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ABSTRACT
Sclerosteosis is a rare bone sclerosing dysplasia, caused by loss-of-function mutations in the SOST gene, encoding sclerostin, a negative

regulator of bone formation. The purpose of this study was to determine how the lack of sclerostin affects bone turnover in patients with

sclerosteosis and to assess whether sclerostin synthesis is decreased in carriers of the SOSTmutation and, if so, to what extent this would

affect their phenotype and bone formation. We measured sclerostin, procollagen type 1 amino-terminal propeptide (P1NP), and cross-

linked C-telopeptide (CTX) in serum of 19 patients with sclerosteosis, 26 heterozygous carriers of the C69T SOSTmutation, and 77 healthy

controls. Chips of compact bone discarded during routine surgery were also examined from 6 patients and 4 controls. Sclerostin was

undetectable in serum of patients but was measurable in all carriers (mean 15.5 pg/mL; 95% confidence interval [CI] 13.7 to 17.2 pg/mL),

in whom it was significantly lower than in healthy controls (mean 40.0 pg/mL; 95% CI 36.9 to 42.7 pg/mL; p< 0.001). P1NP levels were

highest in patients (mean 153.7 ng/mL; 95% CI 100.5 to 206.9 ng/mL; p¼ 0.01 versus carriers, p¼ 0.002 versus controls), but carriers also

had significantly higher P1NP levels (mean 58.3 ng/mL; 95% CI 47.0 to 69.6 ng/mL) than controls (mean 37.8 ng/mL; 95% CI 34.9 to

42.0 ng/mL; p¼ 0.006). In patients and carriers, P1NP levels declined with age, reaching a plateau after the age of 20 years. Serum

sclerostin and P1NP were negatively correlated in carriers and age- and gender-matched controls (r¼ 0.40, p¼ 0.008). Mean CTX levels

were well within the normal range and did not differ between patients and disease carriers after adjusting for age (p¼ 0.22). Our results

provide in vivo evidence of increased bone formation caused by the absence or decreased synthesis of sclerostin in humans. They also

suggest that inhibition of sclerostin can be titrated because the decreased sclerostin levels in disease carriers did not lead to any of the

symptoms or complications of the disease but had a positive effect on bone mass. Further studies are needed to clarify the role of

sclerostin on bone resorption. � 2011 American Society for Bone and Mineral Research.
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Introduction

Sclerosteosis is a rare autosomal recessive bone sclerosing

dysplasia characterized by generalized osteosclerosis.(1) It is

caused by loss-of-function mutations in the SOST gene encoding

for sclerostin,(2–4) a protein produced in bone by osteocytes(5)

that decreases bone formation by inhibiting the Wnt signaling

pathway in osteoblasts.(6,7) In patients with sclerosteosis, the lack

of sclerostin leads to unrestrained bone formation resulting in

generalized osteosclerosis.

The clinical manifestations of sclerosteosis have been well

described since it was first identified in 1958.(8) They include

cranial nerve deficits and increased intracranial pressure as a

result of excessive growth of the skull bones.(9,10) Bone mineral

density (BMD) is markedly increased at the spine and the hip,(11)

but data on the rate of bone turnover are scarce in these patients.

Interestingly, heterozygous carriers of the SOST mutation have

high normal or increased BMD,(11) suggesting that having one

affected allele of the SOST gene would also have an effect on

sclerostin synthesis, albeit milder than was observed in the

homozygous state. Whether this may also be associated with

clinical manifestations has not been studied systematically.

To address these questions, we conducted a study in a cohort

of patients with sclerosteosis and their relatives who were

heterozygous carriers of the SOST mutation, with the following

specific aims: first, to determine how the lack of sclerostin affects

parameters of bone turnover in patients with sclerosteosis;

second, to assess whether sclerostin synthesis is decreased in
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carriers of the SOSTmutation and, if so, to what extent this would

affect their phenotype and bone turnover.

