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Bone is continuously remodelled at many sites asynchronously throughout the skeleton,
with bone formation and resorption balanced at these sites to retain bone structure.
Negative balance resulting in bone loss and osteoporosis, with consequent fractures,
has mainly been prevented or treated by anti-resorptive drugs that inhibit osteoclast
formation and/or activity, with new prospects now of anabolic treatments that restore
bone that has been lost. The anabolic effectiveness of parathyroid hormone has been
established, and an exciting new prospect is presented of neutralising antibody against
the osteocyte protein, sclerostin. The cellular actions of these two anabolic treatments
differ, and the mechanisms will need to be kept in mind in devising their best use. On
present evidence it seems likely that treatment with either of these anabolic agents will
need to be followed by anti-resorptive treatment in order to maintain bone that has
been restored. No matter how effective anabolic therapies for the skeleton become, it
seems highly likely that there will be a continuing need for safe, effective anti-resorptive
drugs.
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INTRODUCTION

The growth, repair and maintenance of the skeleton is under the control of cir-
culating hormones, the nervous system and very many locally generated effectors
that regulate its modelling and remodelling. Modelling or the construction of
bone, takes place from the beginning of skeletogenesis during fetal life, until the
end of the second decade when the longitudinal growth of the skeleton is com-
pleted. It is responsible for determining the size and shape of bone. During bone
modelling, bone is formed and deposited on the outer surface of the bone, thus
widening the lengthening bone. Simultaneous resorption of bone from its inner
surface adjacent to the medullary cavity, enlarges the medullary cavity that hous-
es the marrow cells.

Bone remodelling is carried out by osteoclasts, cells that resorb bone, and os-
teoblasts, cells that form bone. These are the two main effector cells of the basic
multicellular units (BMUs), providing sites for the removal and replacement of
damaged or old bone by new bone throughout adult life. Remodelling is also a
means of adapting the skeleton to changes in loading, and is an integral part of
the calcium homeostatic system.



JBM

In considering therapeutic approaches to the prevention
and treatment of bone loss, it is essential to keep in mind
the ways in which communications take place among cells
of bone to achieve and maintain its structure. In this brief
review we will summarise those mechanisms, what can be
achieved with anabolic therapies for the skeleton with cur-
rent approaches, and what might be hoped for in the fu-
ture.

1. Cells of bone

The word “osteoblast” is often used to encompasss all
members of the osteoblast lineage, and it is best to keep
that in mind when reading in the subject. In remodelling,
mesenchymal stem cell precursors need to differentiate
through pre-osteoblast stages to mature osteoblasts, rec-
ognized histologically as plump, cuboidal, mononuclear
cells residing in groups on the matrix that they have syn-
thesized.[1-3]

Bone lining cells are flattened osteoblast lineage cells
that are regarded as osteoblasts that have completed their
synthetic function. They are much more abundant than
synthesizing osteoblasts, and cover the surface components
of bone, where they are thought to serve as a barrier to os-
teoclasts to be broached in response to need, and may be
capable also of reinitiating their bone - forming activity.[4]

Osteocytes are terminally differentiated osteoblasts which
have become trapped within the bone matrix behind the
advancing mineralization front. They become embedded
in lacunae within the bone matrix, and connect with each
other and with surface cells by their intercellular processes
in fluid-containing canaliculae. Osteocytes are the most
abundant cell in bone (85-90%) and are very long-lived.
They respond to changes in physical forces on bone and to
damage, leading them to transmit signals to surface cells
through canalicular processes. Among their most impor-
tant protein products is sclerostin, product of the sost gene,
and a powerful inhibitor of bone formation by inhibiting
Wnt signalling. This will be discussed in more detail.

Osteoclasts, the only cell capable of resorbing bone, are
giant multinucleated cells arising from hemopoietic pre-
cursors. They maintain an acid microcompartment under
the ruffled border which they form adjacent to the bone
surface,[5] forming a sealed compartment that is acidified
through the active transport of protons driven by a V-type
H-+adenosine triphosphatase (ATPase). The passive trans-
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port of chloride through chloride channel (CIC)-7 preserves
electroneutrality. This results in dissolution of bone mineral
exposing the organic matrix to proteolytic enzymes, parti-
cularly cathepsin K, that degrade the organic matrix. Inac-
tivation of any of these pathways by genetic or pharmaco-
logic means results in failure of osteoclasts to resorb bone.[6]

The common and essential factor mediating osteoclast
formation in response to all known stimuli is receptor acti-
vator of nuclear factor-kappa B ligand (RANKL) that binds
to its receptor, RANK, on hemopoietic precursors to pro-
mote osteoclast differentiation as well as their survival and
activity.[7] The decoy receptor, osteoprotegerin (OPG), is
an essential paracrine regulator of osteoclast formation,
produced by the osteoblasts and binding RANKL to pre-
vent its promotion of osteoclast formation through its re-
ceptor, RANK. Thus regulated production of RANKL and of
its local ‘brake” mechanism, OPG, are essential for mainte-
nance of normal bone remodelling.[8] This presented itself
as an obvious target for anti-resorptive drug development.

2. Bone remodelling

Bone remodelling is initiated asynchronously at sites that
are geographically and chronologically separated from each
other so that at some locations bone is being resorbed by
BMUs while at others the BMUs are in their formation phase
The first essential step in remodelling is the generation of
active osteoclasts from hemopoietic precursors. Regard-
less of the source of the initiation signal, osteoclasts are
derived from early and late precursors available in marrow
adjacent to activation sites, or could be recruited from blood
available at the bone interface through a sinus structure of
bone remodelling compartments (BRCs) that have been
identified and described in human bone (Fig. 1).[9,10] At
each of these sites, the resorption of a volume of bone is
followed by formation of new bone formation to fill the
space. The BMU resorbs and replaces old bone at the same
location so there is no change in bone size or shape. After
a certain amount of bone is removed as a result of osteo-
clastic resorption and the osteoclasts have either died or
moved away from the site, a reversal phase takes place in
which the cement line is laid down. Osteoblasts then syn-
thesize matrix, which becomes mineralized. Provided that
equal volumes of bone are removed and replaced there
will be no loss of bone or compromise in its structure dur-
ing growth.

http://e-jbm.org/ 9
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Fig. 1. Cellular events in the basic multicellular unit (BMU). Under
the canopy generated by bone lining cells, osteoclasts are formed
from hemopoietic precursors supplied by marrow and the blood-
stream, and from partially differentiated osteoclasts termed quies-
cent osteoclast precursors (QoP). On the right side of the diagram,
precursors of osteoblasts come from mesenchymal stem cells in the
marrow and from blood, and from pericytes, and differentiate within
the BMU through the osteablast precursor stage to fully functional
synthesizing osteoblasts; lining cells may also differentiate into ac-
tive osteoblasts. Osteocytes communicate with the surface cells,
particularly osteoblasts, through their canaliculae.

