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Introduction

Osteocytes, the most abundant cells in bone, are terminally differentiated osteoblasts 
burried in the bone matrix which are key regulators of bone remodelling and have 
also important functions in the regulation of mineral metabolism [1]. Osteocytes act 
on both osteoclasts and osteoblasts. They synthesize receptor activator of nuclear 
factor kappa-B ligand (RANKL) [2,3], which is essential for osteoclast proliferation, 
differentiation and survival, and are the main source of sclerostin which inhibits 
bone formation by the osteoblasts [4]. Whereas animal models were pivotal for the 
discovery of RANKL and its role in bone resorption [5], it is human studies of two 
rare bone sclerosing dysplasias, sclerosteosis [6,7] and van Buchem disease (VBD) 
[8,9] that have led to the discovery of sclerostin. Both these disorders are caused 
by deficient synthesis of sclerostin, resulting in unrestrained bone formation and  
progressive generalized hyperostosis.  

We review here current knowledge of the mechanism of action and the regulation 
of synthesis of sclerostin, and of its role in the pathophysiology of sclerosteosis and 
VBD. 

Sclerostin synthesis

Osteocytes synthesize sclerostin in the late stages of their differentiation, after 
maturation and after the start of mineralization of the surrounding bone matrix [10] 
(figure 1). Newly synthesized sclerostin is then transported to the bone surface through 
the dendritic network of osteocytes, where it inhibits the activity of osteoblasts and 
stimulates their apoptosis [4,11]. Recent evidence, suggests that sclerostin has also 
an autocrine function [12]. Furthermore, sclerostin  upregulates RANKL synthesis 
thereby stimulating osteoclastogenesis [13]. Although osteocytes are the predominant 
source of sclerostin, other cell types embedded in mineralized matrices, such as 
chondrocytes [11] and cementocytes [14],  have also been found to produce sclerostin 

Sclerostin is the product of the SOST gene, a relatively small gene comprising two 
exons, situated  on chromosome 17q12-q21. The SOST gene is highly conserved 
among vertebrates, with the amino acid sequence of murine sclerostin being 88% 
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homologous with the human protein [6]. Moreover, SOST knock-out mice develop a 
high-bone-mass phenotype similar to that of sclerosteosis patients [15], whereas mice 
overexpressing SOST become osteopenic [11].  In addition to bone, cartilage and 
cementum, transcripts of SOST have also been found in kidney, liver, and heart [6,7], 
but no sclerostin expression could be detected in any of these tissues in human [16]. 
In keeping with this finding, patients with sclerostin deficiency have normal renal and 
liver function and no specific cardiac abnormalities [17-19]. 

Sclerostin antagonizes the canonical Wnt signaling pathway

Sclerostin decreases bone formation by antagonizing the canonical Wnt signaling 
pathway in osteoblasts thereby inhibiting the proliferation, differentiation and 
survival of these cells [20-22]. Secreted Wnt ligands bind to a co-receptor complex of 
the low-density lipoprotein receptor-related protein 5 or 6 (LRP5/6) receptor and a 
trans membrane frizzled receptor. Upon binding, intracellular β-catenin is prevented 
from degradation and accumulates in the cytoplasm. β-catenin is translocated to 

Figure 1. Role of sclerostin in bone remodeling. Sclerostin is synthesized by matured osteocytes 
at the initiation of mineralization of new bone. Sclerostin act on the osteoblasts on the bone 
surface, by inhibiting their bone forming activity and life-span. Sclerostin can also indirectly 
stimulate bone resorption by up regulating RANKL synthesis by osteocytes in an autocrine 
manner. 
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the nucleus and triggers the transcription of target genes through the interaction 
with TCF/LEF-1 transcription factors [23] (figure 2A). Sclerostin binds to the first 
propeller domain of the LRP5/6 receptor [21], thereby disabling the formation of 
the co-receptor complex between LRP5/6 and the frizzled receptor, and inhibiting 
the Wnt pathway high up in the signalling cascade (figure2B). Whereas, the exact 
mechanism by which sclerostin interacts with the LRP5/6 receptor remains to be 
established, it is thought that it requires an, as yet to be identified, co-factor to 
inhibit the Wnt pathway similar to another Wnt antagonist, DKK1, which needs 
Kremen to inhibit the pathway [24]. LRP4 was recently proposed to be a mediator 
of sclerostin’s inhibitory function on bone formation and mutations in LRP4 were 
identified in patients with a phenotype closely resembling that of sclerosteosis [25] 

