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Abstract

Major advances in understanding basic bone biology and the cellular and molecular mechanisms

responsible for the development of osteoporosis, over the last 20 years, have dramatically altered

the management of this disease. The purpose of this mini-review is to highlight the seminal role of

Wnt signaling in bone homeostasis and disease and the emergence of novel osteoporosis therapies

by targeting Wnt signaling with drugs.

Keywords

osteoblasts; osteoclasts; osteocytes; RANKL; OPG; bone therapies

Introduction

The mammalian skeleton regenerates throughout life by the removal (resorption) of old bone

by osteoclasts and its replacement with new bone by osteoblasts, during a process called

remodeling [1]. Osteocytes – former osteoblasts which are entombed within the mineralized

matrix – sense the need for regeneration in a particular anatomical site and orchestrate the

process by directing the homing of osteoclasts and osteoblasts to the site that is in need of

remodeling, by producing and secreting key factors that control osteoclast and osteoblast

generation [2, 3]. Under physiologic conditions, bone resorption and formation are balanced

with the exact same amount of bone added in the site from which it was previously resorbed.

With advancing age, the balance between resorption and formation is disturbed and bone

mass declines. In addition bone progressively loses mechanical strength to an extent that is

greater than the decline of bone mass because of the deterioration of its microarchitecture

and the quality of its matrix and mineral (by mechanisms that are not well understood) and

an increase in the number of dead or dysfunctional osteocytes as well as increased cortical
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porosity [4, 5]. Decreased bone mass and strength lead to the bone fragility syndrome

known as osteoporosis.

The traditional thinking of osteoporosis as a disease of women starting at menopause is

nowadays yielding ground to the recognition that osteoporosis is a multifactorial disease that

affects both sexes. The disease process begins as early as the third decade of life and age-

related mechanisms intrinsic to bone cells, including oxidative stress, decreased Wnt/β-

catenin signaling, increased activation of FoxO transcription factors, oxidized lipids (acting

via PPARγ and increasing bone marrow adiposity), declining osteocyte autophagy, and

increased osteocyte senescence, play a primary role [6]. Age-dependent changes in other

organs and tissues, such the decline of ovarian function at menopause and increased

glucocorticoid production and/or responsiveness, contribute to the development of

osteoporosis by accelerating the effects of aging.

Wnt signaling

Wnts comprise a large family of secreted signaling glycoproteins that control cell

proliferation, differentiation, apoptosis, survival, migration, and polarity in a plethora of cell

types [7]. They play a critical role during embryonic development (including skeletal

patterning) as well as in postnatal health and diseases, including cancer and degenerative

disorders. To date, 19 different Wnt proteins have been found in humans and mice and some

of them are specific to certain cells and tissues. Wnt proteins deliver their signal by binding

to transmembrane receptor proteins. Like Wnt proteins, there are several Wnt receptors. The

list includes 10 members of the Frizzled family and low density lipoprotein receptor-related

protein (LRP) 5 as well as LRP6, Ror2, and Ryk. Different Wnts recognize different set of

receptors and thereby selectively activate distinct intracellular pathways. Binding of Wnts to

their cognate receptors activates at least three different intracellular signaling cascades: the

Wnt/β-catenin pathway (also known as the canonical Wnt pathway), the non-canonical Wnt

pathway, and the Wnt-calcium pathway. Activation of the Frizzled/LRP5 or Frizzle/LRP6

receptor complexes by Wnts, such as Wnt1 and Wnt3a, leads to the recruitment of Axin – a

scaffold protein – to the Wnt/receptor complex on the cell membrane and causes the

inactivation of glycogen synthase kinase 3β (GSK-3β) (Figure 1). Inactivation of GSK-3β, in

turn, prevents the degradation of β-catenin by the proteasome. This step allows the

stabilization of β-catenin in the cytoplasm and its subsequent entry into the nucleus, where it

associates with the T-cell factor (TCF) lymphoid-enhancer binding factor (LEF) family of

transcription factors and regulates the expression of Wnt target genes [8].

Wnt/β-catenin signaling in bone health and disease

Bone-forming osteoblasts and bone-resorbing osteoclasts are terminally differentiated cells

with short lives. Therefore, both need to be continuously replaced with new ones originating

from stem cells of the mesenchymal and hematopoietic lineage, respectively [9, 10]. The

supply of differentiated cells of either lineage is up- or down-regulated, in order to meet the

demand. This is accomplished primarily through an increase or decrease of the replication of

lineage-committed descendants of the respective stem cells [11, 12]. Aberrant osteoblast
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and/or osteoclast number underlines most acquired metabolic bone diseases, including

osteoporosis, and it results from changes in their supply as well as their lifespan [1].