One of the sources of osteoblast and osteoclast precur-
sors for the BRC is via the circulation, through capillaries
penetrating the canopy that overlies the BRC (Fig. 1).[11-
13] Osteoclast formation can take place rapidly in vivo, per-
haps because there may be niches of partially differentiat-
ed cells available in the BRC,[14,15] having arrived there in
the circulation.[16] Osteoblast progenitors are associated
with vascular structures in the marrow and there may also
be common progenitors giving rise to cells forming the
blood vessel and pluripotent perivascular cells.[17-21]

The resorption activity in a BMU in adult human bone
takes approximately 3 weeks and the formation response
3 to 4 months, such that remodelling replaces about 5-10%
of the skeleton each year, with the entire adult human skel-
eton replaced in 10 years. Remodelling continues in the
skeleton over the age of 50, with the purposes of repair
and removal of old bone. However, as age advances less
bone is deposited than was removed so remodelling of
damage repair occurs.

Figure 1 summarises the interactions referred to above.
An essential feature of bone remodelling that bears upon
any therapeutic approach, is that within the BMU the pro-
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cesses of bone formation and resorption are coupled. Just
as the osteoblastic lineage cells control osteoclast forma-
tion, so too the products of bone resorption and of the os-
teoclasts themselves, promote osteoblast differentiation
from precursors in the BMU, and hence bone formation.
[22-25] It is the latter communication mechanism that is
referred to as “coupling”

3. Osteoporosis

In young adulthood, bone remodelling proceeds slowly,
removing and replacing damaged bone with new bone. At
the cellular level, the volumes of bone resorbed by the os-
teoclasts of a BMU and formed by the osteoblasts of that
BMU are equal, so no permanent bone loss occurs. Around
midlife in women, periosteal apposition virtually ceases,
the volume of bone formed in the BMU by osteoblasts be-
comes less than that resorbed by the osteoclasts, produc-
ing a negative bone or BMU “balance”. In addition, with
loss of sex hormones due to ovarian failure, and in both
sexes later in life, remodelling rate increases; there are more
BMUs formed and each BMU removes more bone than it
subsequently deposits, resulting in structural deteriora-
tion; trabeculae become thinner and less connected, corti-
ces become thin and porous. Bone is progressively lost, re-
sulting in bone fragility and a predisposition to fractures.

Until recently, drug treatments have been entirely fo-
cussed on prevention of resorption. These will be consid-
ered briefly, then new approaches focussed on bone form-
ing agents will be discussed.

4, Anti-resorptives

As understanding of bone biology increased, new in-
sights guided the development of anti-resorptive thera-
pies for osteoporosis. The clinical outcomes of these new
therapies may be predicted because the actions of the se-
lected targets are known, and in some cases preclinical ev-
idence fulfilled those predictions. The aims were to devel-
op therapies to improve the fracture risk reduction if possi-
ble, to avoid the possibility of long term effects on bone
structure, to find drugs whose effects reverse with cessa-
tion of therapy and drugs that inhibit resorption without
inhibiting bone formation at the same time.

1) RANKL inhibition in therapy
The most commonly used treatments used clinically for
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osteoporosis in many countries are any of several bisphos-
phonates, and increasingly, Denosumab (Amgen). Studies
establishing the essential physiological roles of RANKL and
OPG in controlling osteoclast formation and activity, re-
vealing a pathway obviously rich in targets for pharmaceu-
tical development. Denosumab is a fully human monoclo-
nal antibody that binds with high affinity and specificity to
RANKL to inhibit its action. It has been revealed to have an
exceptionally prolonged and powerful action, and is used
by subcutaneous injection every 6 months.[26] Denosum-
ab reduces the generation of bone remodelling units by
preventing RANKL from promoting osteoclast formation
and from maintaining the activity of existing osteoclasts
already resorbing bone. The phase Il study using subcuta-
neous injection of denosumab every 6 months resulted in
substantial inhibition of vertebral, non-vertebral and hip
fractures, and striking suppression of bone turnover that
was is even more marked than with the most effective
bisphosphonates.[26] Any discontinuation of treatment
was associated with return of bone mineral density (BMD)
to baseline, and increase again when rechallenged with
treatment. Discontinuation also resulted in a rapid rise in
resorption markers, indeed overshooting above control
levels. This also corrected with resumed treatment.

Quite a different mechanism operates with a new class
of drug, the cathepsin K inhibitors that may spare bone for-
mation. Cathepsin K is selectively expressed in osteoclasts
and discharged into the acidified sealing zone to degrade
the collagenous matrix of bone. Defects in the gene en-
coding cathepsin K are linked to the clinical condition pyc-
nodysostosis (OMIM 265800), an autosomal recessive dys-
plasia characterized by skeletal defects including dense,
brittle bones, short stature and poor bone remodelling.
[27] Similarly, the deletion of the cathepsin K gene in mice
resulted in osteopetrosis.[28,29] The rationale of using ca-
thepsin K inhibition is that it will inhibit the resorption of
osteoclasts, without preventing them from secreting activ-
ities that can contribute to bone formation - so called cou-
pling factor activities.[30]

2) Cathepsin K inhibition

The most advanced in development is odanacatib (MK-
0822; Merck and Co., Inc, Whitehouse Station, NJ, USA),
which has completed Phase Il. Odanacatib is a potent, se-
lective cathepsin K inhibitor with a long half-life (45-50
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hours) that has allowed it to be used in weekly oral dosage
in clinical study. In preclinical models in mouse and rabbit
and in some monkey studies, cathepsin K inhibition re-
duced bone resorption without inhibiting bone formation.
[30,31] Osteoclast numbers on bone increase, but their re-
sorption capacity is disabled.[30] Monkey treatment stud-
ies show that odanacatib is an effective resorption inhibi-
tor which is dose-dependent.[32,33] Interestingly there
was some evidence to suggest continued periosteal bone
formation. There is no obvious explanation for this and it
requires confirmation.