Material and Methods

Nineteen South African patients with sclerosteosis and 30 mostly

first-degree relatives living within a 250-km radius from

Johannesburg were invited to participate in our study. None

of the patients or relatives studied used any drugs that could

affect bone metabolism. One patient was on long-term

treatment for hypothyroidism with thyroid replacement therapy.

Physical examination, focusing on clinical features of

sclerosteosis and on neurological deficits, was conducted at

the Ear-Nose-and-Throat Department of the Flora Clinic in

Johannesburg or at the patients’ homes by AvL and HH. Because

patients with sclerosteosis are descendants of Dutch settlers and

because South African normative data are lacking, height Z-

scores were calculated relative to Dutch normative data, using

Growth Analyzer 3.5 (Dutch Growth Foundation, Rotterdam,

The Netherlands). Results of hearing tests were obtained from

the patients’ hospital records. Nonfasting blood samples were

collected when convenient, but samples from patients and their

family members were collected at the same time of the day.

Full blood samples and separated serum and plasma were frozen

and transported to The Netherlands on dry ice for biochemical

analysis and DNA extraction.

The study was conducted according to the principles of the

Declaration of Helsinki, was approved by the Medical Ethical

Committee of the Leiden University Medical Center, and

informed consent was obtained from all subjects included in

the study.

DNA analysis

DNA was isolated from full blood samples using the Insorb Spin

Blood Maxi Kit (Invitek GmbH, Berlin, Germany). The first

exon of the SOST gene was replicated by PCR, using primers

5’-AAGGAACTTGCCCAAGATGA-3’ and 5’-AAGGCTCGAGCCCAA-

GATGA-3’. PCR products were purified with MicroSpin S-400 HR

Columns (GE Healthcare, Buckinghamshire, UK) and sent to

the Leiden Genome Technology Centre for sequencing. DNA

sequences were analyzed with Chromas 2.33 (Technelysium Pty.

Ltd., Helensvale, Australia), focusing on the presence of a single

cysteine to tyrosine substitution 69 base pairs downstream

of the predicted translation initiation site (C69T), previously

found to be the underlying mutation in South African patients

with sclerosteosis.(3)

Serum biochemistry

All biochemical measurements were performed at the Clinical

Chemistry Laboratory of the Leiden University Medical

Center (Leiden, The Netherlands). Serum calcium adjusted

for albumin, phosphate, and creatinine were measured

by semiautomated techniques. Alkaline phosphatase (ALP)

was measured using a fully automated P800 modulator

system (Roche BV, Woerden, The Netherlands). Procollagen

type 1 amino-terminal propeptide (P1NP) and b-cross-linked

C-telopeptide (b-CTX) were determined by the E-170 system

(Roche BV). 25-hydroxyvitamin D (25-OHD) was measured by

the LIAISON 25-OH Vitamin D TOTAL assay (DiaSorin S.A./N.V.,

Brussels, Belgium).

Sclerostin assay

Sclerostin was measured in serum by an electrochemilumines-

cense assay (MSD 96-Well MULTI-ARRAY Human Sclerostin Assay,

Meso-Scale Discoveries, Gaithersburg, MD, USA) as described

previously.(12) The assay is very sensitive (detection limit� 1 pg/

mL), with a broad detection range (1 to 10,000 pg/mL) and an

intra-assay precision of 6% and an inter-assay precision of 10%.

The recovery of sclerostin in serum spiked with sclerostin 250,

125, and 65 pg/mL was 82% to 93%.

Sclerostin is a glycoprotein containing 190 residues, which

form a three-looplike structure, with a cystine knot at the

base and long, highly flexible C- and N-terminal regions.(13)

Bioavailability of circulating form(s) of sclerostin is currently

unknown, and the specificity of commercial assays for different

domains of the molecule has not been reported. We performed,

therefore, additional experiments to obtain more insight into

the specificity of the MSD assay for sclerostin.