Figure 2.  Mechanism of inhibition of canonical Wnt signalling by sclerostin
Sclerostin is an antagonist of the canonical Wnt signalling pathway. A: the Wnt signalling pathway 
is initiated by the binding of Wnt ligands to a co-receptor complex of LRP5/6 and the frizzled 
receptor. Wnt signaling is essential for osteoblast proliferation, differentiation and survival, and is 
thus the main stimulatory pathway of bone formation. B: sclerostin antagonizes the Wnt signalling 
pathway by inhibiting the formation of the LRP5/6-frizzled co-receptor complex, through binding 
to the LRP5/6 receptor, possibly facilitated by a (unknown) co-factor.   
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Sclerosing bone disorders associated with sclerostin deficiency

The significance of the role of sclerostin as a negative regulator of bone formation is 
highlighted by the characteristic phenotypes of patients with sclerosteosis and VBD, 
two bone sclerosing dysplasias belonging to the group of craniotubular hyperostosis 
[26] caused by genetically determined sclerostin deficiency, and characterized by very 
high bone mass. 

Sclerosteosis (OMIM 269500) was described in 1958 by Trushwell as ‘osteopetrosis 
with syndactyly’ [27] and less than 100 cases have since been reported in the 
literature. Sclerosteosis is an autosomal recessive disorder caused by mutations in 
the SOST gene. Six different mutations have been reported so far resulting in either 
impaired synthesis of sclerostin [6,7,28], or synthesis of a non-functioning protein 
[29]. Although isolated cases of sclerosteosis have been reported in different parts 
of the world, the majority of patients are members of the Afrikaner community of 
South Africa, descendants of Dutch immigrants who settled in this country in the 
17th century. Although the homozygous state is rare, the carrier rate of the SOST 
mutation in the Afrikaner  population has been estimated to be as high as 1 in 140 
individuals [30]. Van Buchem disease (OMIM 239100), first described by professor van 
Buchem and his colleagues in 1955 as ‘hyperostosis corticalis generalisata familiaris’ 
[31], is a sclerosing bone dysplasia also inherited as an autosomal recessive trait. In 
this disorder the SOST gene is intact, but patients lack a regulatory element essential 
for the postnatal transcription of SOST in bone [32] due to a 52 kb deletion 35 kb 
downstream of the SOST gene [8,9]. About 30 cases of VBD have been so far described, 
the vast majority being inhabitants of  a small village in north Holland. This village 
used to be an island off the coast until extensive land reclamation connected it to 
the mainland in the 1940s. Two siblings with VBD have been reported by German 
investigators, but the origin of the patients was not mentioned in the paper [33] so 
possible Dutch ancestry cannot be excluded. 

The clinical features of sclerosteosis have been extensively described [17,34,35]. 
The most prominent of these features are due to overgrowth of the bones of the 
skull. Mandibular overgrowth, and elongation of the forehead [17,34] result in facial 
distortion which becomes evident before the onset of puberty [17,34] (figure 3). 
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Excessive bone formation in skull bones eventually give rise to serious complications, 
the most common being cranial nerve entrapment syndromes due to obliteration of 
neural foramina (figure 4), with the facial nerve being the most frequently affected. 
This is often the first complication of the disease, occurring generally before the fifth 
year of life, although facial palsy may also be observed at birth [34,35]. Unilateral or 
bilateral facial palsy eventually develops in almost all patients [17,34,35,37]. Hearing 
loss is the second most frequently encountered complication of sclerosteosis. It usually 
starts in early childhood as pure conductive deafness, due to fixation of the ossicles in 
the inner ear, with a sensorineural component often developing later in life as a result 
of narrowing of the round and oval windows, or of impingement of the acoustic nerve 
in the internal acoustic canal [17,34,35,37]. Although rare, symptoms associated with 
entrapment of other cranial nerves, such as loss of vision or sense of smell have also 

Figure 3. Chronological portraits of a patient with sclerosteosis from the age of 3 years 
onward. She was born with syndactyly at both hands and developed facial  palsy, deafness, 
facial distortion, and maxillary overgrowth during childhood. By the age of 30, she had 
developed proptosis and elevated intracranial pressure due to overgrowth of the calvaria. 
Craniectomy was performed, but she died nevertheless because of elevated intracranial 
pressure at the age of 54 years (description of this case was previously published by Epstein 
et al.[36]). Reproduced with permission of Calcified Tissue International.
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been reported [34,37]. However, the most severe, and life-threatening complication of 
sclerosteosis is increased intracranial pressure [17,35]. This develops in the majority of 
patients as a result of a decreased intracranial volume due to considerable thickening 
of the calvaria and skull base. In the past this has been a common cause of sudden 
death of patients with sclerosteosis [17] due to medullary compression. Although the 
course of sclerosteosis is evidently progressive during childhood and adolescence, the 
disease appears to stabilize after the third decade [34,35,38]. 