The human Phase Il study showed decreased bone re-
sorption markers in response to odanacatib, with seem-
ingly less decrease in bone formation markers.[34] As is
the case with Denosumab, discontinuation of treatment
was associated with return of BMD and markers to base-
line (more rapidly than with Denosumab), and increase
again with resumed treatment. At the time of writing the
outcome of the large Phase lll fracture study is expected in
early 2014. Assuming its positive outcome, among features
of great interest with this new class of compound will be
how well maintained is bone formation, what will this mean
for effects on bone quality, and whether combination ther-
apy with parathyroid hormone (PTH) will be more effective
with such a resorption inhibitor that does not inhibit bone
formation.

5. Anabolic agents

Anti-resorptive agents do not reconstruct the skeleton,
but until recently no therapeutic approach was available
to restore bone once it had been lost. That situation has
changed with the development of PTH as an anabolic ther-
apy for the skeleton, despite its better known action as a
resorptive hormone. The approved therapies in several coun-
tries are PTH (1-34) and PTH (1-84). Searches continue for
low molecular weight peptide or even non-peptide mim-
ics that can activate through the specific G protein-coupled
receptor PTH-like hormone receptor 1 (PTHR1).

1) How PTH exerts its anabolic effect

The anabolic effectiveness of PTH requires that it be ad-
ministered intermittently. In its clinical application as an
anabolic therapy, PTH is administered by daily subcutane-
ous injection,[35] with PTH (1-34) approved for the treat-
ment of osteoporosis in a number of countries. The phar-
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macokinetics required for this effect are that a peak of cir-
culating PTH is required, returning to control levels within
3 hours. Prolongation of elevated levels brings into play
the stimulation by PTH of osteoclast formation and bone
resorption.[36] This resorption effect is enhanced greatly
with infusion of PTH over some hours,[37] or with the con-
sistently elevated PTH of primary hyperparathyroidism.
This pharmacokinetic requirement is well illustrated by the
attempts to develop anabolic therapies by using calcilytic
agents to release PTH from the parathyroid gland. These
attempts to achieve short-lived peaks of circulating PTH
have so far not been successful.[38-40]

Studies of PTH pre- and post-treatment bone biopsies in
women indicated that the predominant PTH effect was to
increase remodelling, with some lesser effect on model-
ling.[41,42] Thus the anabolic effect of PTH has two com-
ponents, a remodelling dependent effect said to account
for over 70% and a modelling based effect accounting for
the remaining 30% of the anabolic effect. Current views of
the anabolic action of PTH are that it increases the recruit-
ment and activation of BMU’s, that it acts on committed
osteoblast precursors to promote their differentiation, in-
hibits osteoblast and osteocyte apoptosis,[43] and inhibits
the production of the bone formation inhibitor, sclerostin.
[44] There is also much interest in the possibility that PTH
treatment results in transient activation of osteoclasts, that
in turn produce activity that enhances the osteoblast dif-
ferentiation effect. The latter may be independent of re-
sorption,[45,46] or may result from the release of growth
factors (transforming growth factor beta [TGFp], insulin-like
growth factor-1 [IGF-1]) in the resorption process[47,48]
that enhance the availability of mesenchymal stem cells
(TGF), or their differentiation in the osteoblast lineage
(IGF-1). These aspects of the anabolic action of PTH are sum-
marised in Figure 2.

When PTH is used by daily injection to promote bone
formation, increased blood levels of bone formation mark-
ers (e.g. amino-terminal propeptide [P1NP]) are detected
within weeks, followed after a delay of some months by
increased circulating and urine bone resorption markers.
The gap between the two has been referred to as the “ana-
bolic window’, based on the thought that PTH is first ana-
bolic through an effect on modelling, then catabolic through
remodelling.[49] Such a switch has seemed unlikely, and
there may be a simpler mechanistic explanation. The direct

12 http://e-jbm.org/
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Fig. 2. Anabolic action of parathyroid hormone (PTH) through remod-
elling. PTH promotes differentiation of committed osteoblast precur-
sors, activation of osteoclasts that produce coupling activities (see
text for details), promotes survival of osteomlasts, and osteocytes,
and inhibits sclerostin production by osteocytes.

actions of PTH on osteoblast lineage cells depicted in Fig-
ure 2 is expected to result in rapid release of cell-derived
PTNP. On the other hand, with each activated BMU in re-
sponse to PTH there would be a gradual accumulation of
resorption products as a result of osteoclast activity, culmi-
nating eventually in increased detectable circulating re-
sorption markers. Such an explanation for the time delay
between increases in formation and resorption markers
explains the greater resorptive effects of higher doses of
PTH, as well as the predominant resorptive effects of PTH
secretagogues studied so far.

The resorption component of PTH action therefore con-
tinues to be of interest, since an effect at the BMU of as short
duration as possible could minimise stimulation of osteo-
clast formation and activity that occurs with repeated in-
jection of PTH (1-34) or PTH (1-84). This has been at the
centre of discussion of data obtained with the trial of daily
injections of PTH-related protein (PTHrP) (1-36), which has
been suggested to have a purely anabolic action because
increases in resorption markers are minimal.[50] Explana-
tions offered for this are that either PTH and PTHrP (1-36)
have different pharmacokinetics,[51] or that PTH (1-34) ac-
tion at the receptor is more prolonged than that of PTHrP
(1-36), for which there is in vitro evidence.[52] Certainly,
PTHrP (1-36), like the remainder of PTHrP, is very suscepti-
ble to proteolytic degradation, and this is reflected in the
fact that high doses are required in daily injections to achieve
effects. In a comparative study,[53] the doses administered

http://dx.doi.org/10.11005/jbm.2014.21.1.8
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of PTHrP (1-36) were 20-fold higher than those of PTH (1-
34). The two treatments had similar effects on BMD, the ef-
fect on bone formation marker, P1NP, was significantly great-
er with PTH (1-34) treatment, and the incidence of hyper-
calcemia was higher in those treated with PTHrP (1-36).

