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Sclerostin is widely reported to be a monomeric osteocyte specific protein. In this study we have inves-
tigated whether sclerostin is produced in different forms and in which cell and tissue types they are pro-
duced.

We have demonstrated that recombinant sclerostin is composed of monomers and dimers, and that

KeyWO“?S" these, and other forms, notably 46 and 70 kDa forms, are found widely throughout the musculo-skeletal
Sclerostin system. We have shown that ‘dimeric’ sclerostin is highly resistant to reduction, implying the presence of
gz;t:age highly stable, non-reducible covalent bonds. We have also demonstrated that the form of sclerostin is not
Wt associated with the mineralisation state of the tissue or cell. Sclerostin was secreted by bone explants as

high molecular weight forms that were reducible to the dimeric form. This dimeric form was detected in
sera and in non-skeletal soft tissues specifically kidney, live, heart and lung.

We therefore hypothesise: (a) sclerostin exists in multiple forms not associated with the mineralised
state of the cell/tissue and (b) circulating sclerostin is dimeric, as is the sclerostin found in non-muscu-
loskeletal soft tissues. These observations may have significant implications for the therapeutic modula-

tion of sclerostin.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

The discoveries that alterations around the region of the SOST
gene were significantly associated with high bone mass disorders
[1,2], coupled with the phenotypic characterisation of SOST knock-
out mice [3], have classified the protein produce of SOST, sclero-
stin, as a potent negative regulator of bone formation. Sclerostin
has important potential therapeutic uses in osteoporosis and
oncology and many publications have described measuring sclero-
stin levels in serum and plasma and correlating these levels with
disease states [4-6].

Sclerostin is a glycoprotein similar to the DAN family of bone
morphogenetic protein (BMP) antagonists [2]. Initial descriptions
from expression system experiments described sclerostin as hav-
ing a molecular weight (MW) in the region of 27/28 kDa [7,8], to
be secreted in a monomeric form [7] and have two sites of poten-
tial glycosylation [2].

SOST gene distribution is widespread in the body, with high lev-
els of SOST detected in kidney, lung, heart, aorta and bone [1,2].
However, no data currently exists on the presence of sclerostin in
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these tissues. In the musculo-skeletal system there are conflicting
reports as to the localisation of SOST and sclerostin. Many publica-
tions state that sclerostin is an osteocyte-specific protein [9-12].
However, other reports describe sclerostin in osteoblasts, termi-
nally differentiated hypertrophic chondrocytes [13], cementocytes
[13] and osteoclasts [7,14].

Sclerostin inhibits bone formation [15], although the mecha-
nism by which this occurs sclerostin is not fully understood.
Sclerostin has actions as both a BMP antagonist [8] and Wnt signal-
ling antagonist via LRP5/6 binding leading to inhibition of the
canonical beta-catenin pathway [14,16].

Despite much work having been done on sclerostin, close exam-
ination of the literature does reveal a number of unanswered ques-
tions; there is poor correlation between mRNA levels and protein
expression in many experimental systems [17,18], poor agreement
as to which cell types contain sclerostin and observations that scle-
rostin in different parts of the same tissue responds differently to
challenge [19]. In addition, serum sclerostin levels have recently
been found to be associated with diabetes, adiposity and kidney
function, independently of bone turnover status [20]. Answering
these questions is important. Sclerostin has been elevated to a ‘ma-
gic bullet’ molecule; anti-sclerostin neutralising antibodies, having
been demonstrated to increase bone mass in animal models
[21,22], are in use as a clinical therapy for osteoporosis
[10,23,24]. Many of the assumptions as to the effects of inhibiting
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sclerostin are based on the dogma that the protein is only found in
osteocytes, it is secreted into the blood as a monomer and that the
resultant serum levels solely reflect bone turnover.

The aims of this study were to investigate the possibility that
sclerostin exists in forms other than the previously described
monomer and to investigate the distribution of these forms in
musculo-skeletal tissues and cells.

2. Materials and methods
2.1. Antibodies

Polyclonal anti-human sclerostin antibodies ab63097 (Abcam)
and AF1406 (R&D systems), polyclonal anti-human LRP5/6 anti-
body Ab51910 (Abcam) and a monoclonal anti-GAPDH-peroxidase
(G9295, Abcam).

2.2. Recombinant proteins

Recombinant sclerostin from R&D systems (1406-ST-025/CF),
recombinant SOSTDCI from Novus biologicals (NBP2-23453).