Starting about twelve years ago, genetic studies of four patient families – three with

unusually high and one with low bone mass – revealed that activating or deactivating

mutations of Wnt signaling were responsible for their high and low bone mass, respectively.

In two of the families, the mutations were located on the LRP5 gene [13, 14]. In the other

two, the mutations were located on the SOST gene, which encodes for sclerostin – an

antagonist of the Wnt signaling that is made and secreted primarily by osteocytes [15, 16].

These discoveries established that lack of sclerostin expression in bone is the cause of

Sclerosteosis and Van Buchem disease – two rare bone sclerosing dysplasias; whereas the

loss of function mutation of the LRP5 gene is the cause of the osteoporosis-pseudoglioma

syndrome. Following these genetic studies, an intensive research effort has revealed that

Wnt signaling is indeed a key regulator of bone health and disease and can, therefore, be

targeted to develop new therapies for osteoporosis. For an extensive discussion of the

subject, the reader is referred to the excellent review by Baron and Kneissel [17].

Wnt/β-catenin signaling stimulates the generation of osteoblasts by promoting commitment

and differentiation of pluripotential mesenchymal stem cells (MSCs) towards the osteoblast

lineage, while simultaneously suppressing commitment to the chondrogenic and adipogenic

lineage [12]. In particular, Wnt/β-catenin signaling promotes the progression of Osterix1

(Osx1)-expressing cells to bone producing osteoblasts. In addition, Wnts prevent the

apoptosis of mature osteoblasts and thereby prolong their lifespan by both β-catenin-

dependent and independent pathways [18].

In addition to its effects on osteoblasts, Wnt/β-catenin signaling decreases osteoclast

differentiation by stimulating the production and secretion of osteoprotegerin (OPG) [19] – a

natural antagonist of the receptor activator of nuclear factor-B ligand (RANKL) [20].

RANKL is indispensable for the differentiation, survival, and function of osteoclasts;

thereby critical for bone resorption. RANKL is produced primarily by osteocytes [21].

During the process of osteoclast generation, bone marrow macrophages (BMMs)

differentiate into tartrate-resistant acid phosphatase (TRAP)-positive pre-osteoclasts, which

then fuse with each other to form mature osteoclasts. RANKL and macrophage colony–

stimulating factor, provide the two necessary and sufficient signals for osteoclast

differentiation [22]. In addition to their indirect effects on osteoclastogenesis that are

mediated by controlling OPG expression and secretion by osteoblasts/osteocytes, Wnts act

directly on osteoclasts. However, the biological significance of the direct effects is less

clear. In any event, deletion of β-catenin in osteoclasts increases osteoclast number and bone

resorption and decreases bone mass [23].

To date, several of the Wnt proteins have been shown to play a role in skeletal development

and homeostasis as well as joint formation in humans and mice, including Wnt1, Wnt3a,

Wnt4, Wnt5, Wnt5a, Wnt7a, Wnt10b, and Wnt14. Of those, Wnt10b seems to be the most

critical positive modulator of bone formation in adult bone [24, 25]. In addition to Wnt

proteins, mammals produce enhancers of Wnt/β-catenin signaling, such as the four R-

sponding proteins. Recently, missense mutations in the Wnt1 gene were identified in a form
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of autosomal dominant early-onset osteoporosis and a severe form of osteogenesis

imperfecta [26].

Wnt signaling, osteocytes, and the mechanical adaptation of the skeleton

Wnt signaling in bone is fine-tuned by several secreted glycoproteins that act as Wnt

antagonists [27]. The most potent and best recognized of these are sclerostin, Wise, and the

Dickkopf (DKK) proteins 1 and 2. Sclerostin binds to LRP5 and LRP6 and inhibits

canonical Wnt signaling by blocking the binding of Wnt proteins to the extracellular regions

of LRP5 and LRP6. Interference with the binding of Wnts to LRP6 seems to be functionally

most significant in this respect. Sclerostin deficiency, on the other hand, unleashes Wnt

signaling and dramatically increase bone mass in mice and humans.

The skeleton adapts to meet mechanical needs. This is best exemplified by the rapid and

dramatic loss of bone that occurs with immobilization or weightlessness during space

flights. The bone cells that are responsible for both sensing mechanical strains and

orchestrating the adaptation of the skeleton to changing strains are the osteocytes [3].

Mechanical stimulation of bone reduces osteocyte expression of SOST-sclerostin [28].

Conversely, sclerostin expression increases during immobilization [29].