2) PTH and anti- resorptive therapies

There is much to be learned about the clinical use of treat-
ment with PTH. An early lesson was that the increased bone
mass benefits obtained with treatment were lost rapidly
after treatment discontinuation, emphasizing the impor-
tance of following course of PTH treatment with anti-re-
sorptives.[54-56] At present the favoured anti-resorptives
for this purpose are bisphosphonates or anti-RANKL. It will
be of considerable interest to see whether cathepsin K in-
hibition offers any advantage in this respect. It might theo-
retically be predicted to do so if its proposed mechanism
of preserving a coupling effect[30] stands up to further
scrutiny.

Another question of major interest is whether there is
any logic, or any further benefit to be obtained, from con-
current treatment with PTH and an anti-resorptive. The
thought that osteoclasts might be required for the anabol-
ic action of PTH arose when the anabolic effect of PTH was
significantly reduced in sheep co-administered a bisphos-
phonate (Tiludronate) as an inhibitor of bone resorption.
[57] Some, but not all studies of the PTH anabolic effect in
rats treated concomitantly with bisphosphonates have also
shown impaired anabolic responses. The hypothesis that
giving the two treatments together would be more effec-
tive than either alone was addressed in two clinical stud-
ies.[58,59] In fact the combined treatment resulted in inhi-
bition of the response to PTH as assessed by computed to-
mography (CT), BMD and biochemical markers. This has
been investigated further using BMD as the primary end-
point in evaluating the outcome of PTH combined with ei-
ther Denosumab,[60] or with zoledronate in a 1-year study,
[61] with each showing a greater effect of the combination
than the anti-resorptive alone.

A problem with these studies is their reliance upon BMD
measurements for assessing the combined effects. PTH and
bisphosphonates produce their effects on BMD in very dif-
ferent ways, PTH by producing new bone tissue, which is
initially under-mineralized, while alendronate maintains
the same amount of bone tissue that undergoes more com-
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plete secondary mineralization because of the suppression
of the bone remodelling rate. It seems inappropriate to
add these two BMD values that are achieved in such differ-
ent ways. Nevertheless the possible benefit of concurrent
treatment with PTH and an anti-resorptive needs contin-
ued consideration and study. Some preclinical data is sug-
gestive of such a benefit. Co-treatment with high dose PTH
in mice with RANKL or bisphosphonate inhibition or ge-
netic knockout of RANKL resulted in increases in some in-
dices of bone formation.[62]

Thus the suggestion from some clinical studies and from
the mouse study is that in the absence of osteoclasts, PTH
can still exert an anabolic action to some extent, through
any or all of three possible means: (i) direct action on os-
teoblast lineage cells within BMU’s that were existing at
the time of RANKL blockade, (ii) direct modelling action of
PTH, and (iii) PTH inhibition of sclerostin production by os-
teocytes. This is illustrated in Figure 3. A prediction from
this would be that there would be a plateau of anabolic ef-
fect reached, perhaps appreciably earlier than with PTH
alone. Whether such combination treatment approaches
will have favourable effects on structure or on fracture inci-
dence will be a difficult question to answer, largely be-
cause there will be great reluctance to undertake the large
clinical studies needed to assess fracture risk.

3) PTH - future use
What does the future offer in relation to PTH in therapy?

8 «2 PTH

Promotes
differentiation

Fig. 3. Possible mechanisms of parathyroid hormone (PTH) anabolic
action in presence of resorption inhibition. PTH inhibits sclerostin
production by osteocytes, promotes survival of osteoblasts and os-
teocytes, and promotes osteoblast differentiation in partly filled basic
multicellular units (see text for details).
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It seems to have much to offer as a means of rebuilding the
skeleton after bone is lost. The major clinical trial showing
anti-fracture efficacy of PTH[35] was stopped at 18 months
because of osteosarcoma occurrence in a prolonged toxici-
ty study in rats,[63] resulting in a “black box” warning by
the Food and Drug Administration (FDA) in the USA. There
has been no evidence to suggest in human studies or in
clinical use that osteosarcoma is a potential side effect of
PTH treatment.[64] As a result of the FDA warning, treat-
ment with PTH is generally limited to 18 months. That might
indeed be sufficient, especially if it is followed with anti-re-
sorptive treatment, as seems to be strongly indicated. Fur-
thermore a case has been made for the use of intermittent,
shorter course of daily PTH treatment. For example, in a
group of patients after 12 months’ alendronate treatment,
daily PTH plus alendronate was as effective as alendronate
plus three cycles of 3 months PTH with 3-month intervals,
with the end-points being BMD and biochemical markers.
[65]

PTH remains an expensive treatment regimen, and many
health provider systems cannot afford to have it used to
the extent that it might be, based on quality evidence. In-
deed it is in several countries restricted to use in those pa-
tients regarded as having “severe” osteoporosis, with mul-
tiple fractures and extremely low BMD. The problem of
cost might eventually be alleviated, especially if new ap-
proaches to treatment can be developed that make use of
the PTH anabolic pathway. Certainly, the availability of an
anabolic therapy after having to rely on anti-resorptives
alone has stimulated great interest in this approach, and it
is likely to be very much more widely applied than it has to
the present time.

6. Wnt Signalling Targets
1) Sclerostin, the SOST gene product

Recent research has shed new light on the control of
bone formation, with particular interest in the possibility
of modulating the activity of components of the Wnt ca-
nonical signaling pathway to produce a net anabolic ef-
fect. Sclerostin is a secreted protein encoded by the SOST
gene that inhibits bone formation by binding to the Wnt
co-receptor, low density lipoprotein receptor-related pro-
tein 5 (LRP5), thereby blocking its interaction with Frizzled
and inhibiting Wnt signaling in the osteoblast.[66,67] Acti-
vation of the canonical Wnt signaling pathway leads to

14 http://e-jbm.org/
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stabilization of B-catenin in the cytoplasm through inhibi-
tion of glycogen synthase kinase (GSK)-3B-mediated phos-
phorylation, resulting in accumulation of cytoplasmic -ca-
tenin followed by its translocation to the nucleus and tran-
scriptional activation of specific gene targets (Fig. 4). Such
activation in mesenchymal cells inhibits chondrocyte dif-
ferentiation and promotes osteoblast activity.[68]

