
also been found to be associated with low bone
mineral density and hip fractures early in life(57).
Also LRP4 seems to be important for LRP/WNT/
FRIZZLED signalling since it has been reported that
two mutations of the LRP4 gene are associated with
high bone density (31). We described an unusual case
of the association of a high bone mass phenotype with
primary hyperparathyroidism and resistance to the
catabolic action of PTH on the bone. In spite of the
negative result of Lrp5 testing, other genes of the Wnt
pathway might be responsible (58).

The importance of the different inhibitors of
LRP/WNT/FRIZZLED is not only demonstrated by
the fact that loss-of-function mutations in the SOST
gene (encoding sclerostin) result in high bone mass in
patients with van Buchem’s disease and sclerosteosis,
but also by reports showing that mutations in the DKK1
gene and in the SFRP4 gene are associated with skeletal
pathologies in humans. Thus, a mutation in the DKK1
gene has been reported to be associated with childhood-
onset low bone mineral density and increased fracture
susceptibility not related to osteogenesis imperfecta
(59). As mentioned above, patients with Pyle’s disease
suffer from increased fracture susceptibility due to
decreased cortical thickness. This disease is caused by
mutations in the SFRP4 gene (23).

A family with dominantly inherited, severe,
early-onset osteoporosis has been found to have a
missense mutation in the WNT1 gene (60). Mutations
in the same gene have also been found in two siblings
with a skeletal disease thought to be a variant of
osteogenesis imperfecta (60). In another study it
is reported that mutations in the WNT1 gene have
been found in one family with autosomal-recessive
osteogenesis imperfecta and in another family
with dominantly inherited early-onset osteoporosis
(34). WNT1 mutations have also been reported in
another unrelated family with recessive severe bone
fragility(61). Mutations in the WNT3a gene have been
demonstrated in a family with early-onset osteoporosis
(59). These findings are in agreement with experimental
studies showing that WNT1 and WNT3a can stimulate
osteoblastic activities through canonical signalling.

Associations with bone mineral density and

genes encoding proteins involved in LRP/WNT/
FRIZZLED signalling have also been observed
in genome-wide analysis. Thus, single nucleotide
polymorphisms in the WLS, LRP5, SOST, DKKI,
SFRP4, WNT3, WNT4, WNT5b and WNTI16 genes
have all been associated with low bone mineral density
(62, 63). Of particular interest are the WNT4, WNT16
and SOST loci which also have been found to be
associated with low-trauma fractures (62, 64, 65).

WNT signalling as therapeutical targets

The many clinical and experimental studies
demonstrating the importance of proteins involved in
LRP/WNT/FRIZZED signalling for bone mass have
made them interesting candidates for drug development.
Several pathways in this signalling system increase
bone mass by enhancing bone formation and since
the most frequently osteoporosis drugs currently used
inhibit bone resorption to prevent further bone loss in
the patients, it is of interest to develop drugs acting to
enhance bone mass by inducing new bone formation. The
bisphosphonates, acting by killing mature osteoclasts,
and denosumab, which is an antibody neutralizing
RANKL inhibiting differentiation of mature osteoclasts
from osteoclast progenitors cells, have both been found
to decrease fractures mainly in vertebrae made up by
trabecular bone. It is, therefore, a need to develop drugs
which can enhance cortical bone since most fractures
in elderly patients are caused by cortical-bone fragility.
The fact that some WNT signalling molecules have
been associated preferentially with cortical bone makes
drug development based upon these molecules of
special interest. WNT signalling, however, is important
for differentiation and function of a large variety of
tissues and organs as well as in tumour cell biology.
It is, therefore, a large challenge to develop drugs that
specifically target the skeleton. One such possibility is
sclerostin which has been found to be mainly expressed
in osteocytes. Preclinical studies found that treatment
with antibodies neutralizing sclerostin enhanced
trabecular bone mass and inhibited bone loss induced
by ovariectomy and inflammation (66-68).