Figure 4. Skull of a sclerosteosis patient (lower panel) compared to that of a normal subject 
(upper panel). Severely narrowed internal acoustic meatus in the patient (black arrow) 
compared to that of the normal subject (white arrow). The greatly thickened calvarium of the 
patient can also be noted (dotted line).
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The phenotype of patients with VBD is highly similar to that of sclerosteosis except 
for two distinctive features of sclerosteosis, which have so far never been reported in 
patients with VBD, namely syndactyly and tall stature [39] (Table 1). There can be, 
however, a great variation in the severity of disease manifestations among patients 
with VBD [39]; van Lierop et al in preparation]. While the phenotype of severe cases 
with VBD is highly similar to that of patients with sclerosteosis, other patients with 
VBD have mild abnormalities and only few lifelong complications. Facial distortion 
is a consistent feature of VBD [19] but less prominent than in sclerosteosis [39]. In 
the majority of patients facial palsy also develops in the first years of life [18,40], and 
had been also present at birth in some patients. The presence and severity of hearing 
loss varies greatly among VBD patients, being profound in some, but absent or 
mild in others, and can be purely conductive, purely sensorineural, or mixed [18,41]. 
Increased intracranial pressure is a rare complication of VBD [42]. As mentioned 
above, patients with VBD do not have syndactyly, possibly because the deleted 
SOST enhancer element does not regulate embryonic SOST transcription[32]. It is 
noteworthy that apart from the characteristic skeletal changes, the general health of 
patients with sclerosteosis and VBD is otherwise very good [17,19]. Remarkably the 
excessive bone formed in sclerosteosis and VBD is of very good quality, with patients 
sustaining no fractures even after severe trauma [17,41].  

Tabel 1. Characteristics of Sclerosteosis and van Buchem disease

Sclerosteosis van Buchem disease

Genetic defect Mutation in SOST gene 52 kb deletion downstream 
of SOST

Pattern of inheritance Autosomal recessive Autosomal recessive

Stature Tall Normal

Facial distortion Severe Moderate-severe

Syndactyly Common Absent

Facial palsy Common Common

Hearing loss Common Common

Increased intracranial 
pressure Common Rare
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Pathophysiologically, van Buchem had already suggested some fifty years ago that 
the disease may be caused by excessive bone formation, rather than decreased 
bone resorption, as is the case in osteopetrosis [19]. Excessive bone formation has 
indeed been histologically demonstrated in bone biopsies obtained from patients 
with sclerosteosis [35,37] and biochemically by measurements of markers of bone 
turnover in patients with VBD [19,43] and sclerosteosis [35-37]. Consistent with 
the identified genetic defect, no sclerostin was detected immunohistochemically in 
osteocytes of patients with either sclerosteosis [4] or VBD [14]. Particularly interesting 
is the finding of a normal pattern of bone markers during growth in these patients, 
increasing during childhood and adolescence, but declining after cessation of the 
growth spurt to levels around the upper limit of the adult reference range [35,42] 
(figure 5). No abnormalities have been reported in serum calcium, phosphate and 
parathyroid hormone (PTH) concentrations [18,36,37] in either disease. There were 
no abnormalities in the pituitary hormonal axis when tested in a small number of 
patients with sclerosteosis [36]. 

Figure 5. Sequential measurement of serum alkaline phosphate activity (AP) in U/l, and urinary 
hydroxyproline to creatinine ratio (OHP/Cr) in μmol/mmol in a patient with van Buchem disease 
over a 10-year period. Interrupted lines indicate the upper limit of the normal range.
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Skeletal radiographs show generalized hyperdensity and increased endosteal thickening 
of the tubular bones, similar in patients with sclerosteosis and VBD [19,41,44]. These 
changes are reflected in measurements of bone mineral density (BMD) which is 
greatly  increased at the hip and the spine with z-scores sometimes exceeding +10. 
On CT-scan obliteration of neural foramina, which can be decreased to less than 1 
mm, is a common finding and the jugular canal was narrowed in a few cases [37,45]. 
In both sclerosing dysplasias radiographic changes usually become evident at the 
end of the first decade and progress up to the third decade of life when they appear 
to slow, at least in patients with sclerosteosis [34], Van Hoenacker and colleagues 
showed, however, progressive radiographic changes in the metacarpals of patients 
with VBD with ageing [41]. 