2) Sclerostin inhibits bone formation

The first link between Wnt signaling and human bone
disease came from observations that inactivating muta-
tions in LRP5 cause the osteoporosis-pseudoglioma syn-
drome (OPPG, OMIM 259770) characterized by severely
decreased bone mass.[69] Conversely, a syndrome of high
bone mass was found to be caused by a gain-of-function
mutation of LRP5 (OMIM 601884). These genetic syndromes
were reproduced with the appropriate genetic manipula-
tions in mice.[70,71] The Wnt/fB-catenin signaling pathway
has a number of contributing inhibitors and activators that
offer several targets that may be suitable for pharmaco-
logical intervention (Fig. 4). These include extracellular ag-
onists and the points of interaction of antagonists, espe-
cially the secreted frizzled-related proteins (SFRPs), dick-
kopf (DKK) proteins and sclerostin, as well as regulation
within the cell of GSK-3pB, the enzyme that plays a crucial
role in determining availability of B-catenin for the tran-
scriptional effects that are essential for Wnt signalling.[72-
74] The primary aim of these interventions (Fig. 4) is to in-
crease Wnt/B-catenin canonical signaling in order to in-
crease bone mass. Initial success in animal models has been
reported with the inhibition of DKK-1, GSK-3 and scleros-
tin,[74-77] but the most advanced in preclinical and now
early clinical development is blockade of the action of scleros-
tin by treatment with a neutralizing antibody.

Sclerostin, the protein product of the sost gene, is pro-
duced primarily by osteocytes and powerfully inhibits bone
formation through inhibition of Wnt signalling, sparking
great interest in roles for the osteocyte in bone modeling
and remodeling. Sclerostin null mice have very high bone
mass, and conversely, severe osteopenia occurs in trans-
genic mice overexpressing sclerostin in osteocytes.[78] Loss
of function Sost mutations cause the greatly increased bone
mass of sclerosteosis and van Buchem’s disease.[79,80] Phy-
siologically, rapid reductions in sclerostin could signal to
limit the filling of remodeling spaces by osteoblasts, in ad-
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Fig. 4. Wnt signaling as a pathway to increase bone formation. (A) Wnt signalling pathway in the inactive state, showing a ligand Wnt inhibited
by a decoy secreted frizzled-related protein (sFRP), the co-receptor, lipoprotein receptor-related protein (LRP)5/6, bound by either inhibitory pro-
tein, sclerostin or dickkopf (Dkk), and glycogen synthase kinase (GSK)-3B in the active state, resulting in proteasomal degradation of B-catenin
(see text for details). (B) Active Wnt signalling, with LRP5/6 engaging in receptor complex after Wnt binding, disruption of GSK-3@ inhibitory com-
plex, stabilization of B-catenin and its translocation to nucleus where it activates transcription. Letters 1 to 5 indicate possible target sites for drug

development (see text).

dition to maintaining the quiescent state of lining cells on
non-remodeling bone surfaces.[81]

3) Blockade of sclerostin action

It was predicted that inhibition of production or action
of sclerostin resulting in enhanced Wnt canonical signaling
would lead to increased bone mass. That was the basis of
preclinical testing of neutralising antibody against scleros-
tin, first in preclinical studies. A single injection of scleros-
tin antibody stimulated bone formation in rats with severe
bone loss, either aged males or females following follow-
ing ovariectomy.[74,82] In neither case were there any sig-
nificant changes in resorption parameters. In a rat hind limb
immobilisation model, anti-sclerostin treatment promoted
bone formation and resulted in decrease in bone resorp-
tion markers.[83]

In a phase | study of anti-sclerostin (AMG 785, Amgen)
[84] healthy men and women were treated for up to 85 days
with escalating doses of AMG 785. This resulted in dose-re-
lated increases in bone formation markers and a decrease
in the resorption marker, serum carboxyterminal cross-link-
ed telopeptide of type | collagen (CTX). The latter observa-
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tion was unexpected, perhaps related to changes in osteo-
blast differentiation, with less RANKL-producing cells of
the osteoblast lineage avail—-able for presentation to os-
teoclast precursors. In this short study, BMD increased sig-
nificantly at the spine (5.3%) and hip (2.8%), with five sub-
jects at the highest dose developing detectable antibod-
ies, two of which were neutralizing.

A 12-month phase Il randomised, placebo-controlled,
multi-dose study of 410 women was carried out with the
humanised monoclonal antibody (Romosozumab) recapit-
ulated the rapid increase in BMD that had been seen in the
preclinical studies.[85] A significantly greater increase in
BMD was obtained with Romosozumab than with either of
the comparators, alendronate or teriparatide, reaching 11.3%
at the lumbar spine, 4.1% at total hip, and 3.7% at femoral
neck after 12 months’ treatment. The bone turnover data
was remarkably different from that with any other treat-
ment. Romosozumab treatment was associated with a tran-
sitory increase in PTNP, evident after 1 week, maximal at 1
month and declining to control levels thereafter. As had
been noted in the phase | study,[84] the resorption marker,
CTX, declined rapidly and remained significantly reduced
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throughout the 12-month treatment period. The contrast
with the results of PTH treatment were remarkable, with
its expected rapid and sustained increase in P1NP, with in-
creased CTX at the 3-month assay, and sustained through-
out the 12 monthes.

The reason for the decrease in bone formation marker
after an initial rise is unknown. The decreased resorption
marker might be explained by a change in the osteoblast
lineage population as a result of profoundly increased bone
formation, with lesser availability of cells that stimulate RA-
NKL production and therefore osteoclasts. These aspects of
anti-sclerostin action will undoubtedly be the focus of at-
tention. They draw attention to the fact that the mecha-
nisms involved in sclerostin blockade are new to us. In ro-
dents and non-human primates the tissue level mecha-
nism by which anti-sclerostin increases bone is predomi-
nantly through quiescent surfaces - thus a modelling ef-
fect. On pre-resorbed surfaces (remodelling) the new bone
formed is greater than that resorbed, and includes bone
laid down over quiescent surfaces adjacent to remodelling
sites.[74] This is represented schematically in Figure 5.

