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Summary

Sclerostin plays an important role in the regulation of bone metabolism, as is shown in the dramatic chan-
ges in bone mass which occur when its activity is inhibited by means of monoclonal antibodies. However,
the mechanisms which regulate its expression are still not well-understood. Various studies have shown
an association between polymorphisms of the SOST gene promoter (which codes for sclerostin) and bone
mineral density. Also, the degree of methylation of a CpG island near the start of the transcription is asso-
ciated with marked changes in the expression of the gene. Therefore, it appears that the production of
sclerostin is influenced by both genetic and epigenetic mechanisms, in addition to other hormonal and
mechanical factors. A greater knowledge of these mechanisms would not only contribute to a better
understanding of bone biology, but could open up new therapeutic opportunities.
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Introduction

Sclerostin is a protein coded by the SOST gene.
This protein is secreted specifically by the osteocy-
tes and has a negative effect on bone formation,
through the inhibition of the Wnt canonical path-
way'. The inhibition of this pathway has profound
consequences for the activity of the osteoblasts;
specifically, their differentiation is inhibited and
their apoptosis induced*®. The importance of scle-
rostin in bone biology has been seen in the des-
cription of cases of mutations of the SOST gene in
humans which provoke an altered bone phenoty-
pe, with an increased bone mass*>. On the other
hand, the inhibition of sclerostin through the use
of neutralising antibodies has been demonstrated
to have a powerful anabolic effect in bone, both
in animals and in humans®’.

Although the significance of sclerostin in bone
homeostasis appears indubitable, there are various
aspects of its biology which still remain unknown.
Some of the least-known aspects are the factors
which regulate the expression of sclerostin and
the mechanisms involved. For example, it is not
known why solely the osteocytes, and not other
osteoblast line cells, are capable of expressing
sclerostin. Possibly even more intriguing is the fact
that there are osteocytes within the bone produ-
cing sclerostin, while others located within a few
microns of them do not®.

In some experimental models various effectors
have been identified which are capable of regula-
ting levels of sclerostin. On the one hand, among
the positive effectors are the bone morphogenetic
proteins (BMPs)’ or the combined action of the
tumor necrosis factor (TNF) and the tumour necro-
sis factor-like weak inducer of apoptosis
(TWEAK)"®. On the other, notable among the
negative regulators are parathyroid hormone
(PTHD"*2, prostaglandin E2 (PGE2)* and mechani-
cal load, this last factor being of special significan-
ce due to the role which this type of stimulus has
on bone homeostasis”. Unfortunately, many of
these experiments have been carried out in muri-
ne models and it remains to be seen to what
extent they are transferable to human bone.
Furthermore, although the effects of these factors
have been described, the molecular mechanisms
which underlie their effects on the expression of
SOST have hardly been identified.

One of the obstacles which researchers are
encountering when studying the regulation of
sclerostin production is the absence of systems in
which this gene is actively expressed. Currently,
there are no human osteocyte lines available. The
generation of some murine lines has been repor-
ted, but in spite of the fact that these show some
of the characteristic phenotypes of osteocytes,
their production of sclerostin is barely detectable.
It would therefore of great interest to find a good
system in which the factors involved in the regu-
lation of the expression of this gene may be iden-
tified.

Curiously, not the entire promoter sequence
for the SOST gene is preserved between species,

which suggests that the regulation may differ as a
function of the species. This is still more evidence
of the necessity of developing human models.
Some works suggest that region 5’ of the gene
would have two sections: one, close to the start of
the transcription, which shows marked transcrip-
tional activity, and the other, situated at some
1,000 base pairs’ distance from the start of the
transcription, which could have an inhibitory
effect’. On the other hand, it is interesting to note
that various groups, including ours, have shown
an association between some polymorphisms
located in the 5’ region of the gene and bone
mineral density (BMD)"*. In the same vein, in
genome-wide association studies (GWAS) some
polymorphisms of a nucleotide (SNPs) have been
found near this gene associated with BMDY. This
suggests that these polymorphisms may have a
functional impact and modulate the expression of
the gene, but actually, it is not known if this really
is the case or what would be the molecular
mechanisms involved.

Given the importance attributed to sclerostin in
bone formation, the identification of the molecu-
lar mechanisms which regulate its levels could
open new areas of investigation in bone biology,
and perhaps help to identify new therapeutic tar-
gets related to the inhibition of its production,
which would have an anabolic effect on bone.
Furthermore, the validation of new models of cells
of human origin in which it would be possible to
study these mechanisms could be crucial for the
advancement of the understanding of the regula-
tion of sclerostin. In this article we briefly review
some recent results from our laboratory and those
of other researchers to shed some light on these
questions.