2.3. Ethics statement

Tissue samples from human donors were collected under ethi-
cal consent obtained from the Cambridge 2 Research Ethics Board.
Written consent was obtained for all specimens used. Tissue sam-
ples from animal donors were collected under ethical consent ob-
tained from the Department of Veterinary Medicine, University of
Cambridge.

2.4. Tissue and serum samples

Human tissue lysates were purchased from Abcam. Human
orthopaedic and blood samples were from human donors.

2.5. Cell lines used

Three immortalised chondrocyte cell lines, ATDC5 (Sigma),
TC28a2 (gift from Dr. Mary Goldring) and HCS2/8 (gift from Profes-
sor Takigawa [25]), and one osteosarcoma cell line (MG63). MLO-
Y4 cells (gift from Dr. Bonewald [26]) and HelLa cells (ECACC) were
also used.

2.6. Tissue and cell culture

Human bone and cartilage explants were harvested from do-
nated tissue and cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco) with additives at 37 °C, 5% CO,. Chondrocytes
and osteoblasts were isolated using sequential enzymatic diges-
tion. Cell lines were cultured as above plus 10% fetal bovine serum
(FBS) (Gibco, UK). MLO-Y4 cells were cultured in alpha MEM. For
mineralisation studies 10 mM B-glycerophosphate, 10 nM dexa-
methasone and 50 pg/ml 1-ascorbate-2-phosphate was added.
Mineralisation was detected by measuring 2% Alizarin red (Sigma).

2.7. Immunofluorescence

Immunofluorescence was performed on monolayer chondro-
cytes using anti-sclerostin and anti-LRP5/6 antibodies. Cells were
washed, permeabilised using 0.1% Triton X in PBS and incubated
in primary antibody at concentrations of 1:200 anti-sclerostin
and 1:500 anti-LRP-5/6. Secondary fluorescent antibodies were
used at concentrations of 1:250.

2.8. Protein extraction and Western blotting

Proteins were extracted from snap frozen tissues, cell pellets
and conditioned media. Frozen tissues were pulverised using a mi-
cro dismembrator (Braun GE) and protein extracted with Cell
Extraction Buffer (Invitrogen) containing Protease Inhibitor Cock-
tail (Sigma). Total protein was quantified using a BCA protein
quantification assay (Pierce) and normalised for loading on to Wes-
tern blots. Protein extracts plus SDS sample buffer was incubated
at 60 °C for 30 min. Samples were reduced with Tris (2-carboxy-
ethyl)phosphine hydrochloride (TCEP, Sigma) Samples were sepa-
rated on 4-20% Tris-glycine gels (Novex, Invitrogen) and
Western blotting performed using PVDF membranes (Immobilon,
Millipore) and ECL prime (GE Healthcare). Secondary antibodies
were supplied by Sigma. Blots were stripped using Restore
Western Blot stripping Buffer (Pierce) and reprobed using a mono-
clonal GAPDH-peroxidase antibody as a loading control.

2.9. De-glycosylation

Cell suspensions were deglycosylated by treating with
1073 units/ml Chondroitinase ABC, 107> units/ml Keratanase I
and 10~* units/ml Keratanase II alone or in combination in 0.1 M
Tris Acetate buffer pH 6.5 for 4-24 h at 37 °C. The resultant protein
products were analysed by Western blotting.

2.10. PCR

Total RNA was isolated using the RNeasy® Mini Kit (Qiagen),
including an on-column gDNA elimination treatment. RNA concen-
tration was quantified using the Nanodrop-2000 Spectrophotome-
ter. RNA was reverse-transcribed in triplicate plus a negative
control with 1 pg RNA/reaction using the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems) according to the
manufacturer’s instructions.

Quantitative PCR was performed using the QuantiTect SYBR
Green PCR Kit (Qiagen) with thermocycling conditions of 95 °C
for 5 min followed by 40 cycles of 95°C for 10s and 62 °C for
30 s, using the Stratagene MX3000P and Ct values recorded using
MxPro Software. Expression of human and mouse SOST was ana-
lysed and 18S used as a housekeeping gene, using commercial
QuantiTect primers (Qiagen). PCR products were confirmed by
visualising on a 1.2% agarose gel.

3. Results
3.1. Sclerostin occurs in multiple forms

Western blotting identified sclerostin in all explants and cell
types studied (Fig. 1 A and B). Both antibodies used recognised
identical multiple bands in the Western blots under reduced con-
ditions. In explants and cell types sclerostin appeared consistently
at Mw of approximately 47, 54 and 70 kDa. In addition, in cartilage
small amounts of sclerostin were detected at 27 kDa, with higher
amounts in ATDC5 (Fig. 1C) and HCS2/8 cell lines. In order to inves-
tigate whether the higher MW forms of sclerostin were due to gly-
cosylation, a series of de-glycosylation experiments were
performed on cells and but were not found to alter the form of
the sclerostin (data not shown).