In discussing the PTH anabolic action (above) we drew
attention to the fact that cessation of treatment is followed
by bone loss and increased resorption markers. That has
not yet been addressed clinically with anti-sclerostin, but
in a discontinuation study in ovariectomised (OVX) rats in
which anti-sclerostin treatment was given for 8 weeks, then
discontinued, the increase in BMD that had been achieved
was maintained for a period followed by gradual decline,
particularly in the lumbar vertebrae. This was associated

Quiescent Resorbed

|

Fig. 5. Anabolic action of anti-sclerostin. Blockade of sclerostin acts
predominantly through modelling-increasing bone on quiescent sur-
faces (left). On pre-resorbed surfaces (remodelling), it overfills resorb-
ed sites and extends to adjacent quiescent surfaces (right). See text
for details.
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with decline in formation and increase in resorption mark-
ers.[74] It seems likely that anti-sclerostin therapy, like that
with PTH, will require the use of anti - resorptive treatment
after anabolic treatment is stopped.

In the case of PTH treatment also, the question of using
that anabolic therapy concurrently with an anti-resorptive
has been discussed. It is a question that remains to be re-
solved, and the same might arise with anti-sclerostin. In
accord with the fact that the latter’s action is achieved pre-
dominantly through acting on quiescent surfaces, it might
be not be expected that pre-treatment or combined treat-
ment with anti-resorptive therapy would block the ana-
bolic effect of anti-sclerostin. In a study of sequential alen-
dronate and anti-sclerostin in OVX rats, this co-treatment
did not blunt the anabolic effects of anti-sclerostin on bone
formation, bone mass or bone strength.[86] Clearly this
will require much further preclinical and clinical investiga-
tion. On the other hand, antisclerostin therapy is itself as-
sociated with reduced resorption, at least as assessed by
circulating markers,[85] so we might well ask - do we need
to consider applying concurrent ant-resorptive to anti-scl-
erostin therapy? Perhaps we do not.

Of particular interest is the fact that PTH rapidly reduces
sclerostin mRNA and protein production by osteoblasts in
vitro and in bone in vivo,[44,87] suggesting reduction of
sclerostin output by osteocytes as a contributor to the ana-
bolic effect of intermittent PTH (Fig. 2). The mechanism of
this inhibition is all the more interesting with the finding[88]
that the cyclic adenosine monophosphate (AMP)-mediat-
ed effect of PTH to diminish sclerostin production operates
through a long range enhancer, myocyte enhancer factor
2 (MEF2), the discovery of which came from the pursuit of
the nature of the van Buchem’s disease mutation.[80]
There may be small molecule approaches amenable to
sclerostin regulation, in addition to antibody neutralization
of its activity.

Any new therapy emerging from manipulation of the
Wnt canonical signaling pathway will need to ensure firstly
that it is safe, and secondly, that its action can be targeted
specifically to bone. Wnt proteins are critical signaling pro-
teins involved in developmental biology, with roles in early
axis specification, brain patterning, intestinal development,
and limb development. In adults, Wnt proteins play a vital
role in tissue maintenance, with aberrations in Wnt signal-
ing leading to diseases such as adenomatous polyposis.
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[72] Inhibition of GSK-3 results in increased cyclin D1, cy-
clin E, and c-Myc, and overexpression of these cell cycle
regulators has been linked to tumour formation.[89] All
relevant possibilities of side effects of enhanced Wnt sig-
naling need to be kept in mind throughout preclinical and
clinical studies.

CONCLUSION

The intercellular communication mechanisms taking
place in bone have been summarized to indicate what op-
portunities they present for the development of drugs that
build bone after it has been lost. The only currently avail-
able anabolic therapy for osteoporosis is PTH, but exciting
possibilities of new anabolic therapies have been revealed
through mouse and human genetics. Neutralisation of scl-
erostin is highly effective in preclinical studies and shows
great promise clinically. No matter how effective the ana-
bolic treatments are shown to be, however, the need for
effective, safe anti-resorptives for long term use will re-
main, in order to preserve bone mass once it has been re-
stored. Properly conducted clinical trials in the coming
years will see the emergence of new combination thera-
pies for bone loss that are effective, durable and safe, at an
affordable cost.

REFERENCES

1. Aubin JE. Advances in the osteoblast lineage. Biochem Cell
Biol 1998;76:899-910.

2. Aubin JE. Regulation of osteoblast formation and function.
Rev Endocr Metab Disord 2001;2:81-94.

3. Stein GS, Lian JB. Molecular mechanisms mediating prolif-
eration/differentiation interrelationships during progres-
sive development of the osteoblast phenotype. Endocr
Rev 1993;14:424-42.

4. Kim SW, Pajevic PD, Selig M, et al. Intermittent parathyroid
hormone administration converts quiescent lining cells to
active osteoblasts. J Bone Miner Res 2012;27:2075-84.

5. Baron R. Molecular mechanisms of bone resorption: ther-
apeutic implications. Rev Rhum Engl Ed 1996;63:633-8.

6. Bruzzaniti A, Baron R. Molecular regulation of osteoclast
activity. Rev Endocr Metab Disord 2006;7:123-39.

7. Boyle WJ, Simonet WS, Lacey DL. Osteoclast differentiation
and activation. Nature 2003;423:337-42.

http://dx.doi.org/10.11005/jbm.2014.21.1.8

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

Bone Biology and Anabolic Therapies for Bone |

. Suda T, Takahashi N, Udagawa N, et al. Modulation of os-

teoclast differentiation and function by the new members
of the tumor necrosis factor receptor and ligand families.
Endocr Rev 1999;20:345-57.

. Hauge EM, Qvesel D, Eriksen EF, et al. Cancellous bone re-

modeling occurs in specialized compartments lined by
cells expressing osteoblastic markers. J Bone Miner Res
2001;16:1575-82.

Kristensen HB, Andersen TL, Marcussen N, et al. Increased
presence of capillaries next to remodeling sites in adult
human cancellous bone. J Bone Miner Res 2013;28:574-
85.

Eghbali-Fatourechi GZ, Modder Ul, Charatcharoenwittha-
ya N, et al. Characterization of circulating osteoblast lin-
eage cells in humans. Bone 2007;40:1370-7.

Eriksen EF, Eghbali-Fatourechi GZ, Khosla S. Remodeling
and vascular spaces in bone. J Bone Miner Res 2007;22:1-6.
Fujikawa Y, Quinn JM, Sabokbar A, et al. The human osteo-
clast precursor circulates in the monocyte fraction. Endo-
crinology 1996;137:4058-60.