First, to validate the sclerostin standard used in this assay,

we compared it with that of recombinant sclerostin prepared by

the University of Würzburg, Germany, kindly provided by Prof

Thomas Mueller within the TALOS research consortium. This

recombinant sclerostin was produced in an Escherichia coli strain,

and the protein concentration was accurately determined by

spectrophotometry. Serial dilutions (10 to 1000 pg/mL) of both

these sclerostin preparations were measured. Values of the two

peptides were highly concordant at every concentration. The

mean ratio of the concentrations was 1.02 (range 0.8 to 1.3).

Second, to characterize the specificity of the antibodies used in

the assay, we performed epitope mapping of the polyclonal

detection and capture antibodies according to Pepscan’s

Epitope Mapping Technology (kindly performed by Jaap Willem

Back and Peter Timmerman of Pepscan Therapeutics [Lelystad,

The Netherlands] within the TALOS research consortium).

Pepscan’s Epitope Mapping Technology uses microarrays of

overlapping peptides, covering the complete sequence of a

given protein. Antibody binding studies subsequently identify

the peptides representing the protein interaction of interest

(http://www.pepscantherapeutics.com/technology/epitope-

mapping). The epitope mapping revealed two binding sites

of the capture antibody for human sclerostin, one on the N

terminus and one on the distal end of the C terminus. For the

detection antibody, there were three apparent epitopes: at the N

terminus, at the third loop, and at the C terminus of the protein.

We further validated these results by assessing reactivity of

sclerostin fragments of different sizes (provided by Jaap Willem

Back of Pepscan Therapeutics). We tested three fragments

comprising the three loops without the N terminus and C

terminus; the first and third loops without C and N terminus and

the second loop alone. All fragments were added at high

concentrations (10 ng/mL). As was expected from the epitope

mapping, all fragments were undetectable, suggesting that the

assay detects the whole sclerostin molecule.
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Serum sclerostin and bone turnover marker values were

compared with those obtained in a cohort of healthy volunteers,

who were used as controls as previously described.(12) This group

consisted of 77 healthy volunteers (30 males and 47 females)

with a mean age of 50.3 years (range 20 to 77 years) and a mean

body mass index (BMI) of 25.2 kg/m2. All had normal serum

calcium and phosphate concentrations, normal renal function,

and biochemical markers of bone turnover.

Bone biopsies

Chips of compact bone, obtained from 6 patients with

sclerosteosis (4 reported here) on a different occasion during

surgical procedures and from 4 control subjects, were examined.

The samples were fixed in 10% neutral buffered formalin

and were embedded in methyl methacrylate without prior

decalcification.(14,15) Ten-micron sections were cut by a Jung

Polycut Emicrotome (Leica, Milton Keynes, UK) and stained using

solochrome cyanine R and Goldner’s protocols.(15) Images for the

quantification of bone remodeling parameters were acquired

under bright field illumination at x5 objective magnification

using Surveyor software (Objective Imaging, Ltd., Cambridge,

UK). The samples were essentially compact bone, which was

being remodeled in a manner similar to cortical bone so that

assessment of bone formation and resorption was done in the

same way as that reported by Bell and colleagues.(15) Canals

within the bone were denoted as undergoing formation

(presence of an osteoid seam) or resorption (presence of a

crenelated surface), and the data were expressed as a proportion

of the total number of canals within the specimen.

Statistical analysis

Statistical analysis was performed using the SPSS 17.0 software

(SPSS, Inc., Chicago, IL, USA). Group differences in levels of

sclerostin and other biochemical markers were assessed by

ANOVA. Because of inequality in sample sizes, a Games-Howell

post hoc test was used. To adjust for effect of age on procollagen

type 1 amino-terminal propeptide (P1NP) levels, we also

matched carriers to healthy controls according to gender and

age (within 5 years). Correlations between sclerostin and bone

turnover markers were determined by Pearson’s correlation

tests. P1NP and sclerostin data were log-transformed because of

skewness. A p value< 0.05 was considered significant.