In order to verify the specificity of the antibodies that produced
this suprising result, the antibodies were absorbed with recombi-
nant sclerostin prior to blotting, this removed the Western blot sig-
nal. Potential cross-reactivity with the sclerostin homologue,
SOSTDCI, was also investigated by Western blotting both sclerostin
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Fig. 1. Sclerostin is present in tissues and cells of musculo-skeletal lineage. (A) Western blots of bone and cartilage. Lanes A and B Trabecular bone, C and D articular cartilage,
E recombinant sclerostin, F Mw marker. Sclerostin is present in bone and cartilage. In bone sclerostin is detected at approximately 46, 54 and 70 kDa plus a higher Mw form,
in cartilage there is 70 kDa sclerostin and less 54 and 27 kDa sclerostin. Recombinant sclerostin is detected as a 27 kDa monomer and a 54 kDa ‘dimer’ with a very weak signal
from an 81 kDa putative trimer. GAPDH blots included to show relative protein levels. (B) Western blots of cells. Lanes A, B, primary chondrocytes, C MG63 cells, D primary
osteoblasts, E HeLa cells, F TC28a2 cells, G HCS2/8 cells line, H Recombinant sclerostin, [ Mw marker. In all cell lines the 46, 54 and 70 kDa forms of sclerostin are present.
27 kDa sclerostin is only detected in significant amounts in HCS2/8. (C) Western blot of ATDC5 cells under normal and mineralising conditions of culture. Lanes A, B normal
culture, lanes C, D mineralised cells. There is no difference in the forms of sclerostin produced in mineralised ATDC5, however the amount of sclerostin produced is increased.
(D) Alizarin Red levels in samples A, D, C and D from blot (C). There is increased Alizarin red in the ATDC5 cells cultured under mineralising conditions (C and D). All blots
performed using Abcam polyclonal anti-human sclerostin antibody under reducing conditions. (E) SOST PCR products from bone and cells. Lane A Base-pair size markers, B
Bone, C primary osteoblasts, D primary chondrocytes, E TC28a2 cells, F Hela cells, G ATDC5 cells. The SOST gene product is identical in all samples.

antibodies against recombinant SOSTDC1. No significant cross-
reactivity with SOSTDCI protein was detected with either antibody.

3.2. Recombinant sclerostin occurs in multiple forms

Western blotting of recombinant sclerostin was performed.
These blots showed that recombinant protein is composed of a
monomer of MW of approximately 27 kDa and a dimer of approx-
imately 54 kDa (Fig. 1A, lane E). In addition very small amounts of
apparent trimer (MW approximately 81 kDa under non-reducing
conditions) were present. Sclerostin monomers and dimers were
detected with both primary antibodies. The ‘trimeric’ form of the
recombinant protein was reducible but the dimeric form was only
partially reducible (Fig. 1B, lane H).

3.3. All forms of sclerostin are upregulated by mineralisation

Primary osteoblasts, chondrocytes and ATC5 cells were cultured
under mineralising conditions. In the presence of increased

mineral, as measured by alizarin red, there was an increase in
the total sclerostin produced by all three cell types (Figs. 1C and
D). However the form expressed by the cells i.e., the 47, 54 and
70kDa bands remained unchanged (Fig. 1C).

3.4. PCR detects SOST in all explants and cell lines

PCR analysis confirmed that bone, cartilage and cell lines shown
in Figs. 1A and B contained SOST transcripts, whether or not they
contained the 27 kDa protein (Fig. 1E).

3.5. Immunofluorescence of cells

Immunofluorescence of cells that contained (HCS2/8) or did not
contain (chondrocytes) the 27 kDa protein did not show a differ-
ence in the staining pattern of sclerostin (Fig. 2). Sclerostin was
localised within the cells, often in vesicles and co-localised with
the receptor LRP6 in both cell types.