Yamamoto Y, Udagawa N, Matsuura S, et al. Osteoblasts
provide a suitable microenvironment for the action of re-
ceptor activator of nuclear factor-kappaB ligand. Endocri-
nology 2006;147:3366-74.

Mizoguchi T, Muto A, Udagawa N, et al. Identification of
cell cycle-arrested quiescent osteoclast precursors in vivo.
J Cell Biol 2009;184:541-54.

Muto A, Mizoguchi T, Udagawa N, et al. Lineage-commit-
ted osteoclast precursors circulate in blood and settle down
into bone. J Bone Miner Res 2011;26:2978-90.

Doherty MJ, Ashton BA, Walsh S, et al. Vascular pericytes
express osteogenic potential in vitro and in vivo. J Bone
Miner Res 1998;13:828-38.

Howson KM, Aplin AC, Gelati M, et al. The postnatal rat
aorta contains pericyte progenitor cells that form spheroi-
dal colonies in suspension culture. Am J Physiol Cell Physi-
ol 2005;289:C1396-407.

Matsumoto T, Kawamoto A, Kuroda R, et al. Therapeutic
potential of vasculogenesis and osteogenesis promoted
by peripheral blood CD34-positive cells for functional bone
healing. Am J Pathol 2006;169:1440-57.

Madder Ul, Khosla S. Skeletal stem/osteoprogenitor cells:
current concepts, alternate hypotheses, and relationship
to the bone remodeling compartment. J Cell Biochem 2008;
103:393-400.

http://e-jbm.org/ 17



| T John Martin

21.

22.

23.

24.

25.

26.

27.

28.

20.

30.

31.

32.

33.

18

Otsuru S, Tamai K, Yamazaki T, et al. Circulating bone mar-
row-derived osteoblast progenitor cells are recruited to
the bone-forming site by the CXCR4/stromal cell-derived
factor-1 pathway. Stem Cells 2008;26:223-34.

Frost HM. Dynamics of bone remodeling. In: Frost HM, ed-
itor. Bone biodynamics. Boston, MA: Little, Brown and Com-
pany; 1964. p.315-33.

Parfitt AM. The coupling of bone formation to bone resor-
ption: a critical analysis of the concept and of its relevance
to the pathogenesis of osteoporosis. Metab Bone Dis Relat
Res 1982;4:1-6.

Eriksen EF. Normal and pathological remodeling of human
trabecular bone: three dimensional reconstruction of the
remodeling sequence in normals and in metabolic bone
disease. Endocr Rev 1986;7:379-408.

Martin T, Gooi JH, Sims NA. Molecular mechanisms in cou-
pling of bone formation to resorption. Crit Rev Eukaryot
Gene Expr 2009;19:73-88.

Cummings SR, San Martin J, McClung MR, et al. Denosu-
mab for prevention of fractures in postmenopausal wom-
en with osteoporosis. N Engl J Med 2009;361:756-65.

Gelb BD, Shi GP, Chapman HA, et al. Pycnodysostosis, a ly-
sosomal disease caused by cathepsin K deficiency. Science
1996;273:1236-8.

Saftig P, Hunziker E, Wehmeyer O, et al. Impaired osteoclas-
tic bone resorption leads to osteopetrosis in cathepsin-K-
deficient mice. Proc Natl Acad Sci U S A 1998;95:13453-8.
Pennypacker B, Shea M, Liu Q, et al. Bone density, strength,
and formation in adult cathepsin K (-/-) mice. Bone 2009;
44:199-207.

Lotinun S, Kiviranta R, Matsubara T, et al. Osteoclast-spe-
cific cathepsin K deletion stimulates S1P-dependent bone
formation. J Clin Invest 2013;123:666-81.

Pennypacker BL, Duong le T, Cusick TE, et al. Cathepsin K
inhibitors prevent bone loss in estrogen-deficient rabbits.
J Bone Miner Res 2011;26:252-62.

Cusick T, Chen CM, Pennypacker BL, et al. Odanacatib treat-
ment increases hip bone mass and cortical thickness by
preserving endocortical bone formation and stimulating
periosteal bone formation in the ovariectomized adult rhe-
sus monkey. J Bone Miner Res 2012;27:524-37.
Masarachia PJ, Pennypacker BL, Pickarski M, et al. Odana-
catib reduces bone turnover and increases bone mass in
the lumbar spine of skeletally mature ovariectomized rhe-
sus monkeys. J Bone Miner Res 2012;27:509-23.

http://e-jbm.org/

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

JBM

Eisman JA, Bone HG, Hosking DJ, et al. Odanacatib in the
treatment of postmenopausal women with low bone min-
eral density: three-year continued therapy and resolution
of effect. J Bone Miner Res 2011;26:242-51.

Neer RM, Arnaud CD, Zanchetta JR, et al. Effect of parathy-
roid hormone (1-34) on fractures and bone mineral densi-
ty in postmenopausal women with osteoporosis. N Engl J
Med 2001;344:1434-41.

Frolik CA, Black EC, Cain RL, et al. Anabolic and catabolic
bone effects of human parathyroid hormone (1-34) are
predicted by duration of hormone exposure. Bone 2003;
33:372-9.

Ma YL, Cain RL, Halladay DL, et al. Catabolic effects of con-
tinuous human PTH (1--38) in vivo is associated with sus-
tained stimulation of RANKL and inhibition of osteoprote-
gerin and gene-associated bone formation. Endocrinolo-
gy 2001;142:4047-54.

Gowen M, Stroup GB, Dodds RA, et al. Antagonizing the
parathyroid calcium receptor stimulates parathyroid hor-
mone secretion and bone formation in osteopenic rats. J
Clin Invest 2000;105:1595-604.

Fox J, Miller MA, Stroup GB, et al. Plasma levels of parathy-
roid hormone that induce anabolic effects in bone of ovari-
ectomized rats can be achieved by stimulation of endoge-
nous hormone secretion. Bone 1997;21:163-9.

John MR, Widler L, Gamse R, et al. ATF936, a novel oral calc-
ilytic, increases bone mineral density in rats and transient-
ly releases parathyroid hormone in humans. Bone 2011;
49:233-41.