Treatment of sclerosteosis and VBD

There is to date no specific therapy available for the management of patients with 
sclerosteosis and VBD which remains so far largely symptomatic. Decompressive 
surgery may be needed to free entrapped nerves, and hearing aids can help to improve 
hearing. In a patient with a severe case of VBD the insertion of a ventriculo-peritoneal 
drain led to a reduction in intracranial pressure and improvement of symptoms [42] 
(figure 6). In sclerosteosis, placement of a ventriculoperitoneal or lumboperitoneal 
shunt do not give satisfactory results, in contrast to the improvement following 
anterior and/or posterior craniotomy [46]. We recently reported that glucocorticoids 
which decrease bone formation by reducing the number and function of osteoblasts 
may be a useful adjunct in the management of patients with severe disease [42]. 

Figure 6. CT scan of the skull of a 
patients with VBD, demonstrating 
severe thickening of the calvaria and 
presence of ventricular liquor drains 
(arrows) for the management of 
increased intracranial pressure.
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Measurement of circulating sclerostin

Assays for the measurement of sclerostin in serum of humans have recently become 
available. Using an assay developed by MSD (Gaithersburg, Maryland, USA) we could 
not detect (<1 pg/ml) any sclerostin in the serum of 19 patients with sclerosteosis. 
In contrast, sclerostin was detectable in serum of 77 healthy men and women tested.  
Serum samples from 7 patients with sclerosteosis were also measured with another, 
frequently used commercially available assay (Biomedica, Vienna, Austria). In 4 of 
the 7 patients no sclerostin was detected, while the protein was detectable in the 3 
other with values overlapping with reported low normal values [47-49].  We have 
further validated the MSD assay by epitope mapping, and we tested the reactivity 
of sclerostin fragments of different lengths in both the MSD and Biomedica assay. 
These fragments consisted of the 3 loops without the N- and C-terminus, the 1st and 
2nd loop without the N- and C-terminus, and the 3rd loop alone (figure 7A). High 
concentrations of the fragments (10ng/ml) were not detected by the MSD assay, 
while all were detected by the Biomedica assay (figure 7B). 

Figure 7. Measurement of fragments of sclerostin molecule using 2 different commercially 
available sclerostin assays.

A: Simplified representation of the 
sclerostin molecule. Sclerostin is 
a glycoprotein consisting of 190 
residues, which form a 3 loop like 
structure, with a cystine knot 
(dotted line) at the base [50,51]. 
The 3rd loop is considered to be the 
binding site to LRP5, while the 2nd 
loop was found to be the binding site 
of an inhibiting monoclonal antibody 
against sclerostin [51], implying an 
important function for this loop. 
The long C- and N-termini are also 
of importance for sclerostin action, 
for a sclerostin variant lacking only 
the C- and N- terminus had reduced 
activity [50].
B: detection of sclerostin fragments 
of different length by the MSD and 
Biomedica assay.
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These findings illustrate the difficulties in the interpretation of data from different 
assays which do not detect the same sclerostin forms, as also demonstrated by McNulty 
et al [52]. These authors showed that sclerostin values measured with the Biomedica 
assay correlated poorly with those measured with another commercial assay (TECO, 
Sissach, Switzerland). Until more is known about the secreted, circulating as well 
as bioactive forms of sclerostin, caution is called for in the clinical interpretation of 
results of circulating sclerostin. 

Factors affecting the synthesis of sclerostin

In animal studies, mechanical loading of bone has been shown to stimulate the 
expression of SOST and sclerostin in osteocytes while unloading had the opposite 
effect [53,54]. Consistent with these findings, patients immobilized after a stroke, and 
thus deprived from mechanical load, were shown to have increased serum sclerostin 
levels, which were negatively correlated with the bone formation marker serum bone 
specific alkaline phosphatase [55]. However, a more recent study of immobilized 
patients due to spinal cord injury reported opposite results and it was suggested 
that mechanical unloading may have different, time-dependent, effects on sclerostin 
production [56]. 