Results

Subjects

The diagnosis of sclerosteosis was confirmed in all 19 patients

studied by DNA analysis, on the basis of the demonstration

of a C69T substitution in both alleles of the SOST gene. Of the

30 relatives, 26 were heterozygous carriers of the C69T mutation

and were included in the analysis. Median age of the patients

was 23 years (range 9 to 70 years) and of the carriers was 44 years

(range 13 to 70 years). Characteristics of patients and their

heterozygous relatives are shown in Table 1.

Clinical features

At the time of the study, 3 of the 19 patients had symptoms

related to increased intracranial pressure in the form of severe

and persistent headaches, which were worse in the morning and

associated with dizziness and nausea. Two of these 3 patients

had already undergone decompressive surgery to relieve

the increased intracranial pressure. Thirteen of the remaining

16 patients had undergone decompressive surgery, 10 after

experiencing symptoms of increased intracranial pressure and

3 after a diagnosis of increased intracranial pressure on routine

screening. Decompressive surgery consisted of anterior and/or

posterior craniotomy, as described previously.(16) The median

age at which this procedure was performed was 15 years. Of the

7 patients who had undergone this procedure at a younger age,

4 (57%) had to be reoperated because of recurrence of signs

of increased intracranial pressure after 2 to 11 years. Of the

8 patients in whom the operation was performed after the age

of 15 years, only 1 (13%) patient had to be reoperated after an

interval of 2 years.

The majority of patients (89%) had experienced recurrent

episodes of facial palsy, usually occurring before the age of

4 years, although unilateral facial paresis was already present

at birth in 1 patient. Surgical decompression of the facial nerve

was conducted in all cases, with the unaffected side also

decompressed prophylactically. Despite these interventions,

facial palsy recurred in 6 of the previously operated cases.

Hearing loss was present in all cases, having been recognized in

early childhood and progressing into adulthood. Operations to

improve hearing, such as widening of the external bony ear canal

or freeing of fixed ossicles, had been performed in 13 patients.

Eleven patients used hearing aids. Other complaints associated

with cranial nerve compression were decreased sensation of

the face (trigeminal nerve) in 2 cases and a visual field defect in

one eye in 1 patient (optic nerve). None of the patients reported

sustaining a bone fracture.

Overview of the medical history of the whole group provided

insight into the natural history of the disorder. Disease

manifestations first appear during childhood and adolescence

and progress through to the third decade of life, appearing to

Table 1. Characteristics and Parameters of Calcium Metabolism

in Patients With Sclerosteosis and Heterozygous Disease Carriers

Patients

(n¼ 19)

Carriers

(n¼ 26) p Value

Male:female 11:8 7:19 0.16

Age (years) 28.32� 15.0 39.9� 15.0 0.014

Height (cm) 179.8� 12.0 164.0� 37.0 0.100

Height Z-score (SD) þ0.83� 0.73 �0.48� 0.89 <0.001

BMI (kg/m2) 25.6� 5.7 25.7� 5.3 0.93

Calcium (mmol/L) 2.33� 0.07 2.27� 0.11 0.06

Phosphate (mmol/L) 1.37� 0.32 1.20� 0.32 0.10

25(OH)D (nmol/L) 48.9� 13.1 41.6� 15.0 0.10

Creatinine (mmol/L) 62.2� 20.4 55.2� 12.1 0.20

Values given as mean� SD.
BMI¼body mass index; 25(OH)D¼ 25-hydroxyvitamin D.
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stabilize thereafter. In the majority of patients, no recurrence

or progression of symptoms were observed after the age of

25 years.