P. Hernandez et al./Biochemical and Biophysical Research Communications 446 (2014) 1108-1113 1111

Fig. 2. Immunofluorescence of sclerostin in primary chondrocytes using R and D
polyclonal anti-human sclerostin antibody. (A) Sclerostin (green) is present within
the cells with a strong pericellular staining detected, very similar to that seen in B.
(B) Immunofluorescence of LRP-5/6 (green). (C) Higher magnification showing
immunofluorescence of sclerostin, packaged in vesicles (green) with a phalloidin
(red) counterstain. Scale bars A, B 25 um, C 100 pum. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

3.6. Sclerostin secretion by bone explants and osteocyte-like cell line
MLO-Y4

In order to investigate whether sclerostin is a secreted protein
we investigated sclerostin production and secretion in the MLO-
Y4 cell line and bone explants (Fig. 3). Detection of secreted protein
was initially hampered by high levels of sclerostin in bovine serum
(Fig. 3A, lane D). Subsequent experiments were performed either in
serum free media or, where serum was necessary for monolayer
cultures, cells were washed repeatedly prior to protein extraction.

Western blotting revealed that bone explants secreted sclero-
stin at a Mr of approximately 54 kDa (Fig. 3A). MLO-Y4 were
shown to produce monomeric sclerostin as well as the 47, 54
and 70 kDa forms when grown in either serum free or serum con-
taining media (Fig. 3A), however When cells were washed and
switched to serum free media for 24 h, only 70 kDa and higher
MW forms were detected in the media. That the serum contained
sclerostin epitopes was confirmed by a Western blot of media con-
taining FCS that had not been incubated with cells Major serum
proteins close to this MW, serum albumin, transferrin and alpha-
1 trypsin inhibitor showed no binding with either sclerostin anti-
body (data not shown) thus eliminating the possibility of antibody
cross-reaction with serum proteins.

3.7. Sclerostin protein is present in non-musculoskeletal tissues and
serum as a 54 kDa protein

In human tissue lysates sclerostin was detected in the liver,
heart, kidney and lung. Sclerostin levels were highest in the kidney
and heart. In liver, kidney and heart the predominant species was
the 54 kDa form of sclerostin under reducing conditions (Fig. 3B).

In serum the predominant species was also the 54 kDa under
reducing conditions (Fig. 3C)

4. Discussion

The results presented in this paper describe novel findings
relating to sclerostin.

The major finding in this study is that sclerostin is rarely de-
tected as the expected 27 kDa protein. We have demonstrated that
recombinant sclerostin forms higher MW weight complexes, at
molecular weights equivalent to dimer and trimer production,
and that tissues and cells routinely produce protein with higher
MW than expected, of approximately 47, 54 and 70 kDa. Our evi-
dence that these higher MW forms are sclerostin is (i) two different
polyclonal antibodies, reported as ‘sclerostin specific’ in the litera-
ture, recognise the higher MW forms, as well as the 27 kDa form.
(ii) Absorption of the antibodies with sclerostin prior to Western
blotting removed the signals from all MW bands, (iii) these anti-
bodies did not significantly detect the Sclerostin homologue SOS-
TDC1, (iv) PCR demonstrated that, even in cells with no 27 kDa
protein, sclerostin RNA is present, (v) I[F demonstrated that sclero-
stin is localised as described in the literature and co-localises with
its receptor LRP5/6 in cells with and without 27 kDa protein pres-
ent and (vi) recombinant sclerostin is capable of spontaneous mul-
timerisation; specifically that it forms higher Mw proteins with
sizes equivalent to dimers (and small amounts of trimers) in addi-
tion to retaining the monomeric form. All of this evidence, taken
together, is strongly supportive of the concept that sclerostin does
not exist solely as a monomeric protein.

With regard to the underlying biochemistry behind different
forms of sclerostin, our experiments did not show that glycosyla-
tion generated the higher Mw proteins. The reducibility of trimeric
recombinant sclerostin implies the presence of inter-molecular
disulphide bonds, likely via exposed cysteine molecules at posi-
tions 70 and 124 [27]. Other DAN family members form highly sta-
ble hetero/homodimers before binding to their receptors [1],
indeed dimerization is considered to be critical for their regulation
and function [28]. Previously it has been reported that sclerostin,
along with another cysteine knot protein, Sostdc1, is unusual
amongst the DAN family in being described solely as a monomer
[29]. This monomeric state was attributed to the lack of ‘spare’ cys-
teine residues to form disulphide bonds [7,30]. However, more re-
cent experiments have shown that, under certain conditions,
SOSTDC1 can form dimers [28]. The molecular basis for the forma-
tion of sclerostin dimers is not known, however it may be due to
the formation of highly stable non-reducible covalent bonds, as re-
ported in other DAN family members [31], possible due to exten-
sive B-sheet strand contacts producing a long stretch of backbone
hydrogen bonds, as has been shown in Protein related to Dan
and Cerberus (PRDC) [32].