DNA methylation and the regulation of
gene expression

A good number of the cytosines of mammalian
DNA are methylated, especially when they are
followed by a guanine, which is to say, when for-
ming CG dinucleotides (often also known as
CpGs, the “p” indicating the phosphate group
which links the two bases). It is supposed that the
methylation brings stability to the DNA and avoids
“transcriptional noise” in the background. There
are zones of DNA, called “CpG islands”, which
have a particular behaviour. These islands consist
of regions of a few hundred nucleotides which are
especially rich in CpG and which are found fre-
quently in the promoter regions of many genes. In
recent years it has been shown that the level of
methylation in these CpG islands (and in the adja-
cent regions, called “CpG island shores”) plays an
important role in the regulation of the expression
of many genes. In general, when the CpG of the
promoter regions is highly methylated, the trans-
cription of DNA to RNA is repressed, and, as a
consequence, the levels of the protein for which
the gene codes are reduced. Inversely, the
demethylation of the promoter tends to be asso-
ciated with the active transcription of the gene.



There are many molecular mechanisms invol-
ved in the regulation of gene expression through
changes in methylation, of which only some are
known. Thus, for example, the methylation of
DNA may impede its bonding with some activa-
ting transcription factors. On the other hand, the
methylated regions attract some proteins which
bond specifically to these methylated regions. This
is the case with MeCP2, the binding protein for
methylated CpG®™. However, it should also be
taken into account that the methylation of DNA
acts in combination with other epigenetic mecha-
nisms, specifically with the postranslational modi-
fications of the histones. In fact, when MeCP2
bonds to DNA, it recruits other proteins, such as
HDACs (histone deacetylases) which modify the
tails of the histones near this region. Together,
these modifications contribute to the modulation
of gene expression. For example, the highest
levels of histone acetylation are usually associated
with an activation of transcription; while, to the
contrary, the methylation of certain lysines present
in the histones is associated with gene repres-
sion".

The patterns of DNA methylation are transmit-
ted through mitosis, which means that they are
inherited from the cell which divides into two
daughter cells. In this process an essential role is
played by a family of enzymes called DNA-
methyltransferases (DNMTs), in particular type
120.21‘

DNA methylation can be a passive phenome-
non, which is to say, it may appear during some
cell divisions if the DNMTs do not perform their
function of the remethylation the DNA daughter
chains. But demethylation may also be an active
process. This is to suggest that it is possible that
some regions of DNA are demethylated without
the necessity of cell division and the consequent
replication of DNA having taken place. The pro-
cess by which active demethylation occurs is not
well understood, but the enzyme GADD45 and
the conversion of the methylcytosines to hydro-
methylcytosines appears to play a special role in
it”*, In addition, its true significance in tissue
homeostasis is also not well known. Nevertheless,
it has been suggested that this process could be
involved in osteoblast differentiation®.

Our group has demonstrated that methylation
and demethylation of some genes plays an essen-
tial role in variations in the patterns of gene
expression which occur during the different stages
of the differentiation of the osteoblast-lineage
cells. For example, using the technique of laser
assisted microdissection and subsequent DNA
analysis of the cells thus captured, we have con-
firmed that during the step from osteoblasts to
osteocytes there occurs a marked reduction in the
methylation of the SOST gene promoter.
Differently from that which occurs in the case of
osteoblasts, this is a necessary requisite for osteo-
clasts to be able to synthesise sclerostin®. Other
genes involved in the biology of the skeleton are
also regulated, in part, through the level of methy-
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lation of their promoters. This is the case, for
example, with osteoprotogerin, the ligand of
RANK (RANKL), alkaline phosphatase, osterix or
estrogen receptors 2,

DNA demethylation as experimental tool
The changes in the methylation of the CpG islands
are very powerful regulation mechanisms. They
are possibly not involved in the fine regulation of
gene expression, but act as a type of molecular
“interrupter” which starts and stops gene transcrip-
tion. Once the demethylation allows transcription,
other mechanisms, (humoral, physical, etc.) will
be responsible for adjusting precisely the gene
expression, in response to what is required at that
moment®.

The regulatory power of the mechanisms lin-
ked to methylation are shown in certain experi-
ments in which DNA methylation is pharmacolo-
gically induced. For this, nucleotide analogs are
often used, such as azacytidine and deoxy-azacy-
tidine (or decytabine) which inhibit the activity of
the DNMTs. Thus we have been able to demons-
trate that the incubation of different types of cell
with decytabine strongly induces the expression
of sclerostin even when in normal conditions
these cells do not express the gene”.