On clinical examination, the majority of patients were of tall

stature. The average height of adult male patients was 190.6 cm

and of adult females 175.7 cm. Mean weight and BMI were,

respectively, 104.4 kg and 28.8 kg/m2 for adult males, and 73.7 kg

and 24.7 kg/m2 for adult females. Mean height Z-score of

patients was above zero and was significantly higher than that of

their relatives (p< 0.001) (Table 1). Patients had a sclerosteosis

phenotype, as previously described, of variable degree of

severity. The facial deformities of bossing of the forehead and

enlargement of the mandible were observed in 47% and 68% of

subjects, respectively, and had generally developed by the time

puberty was reached. Although these features were not present

in the 2 youngest patients, both 9 years old, they were already

clearly noticeable in 2 young male patients, aged 12 and 13

years. Six patients had undergone corrective surgery of the

mandible. One of these patients needed a second corrective

surgery 7 years later because of further enlargement of the

mandible. Syndactyly of fingers or toes was present in 52% of the

cases. All but 1 of the remaining patients did, however, display

other digit abnormalities, such as nail dysplasia or radial

deviation of the phalanges.

On neurological examination, movement of the facial muscles

was impaired in 73% of patients, bilateral in 52% of these

cases, and of moderate (House-Brackmann score grade III) to

moderately severe (grade IV) degree. Previously performed

hearing tests were abnormal in all patients, showing conductive

hearing loss of a moderately severe (50 to 70 dB) to severe (70 to

90 dB) grade in all, with an additional sensorineural component

in 36% of the cases. In 2 patients, hearing loss was complete.

Cognitive function was normal in all patients.

None of the carriers reported having any of the above-

mentioned symptoms, and none had abnormal findings on

clinical examination. Similar to patients, none of the studied

carriers had ever sustained a fracture.

Serum chemistry

There was no difference in serum calcium, phosphate,

and 25-hydroxyvitamin D [25(OH)D] concentrations between

patients and carriers, and all had normal renal function

(Table 1).

Markers of bone turnover

Serum P1NP levels declined with age in both patients and

carriers and appeared to reach a plateau after the age of 20 years

(Fig. 1). Thirteen of 14 adult patients (18 years or older) and 7 of

22 adult carriers had serum P1NP values> 65 ng/mL. Because of

the clear effect of age on serum P1NP levels and the low number

of young individuals in the carrier group, we compared serum

P1NP between adult patients and carriers. P1NP levels were

significantly different between groups (ANOVA p< 0.001).

Compared with carriers and controls, patients with sclerosteosis

had significantly higher serum P1NP values (153.7 ng/mL; 95%

confidence interval [CI] 100.5 to 206.9 ng/mL; p¼ 0.01 versus

carriers, p¼ 0.002 versus controls), whereas carriers (58.3 ng/mL;

95% CI 47.0 to 69.6 ng/mL) had significantly higher values than

controls (37.8 ng/mL; 95% CI 34.5 to 41.0 ng/mL; p¼ 0.006) (see

also Fig. 2). These differences remained after adjusting the P1NP

values for age.

Similar to serum P1NP, serum CTX values declined with age,

reaching a plateau around the age of 20 years (Fig. 1). However,

in all but 1 adult patient, values were lower than 600 pg/mL.

There was a difference in mean serum CTX between adult

patients (213 pg/mL; 95% CI 103 to 323 pg/mL) and carriers

(126 pg/mL; 95% CI 84 to 167 pg/mL; p¼ 0.02), but this was no

longer significant after adjusting for age (p¼ 0.22). Although

absolute values for serum CTX should be interpreted with

caution because not all samples were obtained in the fasting

state, comparison of serum CTX between groups is valid because

samples were obtained from patients and carriers under identical

conditions. Serum P1NP and CTX values were significantly

Fig. 1. Relation between serum P1NP levels and age (A) and CTX levels and age (B) in patients with sclerosteosis and heterozygous disease carriers. Closed

circles represent homozygous patients; open circles represent heterozygous carriers. The dotted lines represent the upper limit of the normal adult

reference range (65 ng/mL for P1NP; 600 pg/mL for CTX).
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correlated both in patients (r¼ 0.86, p< 0.001) and carriers

(r¼ 0.46, p¼ 0.025).