The results presented in this paper clearly demonstrate that
sclerostin protein is more widespread in the body than currently
reported. We have demonstrated that sclerostin is found in bone
and cartilage and in the cells derived from these tissues. It is inter-
esting to note that only in some samples of cartilage, MLO-Y4 cells
and two immortalised chondrocyte cell lines was the expected
monomeric sclerostin detected [7,8]. Significantly, we failed to de-
tect any monomeric sclerostin in protein extracts of human bone,
bone explants in culture or their culture supernatants.

The anti-sclerostin antibodies used in this study also detected
sclerostin in liver, heart, kidney and lung. In these tissues, the pre-
dominant forms of sclerostin were of high MW that reduced to a
size consistent with that of a sclerostin dimer, i.e., 54 kDa, the same
size as that detected in the serum. These results suggest that the
54 kDa form of sclerostin is the secreted form of the protein.
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Fig. 3. Sclerostin in tissue lysates, MLO-Y4, serum and secreted from bone. (A) Sclerostin from MLO-Y4 cells and bone Western Blot of MLOY4 cells, conditioned media and
bone explants. A: cells + serum-containing media. MLO-Y4 cells produce 27, 46, 54 and 70 kDa forms of sclerostin. B: cells + serum-free media. The absence of media does not
alter the form of sclerostin produced, C: conditioned media, serum-free cell supernatant. 70 kDa sclerostin and higher forms are detected, D: conditioned media + serum.
Serum contains significant detectable sclerostin, E: media, serum free, no cells. No sclerostin present, F: media + serum, no cells. (diluted 1:100), G, H: conditioned media from
bone explants, I Recombinant sclerostin, ] Mw marker. All blots performed using R&D polyclonal anti-human sclerostin antibody under reducing conditions. (B) Western Blot
of human tissue lysates. A Liver, B kidney, C heart, D lung, E recombinant sclerostin, F Mw marker. All lanes reduced. Sclerostin is present in the tissues in the 54 kDa form. (C)
Western blot of hyman serum (Lane A), B recombinant sclerostin, C recombinant sclerostin, D Mw markers. Lanes A and C reduced. Sclerostin is present in the serum in the

54K Da form.

These results are in contrast to many publications that continue
to state that only osteocytes produce sclerostin [33,34] and may
have important consequence for the use of anti-sclerostin antibod-
ies as targeted therapy [35,36]. Our findings here are not unex-
pected as previous studies investigating the presence of SOST
mRNA have shown SOST is widespread in the body, with high lev-
els of transcripts in heart, aorta, kidney and bone [1,2].

Throughout our experiments we sought to assign a function to
the different forms of sclerostin. We did not find an association
with the mineralised state or mineralisation potential of the cell
line or tissue from which sclerostin was obtained. However, in
osteoblasts, chondrocytes and ATDC5 cells, mineralisation in-
creased the amount of all forms of sclerostin produced by these
cells. Significant dimeric protein was found in unmineralised tissue
(e.g., liver, heart and cartilage) and mineralised tissues (e.g., bone),
with monomeric sclerostin only occasionally detected in cartilage.
However, some recent work also supports our observations that
the controlling mechanisms determining the presence or absence
of sclerostin in a cell is more complicated than whether or not a tis-
sue is mineralised [37].

Having identified that sclerostin is expressed in a range of tis-
sues and cells we next investigated to what extent sclerostin was
being exported into the culture media as it is described in the liter-
ature as a secreted protein. The evidence that sclerostin is only a se-
creted protein is based primarily on the fact that it contains a signal
sequence, that over-expression insect cells lines did not retain the
protein and that sclerostin is assayed in serum [5,38]. The results
presented in this paper demonstrate that, in bone explants sclero-
stin was indeed secreted but as high MW forms, that reduced to di-
mers, the identical form to that detected in serum, suggesting that
sclerostin could have a paracrine (or possible endocrine) action on
osteoblasts, but not in the previously described monomeric form.

In conclusion, our novel results have demonstrated that sclero-
stin is a multimeric protein, widespread in tissues and cells and
that it is secreted predominantly in the dimeric form from bone.
Given that ‘neutralising antibodies’ that exert their bone effect
via inhibition of binding of sclerostin to LRP5/6 it is tempting to
speculate that the paracrine action in bone is mediated via forms

other than the circulating dimeric form, which may be involved
in BMP inhibition in remote tissues. Further work is ongoing in
our laboratory to further characterise the underlying biochemistry
and behaviour of these different forms of sclerostin.
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