This phenomenon has, furthermore, an interes-
ting practical repercussion, in that it facilitates the
study of the mechanisms which modulate the
expression of sclerostin. Given that there are no
human osteocyte lineages, or techniques to isola-
te viable osteocytes from human bone, it is com-
plicated to explore the regulatory mechanisms for
this gene in humans. Although there are different
immortalised osteoblast lineages, and it is relati-
vely easy to obtain osteoblasts from bone biop-
sies, these cells do not express sclerostin.
However, the demethylation of its promoter with
decytabine induces the expression of this gene,
thus functioning, at least in theory, as an experi-
mental model to analyse the physical and chemi-
cal factors involved in its regulation. But for this
model to be really useful the osteoblasts should
have a pattern of response to different stimuli
similar to that of the osteocytes in in vivo animal
experimental models*?'.

In fact, this appears to be the case. The results
which we have obtained with this model of osteo-
blasts treated with decytabine have confirmed the
inhibitory effect of PTH and the stimulatory effect
of the BMPs (bone morphogenetic proteins) on the
expression of SOST*. We have also been able to
confirm that the osteoblasts treated with decytabi-
ne maintain their response not only to humoral
factors but also to mechanical stimuli. When these
cells are subject to a pulsating flow of the culture
medium (which simulates the stimulus of the oste-
ocyte membranes by the liquid present in the lacu-
nae and canaliculi of the bone) a series of bioche-
mical responses is induced, notable among which
is the induction of nitric oxide synthase (NOS),
with its consequent accumulation in the medium.
This response is maintained in the osteoblasts pre-
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treated with decytabine. Furthermore, in these cul-
tures it is possible to confirm that mechanical sti-
mulus induces a reduction in the expression of
sclerostin, in line with that demonstrated in in vivo
experimental models®#. The later experiments
with nitric oxide inhibitors and donors have ena-
bled the confirmation that nitric oxide synthesis
really is involved in the inhibitor effect of SOST
induced by mechanical stimulation®'.

SOST gene promoter, sclerostin and
bone mass

Various studies of candidate genes and also those
of genome association (GWAS) have found poly-
morphisms of the SOST gene associated with bone
mineral density"™*. Hence, we have proved that
women who are homozygous for the minor allele
(G) of SNP 15851054, situated in promoter region
5" of the gene, have a BMD significantly lower
than women with other genotypes. This suggest
that this polymorphism may provoke differences
in transcriptional activity as a function of the alle-
le which is present. To explore further the mecha-
nisms involved, we cloned the entire SOST pro-
moter region (positions -1440/+30 in relation to
the transcription start site or TSS) and confirmed
its transcriptional activity in a luciferase reporter
vector, after its transfection in different types of
cell. The cloning of various regions of this frag-
ment allowed us to confirm that the most active
region appears to be in the first 500 nucleotides.
In fact, the transcriptional activity of the vectors
with insertion in the region -580/+30 is somewhat
greater than that of the complete regions
(-1440/+30). Contrarily, the most distal region
(-1440/1030) is not active, while the intermediate
region (-1032/-571) has a certain degree of acti-
vity, although clearly lower than that of the com-
plete region or the region nearest to the TSS.
Also, we found that BMP2 increases the transcrip-
tional activity of these constructions, while PTH
has no effect, which is in accordance with those
studies which show that the effect of this hormo-
ne is mediated by an enhancer region located in
several thousand base pairs®.

On the other hand, from the genomic DNA of
individuals for various polymorphisms frequent in
the SOST promoter (rs801054 and rs801056), we
cloned the promoter regions with each of the
possible alleles for these polymorphisms in luci-
ferase reporter vectors. We then analyzed its
transcriptional activity after transfection into
various osteoblast-type lineages. However, the
differences in activity of the difference alleles
were small (data not published). This suggests
that the demonstrated association of these alleles
with bone mineral density should be measured by
indirect mechanisms which are not reproduced in
these experimental models. Among these should
be considered: certain factors, physical or humo-
ral, present iz vivo but not in vitro; the interaction
of other cell elements in the bone microenviron-
ment; or complex actions which involve the three
dimensional structure of chromatin and the invol-

vement of other distant regions of the DNA. An
obvious candidate is called the Van Buchem
region, situated several thousand gene bases
away, and in which have been described regula-
tory regions (such as that called ECR5), which
appear to mediate the response to some factors,
PTH in particular®¥.

Conclusion

Sclerostin plays a significant role in the regulation
of bone metabolism, as is demonstrated in the dra-
matic changes in bone mass which occur when its
activity is inhibited by means of monoclonal anti-
bodies**. However, knowledge of the mecha-
nisms which regulate their expression is still
incomplete. Nevertheless, in recent years new
data have been generated which allow one to
sketch out, albeit schematically, some of the fac-
tors and pathways involved (Figure 1).
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