Serum sclerostin

Serum sclerostin was undetectable in all 19 patients. In contrast,

sclerostin was measurable in the serum of all carriers, although

the mean value (15.5 pg/mL; 95% CI 13.4 to 16.9 pg/mL) was

significantly lower than that of healthy controls (40.0 pg/mL; 95%

CI 37.2 to 42.9 pg/mL; p< 0.001) (Fig. 2), and the difference

remained significant after adjusting values for age. There was no

correlation between serum sclerostin and either P1NP or CTX

in carriers. However, when values of carriers and controls were

pooled together, there was a significant negative correlation

(r¼�0.23, p¼ 0.02) between sclerostin and P1NP, which

improved further (r¼�0.40, p¼ 0.008) when carriers were

analyzed together with age and gender-matched controls

(Fig. 3).

Histomorphometric analysis of bone remodeling

The results of histomorphometric analysis of bone samples are

shown in Table 2. Bone from patients with sclerosteosis showed

evidence of increased formation in that there was a higher

proportion of canals with an osteoid seam compared with bone

from similar sites in control subjects (sclerosteosis 2.6% to 21.1%;

controls 1.1% to 3.7%; Table 2). The proportion of canals

undergoing resorption was similar in both groups (sclerosteosis

0.6% to 3.0%; controls 0% to 0.9%). In the patients, as with the

relation between serum P1NP and age, bone formation activity

appeared to reach a peak at puberty. Direct comparison of

histomorphometric values is, however, not appropriate because

of differences in age between patients and controls.

Discussion

Patients with sclerosteosis and heterozygous disease carriers

form a unique model to study the role of sclerostin on bone

metabolism in humans. In this study, we show that there is a

gene-dose effect of the sclerosteosis mutation on circulating

sclerostin, with absent sclerostin in serum of patients and

decreased sclerostin levels in disease carriers. These differences

in circulating sclerostin were accompanied by different levels of

the bone formation marker serum P1NP between patients,

carriers, and controls.

The recognition of the role of sclerostin in bone metabolism

and the development of commercial assays for measuring it

in serum have led to a series of studies that explored the

association between serum sclerostin and indices of bone

metabolism in healthy individuals and in patients with various

bone disorders.(12,17–23) Caution is needed, however, in inter-

preting the results of these studies and in deriving conclusions

about the pathophysiological significance of observed associa-

tions. Sclerostin is produced in bone by osteocytes, acts on

osteoblasts, and is released in the circulation. At present, neither

the bioactivity of circulating sclerostin nor the specificity of the

antibodies used in existing assays for the protein are known.

Moreover, there are differences in measured values, and

Fig. 2. Serum P1NP (A) and sclerostin (B) levels in healthy controls and adult patients with sclerosteosis and heterozygous disease carriers. Bars represent

SEM. a: p¼ 0.002; b: p¼ 0.01; c: p¼ 0.006; d: p< 0.001.

Fig. 3. Relation between serum P1NP and sclerostin levels in age-

matched healthy controls (open circles) and heterozygous carriers of

sclerosteosis (closed circles). r¼�0.40, p¼ 0.008.
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reported values obtained with different assays are poorly

correlated.(24) In the current study, we used a highly sensitive

assay with a very low limit of detection, and we assessed for the

first time its specificity in detecting sclerostin. Our findings

suggest that this assay detects the whole sclerostin molecule

rather than circulating fragments, which may be active.

The lower values measured with this assay compared with

those reported with other assays may be attributed to lower

detection of protein-bound forms of the protein.