Prompted by the preclinical studies, antibodies
neutralizing human sclerostin were developed. A phase
I study found that a single subcutaneous or intravenous
injection of anti-sclerostin resulted in increased bone
mineral density in lumbar spine and total hip (69). The
phase II study reported that monthly subcutaneous
injections, or injections every third month, of
romosozumab (anti-sclerostin antibody) increased bone
mineral density after 12 months treatment in lumbar
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spine (11.3%), significantly more than alendronate
(4.1%) or teriparatide (7.1%) (70). Also bone mineral
density in total hip and femoral neck was enhanced
more effectively by romosozumab. In line with an
increased activation of canonical WNT pathway, serum
levels of bone formation markers increased and markers
for resorption decreased (due to increased expression
of OPG). However, the formation markers returned to
baseline levels after 6 months indicating that long-term
treatment may not be effective. Two phase III studies
have been published also demonstrating the promising
effects by romosozumab. In the FRAME study, 7.180
postmenopausal women were treated with monthly
subcutaneous injections with romosozumab for 12
months followed by 12 months with subcutaneous
injections with denosumab every 6 months and
compared to a group given placebo for 12 months
followed by 12 months with denosumab (71). At 12
months, vertebral fractures were seen in 16/3321 patients
in the romosozumab group compared to 59/3322 in the
control group. At 24 months, 21/3325 patients who had
received romosozumab followed by denosumab had
experienced vertebral fractures compared to 84/3327 in
the control group. Thus, the risk for vertebral fractures
was 75% lower in the romosozumab group at both time
points. There was, however, no statistically significant
effect on non-vertebral fractures, which may be due to
an unexpected low rate of non-vertebral fractures in
the control group made up of many patients from Latin
America. In the ARCH study, 4.093 postmenopausal
women were given either romosozumab for 12 months
and alendronate for the following 12 months or
alendronate during 24 months (72). In the romosozumab
group, 127 vertebral fractures in 2046 patients were
observed compared to 243/2047 in the alendronate
group during the 24 months treating period, resulting
in a 48% reduction of new vertebral fractures. There
was also a significant 19% reduction of non-vertebral
fractures (P=0.04) and hip fractures (P=0.02). These
studies demonstrate that targeting sclerostin is clearly a
more effective treatment for osteoporosis than targeting
bone resorption.

In the FRAME study, no differences in adverse
side effect were observed in the romosozumab group.
In the ARCH study, however, serious cardiovascular
adverse events were more often observed during the first
year in the romosozumab group (50/2040 patients) than
in the alendronate group (38/2014 patients). It is unclear
why these side effects were observed in the ARCH study
but not in the FRAME study. One possibility might be
that alendronate has a cardioprotective effect but that
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has not been possible to demonstrate. The difference
might be related to the fact that patients were older in
the ARCH study and therefore were less healthy with
higher risk for cardiovascular disease (73,74). It should
also be noted that WNT signalling has been shown in
vessel walls and that sclerostin has been found to be
expressed in arteries in patients with calcifications. It
remains to be seen if romsozumab will be approved
by FDA and, if so, if physicians will prescribe this
drug and if patients will accept the treatment given the
potential risk of increased risk for cardiovascular side
effects (74).

In conclusion, several components of the
WNT signalling system have been shown in preclinical
and clinical studies to have robust effects on bone mass
through direct effects on osteoblasts and through both
direct and indirect effects on osteoclasts. Most attention
has been paid to the direct effects on osteoblasts
prompting efforts to develop true osteoanabolic drugs.
The large challenge is to find specificity for the skeleton
since. WNT signalling is involved in many cellular
physiological and pathological activities outside the
skeleton, including proliferation of tumor cells. Based
upon the observations that the WNT inhibitor sclerostin
seems to be expressed exclusively in osteocytes
and that patients with loss-of-function mutations in
the SOST gene encoding sclerostin have high bone
mass, neutralizing antibodies to sclerostin have been
developed and gone through phase III clinical studies.
Two studies have shown that romosozumab (anti-
sclerostin antibody) given subcutaneously monthly to
postmenopausal women is more effective to prevent
vertebral fractures than anti-resorptive therapy.
Similar to the anti-resorptive drugs, romosozumab
is less effective to prevent non-vertebral fractures,
demonstrating the need for drugs that more effectively
target cortical bone. Such drugs could potentially be
developed by increasing WNT16 which has been shown
to have a unique protective role for cortical bone.
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