Hormonal factors have also been shown to modulate the synthesis of sclerostin 
both in animals and humans. In animals, continuous [57] or intermittent [58] 
administration of PTH downregulates SOST expression and sclerostin synthesis, and 
serum sclerostin levels are decreased in patients with primary hyperparathyroidism, 
increasing after successful parathyreoidectomy [59]. In addition, treatment of 
postmenopausal women with teriparatide for 14 days were associated with significant 
decreases in serum and bone marrow levels of sclerostin [60]. These results suggest 
that the anabolic effect of PTH on bone is exerted, at least in part, by a decrease 
in the production of sclerostin. Recent studies have also indicated that estrogens 
may also influence sclerostin synthesis. Postmenopausal women have been reported 
to have higher circulating sclerostin levels than premenopausal women, these were 
negatively associated with bone formation markers [48],  and decreased by estrogen 
replacement therapy [47]. Estrogen deficiency may, therefore, adversely affect the 
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skeleton not only by increasing bone resorption but also by directly reducing bone 
formation by increasing sclerostin synthesis, thus, further deteriorating the imbalance 
between bone resorption and bone formation which is the pathophysiological basis 
of postmenopausal osteoporosis. In contrast, testosterone replacement therapy  was 
reported to increase serum sclerostin levels in hypogonadal men [47].  

Alterations in sclerostin synthesis may also be involved in the pathogenesis of bone 
lesions in inflammatory bone and joint disorders. The pro-inflammatory cytokines 
tumor necrosis factor (TNF) and TNF-related weak inducer of apoptosis (TWEAK) 
were reported to upregulate SOST expression in vitro and ex vivo [61]. Patients with 
ankylosing spondylitis have also been reported to have lower serum sclerostin levels 
compared to healthy subjects and to patients with rheumatoid arthritis and sclerostin 
levels were found to be associated with the formation of new syndesmophytes [62]. 
Sclerostin expression was also greatly reduced in joints of patients with ankylosing 
spondylitis compared to those of patients with rheumatoid arthritis or osteoarthritis. 
These results, suggest a specific alteration of the function of osteocytes in patients 
with ankylosing spondylitis.  Therapeutic agents known to have deleterious effects 
on bone by increasing bone loss and fracture risk, such as glucocorticoids and 
thiazolidinediones, were also reported to upregulate SOST expression in osteocytes 
in vitro [63,64] 

Sclerostin as a new therapeutic target for the management 
of osteoporosis

The restricted expression of sclerostin to the skeleton and its extracellular activity, 
made this protein an attractive candidate for the development of a new bone forming 
therapy for the management of osteoporosis. This approach was further supported 
by the gene-dose effect suggested by findings in heterozygous carriers of sclerosteosis 
who demonstrate  decreased serum sclerostin levels associated with increased levels 
of P1NP [35] and high normal or increased BMD [65] without any clinical symptoms, 
signs or complications of sclerosteosis. Over the past few years, neutralizing 
antibodies against sclerostin (Scl-ab) were developed and tested in several animal 
models. When given to overiectomized rats, an antibody significantly increased the 
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rate of bone formation at all skeletal envelopes, increased bone mass and improved 
bone strength [66]. The Scl-ab, importantly, also clearly increased bone formation in 
the periosteum, a site hardly affected by current treatments of osteoporosis, while 
it appeared to decrease bone resorption. When given to nonhuman primates Scl-ab 
dose-dependently increased bone formation which was associated with increases in 
bone mass and strength [67]. In a Phase 1 clinical trial a single subcutaneous or 
intravenous injection of Scl-ab administered to healthy men and women led to a 
rapid and dose-dependent increase in serum P1NP, and to an increase in BMD at the 
spine and hip within 3 months of administration [68]. Consistent with findings from 
animal studies, the administration of the Scl-ab also decreased serum CTX, a marker 
of bone resorption. Phase 2 clinical studies of the efficacy and tolerability of SCL-ab 
are currently underway.
 
Treatment with Scl-ab  has also been shown to prevent inflammation- induced bone 
loss in mice with chronic colitis and glucocorticoid-induced bone loss in mice on 
dexamethasone treatment [69,70]. The effect of Scl-ab on fracture healing was also 
recently studied in animal models and was shown to increase bone mass and strength 
at the site of fracture, to improve callus formation and maturation, and to reduce the 
incidence of non-union [71]. A Phase 2 clinical study of the effect of Scl-ab on fracture 
healing is in last stages of completion.

Conclusion
 
The story of sclerostin is a true example of how genetic studies of rare diseases 
can lead to ground breaking new insights into molecular pathways, and how the 
understanding of the pathophysiology of a disorder may lead to the development 
of new therapies for another. Sclerostin has been shown to play a key role in bone 
metabolism, and sclerostin inhibition by neutralizing antibodies might prove to be 
a very successful therapy in restoring bone mass in low bone mass disorders such as 
osteoporosis. Unraveling the role of sclerostin in the pathophysiology of the disabling 
and sometimes life-threatening disorders sclerosteosis and VBD has, unfortunately, 
not yet led to the development of a satisfactory therapy for their management. 
Effective therapies to control the unrestrained bone formation associated with these 
disorders  are clearly needed
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