Previous studies have shown that sclerostin is not expressed

by osteocytes of patients with sclerosteosis,(5) and our data on

serum sclerostin are in agreement with these findings and the

pathogenesis of the disease. We could not detect sclerostin in

the serum of any patient with sclerosteosis, which provides a

powerful negative control for the assay we used, supporting its

specificity and suggesting that measured values can be of

biological significance. Contrary to patients with sclerosteosis,

sclerostin was detectable in the serum of all carriers of the

disease, being, however, on average 60% lower than values

measured in healthy controls. These lower circulating levels of

sclerostin most likely mirror a decreased synthesis of the protein

by the osteocytes of these individuals as a result of the affected

SOST allele. The reduced synthesis of sclerostin in disease carriers

affects bone metabolism but is not associated with any of

the clinical manifestations or complications of sclerosteosis. The

clinical presentation of our patients with sclerosteosis is in

accordance with earlier descriptions of the disease and confirms

the high frequency of serious complications resulting from

entrapment of cranial nerves attributable to increased bone

formation in the skull. Disease carriers, however, were symptom-

free, and there were no clinical signs suggestive of any of these

complications. This may be because of the lower rates of bone

formation of carriers compared with patients as evidenced by

serum P1NP values. On the other hand, when compared with

healthy individuals, disease carriers had higher P1NP values, and

there was a significant negative correlation between serum

sclerostin and P1NP values. These results help to explain the

previously reported high BMD values of carriers(11) and minor

changes apparent on skull radiographs.(25) In addition, they

suggest that nonexcessive inhibition of sclerostin production

may have a positive effect on the skeleton without causing any of

the complications associated with the absence of the protein.

Currently, inhibitors of sclerostin are being developed as

potential bone-forming treatment for patients with osteoporosis,

but values of circulating sclerostin and P1NP were not

reported.(26,27) Our data indicate that decreasing the synthesis

of sclerostin can have a beneficial effect on the strength of the

skeleton, as already shown in animal studies.(28–30)

An important finding, as also previously noted by Beighton

and colleagues,(10) was the stabilization of the disease and the

dramatic decrease in the frequency of complications after the

third decade of life, suggesting that the rate of bone formation

slows down in patients with aging. This hypothesis is supported

by the negative correlation between age and serum P1NP values

and by the histological findings. It is also of interest to note that

serum P1NP changes follow a normal pattern during growth,

being high in childhood and adolescence and reaching a plateau

after completion of growth. In addition, the highest bone-

formation rate, as assessed by histomorphometry, was found in a

14-year-old patient. In a previous longitudinal study of a patient

with the closely related bone dysplasia van Buchem disease, we

showed that biochemical markers of bone turnover were always

increased for age but followed a normal pattern during growth

with the highest levels observed during the growth spurt with

a decline thereafter.(31) Taken together, these observations

strongly suggest that the skeleton of patients lacking sclerostin

responds normally to local and systemic signals, as also

evidenced by the significant relation between serum P1NP

and CTX values. The lack of sclerostin may be also responsible for

the patients’ tall stature. Although this has been mentioned as a

clinical feature of the disease, our study is the first to our

knowledge to examine this in detail. Sclerostin is expressed

by terminally differentiated chondrocytes,(32,33) which can be

regarded as the equivalent to osteocytes in the chondrocyte

lineage, and canonical Wnt signaling promotes differentiation

and maturation of chondrocytes.(34) It might, therefore, well be

that sclerostin has a similar inhibiting role on Wnt signaling in

chondrocytes in the growth plate. In sclerosteosis, the sclerostin

deficiency would lead to increased differentiation toward

hypertrophic chondrocytes, resulting in a larger hypertrophic

zone in the growth plate and, therefore, more new bone accrual

and more longitudinal growth.