Wnt/β-catenin signaling, the FoxO transcription factors, and the

pathogenesis of osteoporosis

The hallmarks of age-related osteoporosis are a decrease in bone formation and an increase

in bone marrow adiposity [6]. Recent research findings from the mouse model suggest that

attenuation of Wnt/β-catenin signaling may be responsible for these changes [30]. The

decline of bone mass and increase of marrow adiposity with advancing age is associated

with a progressive increase in oxidative stress (OS) [31]. In the last few years, members of

the subclass of the forkhead family of transcription factors, called FoxOs, have emerged as

an important defense mechanism against OS and growth factor deprivation – another

accompaniment of old age. In the setting of OS or growth factor deprivation, FoxOs

translocate from the cell cytoplasm to the nucleus where they stimulate the transcription of

antioxidant enzymes as well as genes involved in cell cycle, DNA repair, and lifespan [32,

33]. Importantly, β-catenin is an essential co-activator of FoxOs, in addition to its role in

TCF/LEF-transcription [34]. In the setting of OS or nutrient depletion, the limited pool of β-

catenin in osteoblast progenitors is diverted from Wnt/TCF- to FoxO-mediated transcription

[35]. Through this mechanism attenuation of canonical Wnt/β-catenin signaling decreases

the progression of Osx1 expressing cells to bone producing osteoblasts, and thereby it

decreases bone mass and simultaneously increases adipogenesis [30]. The diversion of β-

catenin from TCF- to FoxO-mediated transcription may also contribute to several other age-

related pathologies [34]. Thus, similar to several other defense responses against aging,

FoxO activation eventually aggravates the effects of aging on bone and becomes a culprit of

involutional osteoporosis [36].
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Targeting Wnt signaling for the development of a novel bone anabolic

therapy for osteoporosis

Heterozygous carriers of the SOST mutation have high normal or increased BMD without

any of the abnormal traits of the full carriers of the mutation, indicating that decreasing the

levels of the gene product sclerostin can modestly unleash Wnt signaling and increase bone

formation without undesirable side effects [37]. Importantly, parathyroid hormone (PTH)

decreases the production of sclerostin by osteocytes [38]. Intermittent administration of a

recombinant form of parathyroid hormone (PTH) is currently the only approved therapy for

the treatment of osteoporosis that can increase bone mass de novo. These and similar

considerations have paved the way for an attempt by the pharmaceutical industry to develop

a novel anabolic therapy for osteoporosis based on antibodies that neutralize sclerostin.

Preclinical studies with the sclerostin neutralizing antibody have convincingly shown that

sclerostin inhibition leads to increased bone formation, gain of bone mass, and increased

bone strength in rodents and monkeys [39, 40]. Moreover, a multicenter, randomized,

placebo-control study of post-menopausal women with low BMD have shown that

romosozumab, a monoclonal sclerostin-neutralized antibody, increases BMD and bone

formation and decreases bone resorption, within a year, to a greater extent (11.3%) than the

bisphosphonate alendronate (4.1%) or PTH (teriparatide) (7.1%) [41]. Unexpectedly,

nonetheless, the effect of romosozumab on bone turnover markers suggested a rapid,

marked, but transient increase in bone formation and a moderate but more sustained

decrease in bone resorption. The reason for the unpredictable changes in bone turnover

markers is unclear. In any event, denosumab, a neutralizing antibody against RANKL –

another osteocyte-derived protein – is an approved and very effective anti-resorptive therapy

for osteoporosis [42].

Summary

Appreciation of the critical role of osteocytes in the orchestration of bone remodeling and

the discoveries of the seminal role of RANKL and the Wnt/β-catenin signaling and its

antagonist sclerostin, have provided a much improved understanding of the pathophysiology

of osteoporosis. Furthermore, these developments have paved the way for the development

of rational and effective new therapeutic strategies for the treatment of osteoporosis.

Research Agenda

The phase 3 clinical trial with romosozumab is on its way and should provide definitive

answers on whether the effect of this therapy on BMD, shown in the phase 2 trial, will

translate into anti-fracture efficacy; and whether, of course, romosozumab will be safe for

long-term use. Future research aiming to elucidate age-related mechanisms affecting more

than one tissue could lead to the development of even more advanced therapies that could

simultaneously combat osteoporosis and other degenerative disorders, for example

sarcopenia, resulting from shared mechanisms of aging.
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Canonical Wnt/β-catenin signaling, osteocyte-derived sclerostin and RANKL, and the generation
of osteoblasts and osteoclasts
Activation of the Frizzled/LRP5/6 receptor complex by Wnt proteins prevents the

degradation of β-catenin, which then enters the nucleus and together with TCF/LEF

stimulates the transcription of several genes that promote osteoblastogenesis, thereby

increasing bone mass. In addition, β-catenin and TCF/LEF stimulate the transcription of the

OPG gene, which is the natural antagonist of RANKL – the sine qua non factor for

osteoclastogenesis – made primarily by osteocytes. Osteocyte-derived sclerostin blocks the

binding of Wnts to their receptor complex. MSC = mesenchymal stem cell; HSC =

hematopoietic stem cell.
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