Table 2. Histomorphometry of Patients With Sclerosteosis and Controls

Biopsy Source Age (Years) Sex Formation (Active/Total) Resorption (Active/Total)

Controls

1 Mastoid 37 Female 1/41 (2.4%) 0/54 (0.0%)

2 Mastoid 49 Female 1/37 (2.7%) 0/37 (0.0%)

3 Mastoid 49 Male 1/94 (1.1%) 0/113 (0.0%)

4 Mastoid 64 Male 4/108 (3.7%) 1/117 (0.9%)

Patients

1 Mastoid 4 Male 8/311 (2.6%) 2/347 (0.6%)

2 Mastoid 8 Female 49/654 (7.5%) 9/686 (1.3%)

3 Mastoid 8 Male 10/66 (15.1%) 1/68 (1.5%)

4 External hearing canal 14 Male 11/52 (21.1%) 2/67 (3.0%)

5 Mastoid 18 Male 7/49 (14.2%) 1/47 (2.1%)

6 Mastoid 43 Male 8/77 (10.4%) 4/107 (0.9%)
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Whereas serum P1NP levels were higher in patients with

sclerosteosis compared with disease carriers, CTX levels, in

nonfasting blood samples taken at the same time of the day,

did not differ between these two groups. In a previous study,

another biochemical marker of bone resorption, hydroxyproline,

was found to be within the normal range in 3 patients with

sclerosteosis.(35) These findings are in line with the histomorpho-

metric results of the current study as well as with those in a

murine model of the disease.(36) In the latter, bone resorption

as assessed biochemically and histologically did not differ from

that of wild-type mice. Wnt signaling in osteoblasts decreases

bone resorption by downregulating the expression of receptor

activator of NF-kB ligand (RANKL) and upregulating that of

osteoprotegerin (OPG).(37–39) In addition to stimulating bone

formation, the lack of sclerostin leading to stimulation of Wnt

signaling may, thus, also decrease the rate of bone resorption.

This premise is supported by the changes in serum P1NP

and CTX in animals and humans treated with an antibody to

sclerostin.(27,29)

The results of our study provide further strong evidence for the

paradigm that inhibition of sclerostin activity has an anabolic

effect on bone. Although patients with sclerosteosis and disease

carriers form a proper model to study the effect of decreased

sclerostin activity on bone in humans, this model differs from

treatment with an inhibitor of sclerostin because in these

individuals the decreased or absent sclerostin production is

continuous and permanent, whereas treatment with an inhibitor

results in an immediate but reversible inhibition of sclerostin. The

negative relation between serum P1NP and age we found in

patients and disease carriers suggests that in sclerosteosis bone

formation is not elevated to the same extent throughout life and

that the absence of sclerostin alone does not act as a constant

stimulus for bone formation. This raises the question whether

prolonged treatment with a sclerostin inhibitor will be associated

with a sustained anabolic effect on bone or whether the

beneficial effect on bone formation may become blunted after a

certain period of time. It should be noted that sclerostin does not

stimulate osteoblastogenesis but rather acts at later stages of

osteoblast development and inhibits their activity and reduces

their life span.(5,32,40) In the young, osteoblastogenesis is

increased as required for skeletal growth, whereas it decreases

after skeletal maturity. It may, therefore, be that in the presence

of an increased pool of osteoblasts, as occurs in the young, the

lack of sclerostin leads to excessive bone formation, which,

however, decreases considerably when this pool is reduced, as

occurs in adults. The potential contribution to these responses of

other inhibitors of the Wnt signaling pathway, such as Dkk1,

warrants further investigation. This hypothesis can explain the

changes of bone formation with age in the studied individuals

and suggests that the response to exogenously administered

inhibitors of sclerostin may be more complex than that

illustrated by short-term studies in animals and humans.

In conclusion, our findings provide compelling in vivo

evidence of how the absence or decreased synthesis of

sclerostin leads to increased bone formation in humans.

Furthermore, inhibition of sclerostin can be titrated because

the decreased sclerostin levels in disease carriers did not elevate

bone formation to the same extent as in patients with

sclerosteosis and did not lead to any of the symptoms or

complications of the disease but had a positive effect on bone

mass. Further studies are needed to clarify the role of sclerostin

on bone resorption.
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