Misof BM, Roschger P, Cosman F, et al. Effects of intermit-
tent parathyroid hormone administration on bone miner-
alization density in iliac crest biopsies from patients with
osteoporosis: a paired study before and after treatment. J
Clin Endocrinol Metab 2003;88:1150-6.

MaYL, Zeng Q, Donley DW, et al. Teriparatide increases bone
formation in modeling and remodeling osteons and en-
hances IGF-Il immunoreactivity in postmenopausal wom-
en with osteoporosis. J Bone Miner Res 2006;21:855-64.
Jilka RL. Molecular and cellular mechanisms of the ana-
bolic effect of intermittent PTH. Bone 2007;40:1434-46.
Keller H, Kneissel M. SOST is a target gene for PTH in bone.
Bone 2005;37:148-58.

Martin TJ, Sims NA. Osteoclast-derived activity in the cou-
pling of bone formation to resorption. Trends Mol Med
2005;11:76-81.

http://dx.doi.org/10.11005/jbm.2014.21.1.8



JBM

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Gooi JH, Pompolo S, Karsdal MA, et al. Calcitonin impairs
the anabolic effect of PTH in young rats and stimulates ex-
pression of sclerostin by osteocytes. Bone 2010;46:1486-
97.

Tang Y, Wu X, Lei W, et al. TGF-beta1-induced migration of
bone mesenchymal stem cells couples bone resorption
with formation. Nat Med 2009;15:757-65.

Xian L, Wu X, Pang L, et al. Matrix IGF-1 maintains bone
mass by activation of mTOR in mesenchymal stem cells.
Nat Med 2012;18:1095-101.

Canalis E, Giustina A, Bilezikian JP. Mechanisms of anabolic
therapies for osteoporosis. N Engl J Med 2007;357:905-16.
Horwitz MJ, Tedesco MB, Garcia-Ocaia A, et al. Parathyroid
hormone-related protein for the treatment of postmeno-
pausal osteoporosis: defining the maximal tolerable dose.
J Clin Endocrinol Metab 2010;95:1279-87.

Henry JG, Mitnick M, Dann PR, et al. Parathyroid hormone-
related protein-(1-36) is biologically active when adminis-
tered subcutaneously to humans. J Clin Endocrinol Metab
1997;82:900-6.

Ferrandon S, Feinstein TN, Castro M, et al. Sustained cyclic
AMP production by parathyroid hormone receptor endo-
cytosis. Nat Chem Biol 2009;5:734-42.

Horwitz MJ, Augustine M, Kahn L, et al. A comparison of
parathyroid hormone-related protein (1-36) and parathy-
roid hormone (1-34) on markers of bone turnover and bone
density in postmenopausal women: the PrOP study. J Bone
Miner Res 2013;28:2266-76.

Kurland ES, Heller SL, Diamond B, et al. The importance of
bisphosphonate therapy in maintaining bone mass in men
after therapy with teriparatide [human parathyroid hor-
mone(1-34)]. Osteoporos Int 2004;15:992-7.

Black DM, Bilezikian JP, Ensrud KE, et al. One year of alen-
dronate after one year of parathyroid hormone (1-84) for
osteoporosis. N Engl J Med 2005;353:555-65.

Bilezikian JP, Rubin MR. Combination/sequential therapies
for anabolic and antiresorptive skeletal agents for osteo-
porosis. Curr Osteoporos Rep 2006;4:5-13.

Delmas PD, Vergnaud P, Arlot ME, et al. The anabolic effect
of human PTH (1-34) on bone formation is blunted when
bone resorption is inhibited by the bisphosphonate tiludro-
nate--is activated resorption a prerequisite for the in vivo
effect of PTH on formation in a remodeling system? Bone
1995;16:603-10.

Black DM, Greenspan SL, Ensrud KE, et al. The effects of

http://dx.doi.org/10.11005/jbm.2014.21.1.8

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Bone Biology and Anabolic Therapies for Bone |

parathyroid hormone and alendronate alone or in combi-
nation in postmenopausal osteoporosis. N Engl J Med 2003;
349:1207-15.

Finkelstein JS, Hayes A, Hunzelman JL, et al. The effects of
parathyroid hormone, alendronate, or both in men with
osteoporosis. N Engl J Med 2003;349:1216-26.

Tsai JN, Uihlein AV, Lee H, et al. Teriparatide and denosum-
ab, alone or combined, in women with postmenopausal
osteoporosis: the DATA study randomised trial. Lancet 2013;
382:50-6.

Cosman F, Eriksen EF, Recknor C, et al. Effects of intrave-
nous zoledronic acid plus subcutaneous teriparatide [rhPTH
(1-34)] in postmenopausal osteoporosis. J Bone Miner Res
2011;26:503-11.

Pierroz DD, Bonnet N, Baldock PA, et al. Are osteoclasts
needed for the bone anabolic response to parathyroid
hormone? A study of intermittent parathyroid hormone
with denosumab or alendronate in knock-in mice express-
ing humanized RANKL. J Biol Chem 2010;285:28164-73.
Vahle JL, Sato M, Long GG, et al. Skeletal changes in rats
given daily subcutaneous injections of recombinant hu-
man parathyroid hormone (1-34) for 2 years and relevance
to human safety. Toxicol Pathol 2002;30:312-21.

Tashjian AH, Jr., Goltzman D. On the interpretation of rat
carcinogenicity studies for human PTH(1-34) and human
PTH(1-84). J Bone Miner Res 2008;23:803-11.

Cosman F, Nieves J, Zion M, et al. Daily and cyclic parathy-
roid hormone in women receiving alendronate. N Engl J
Med 2005;353:566-75.

Li X, Zhang Y, Kang H, et al. Sclerostin binds to LRP5/6 and
antagonizes canonical Wnt signaling. J Biol Chem 2005;
280:19883-7.

Seménov M, Tamai K, He X. SOST is a ligand for LRP5/LRP6
and a Wnt signaling inhibitor. J Biol Chem 2005;280:26770-5.
Rawadi G, Vayssiére B, Dunn F, et al. BMP-2 controls alka-
line phosphatase expression and osteoblast mineralization
by a Wnt autocrine loop. J Bone Miner Res 2003;18:1842-
53.

Gong Y, Slee RB, Fukai N, et al. LDL receptor-related pro-
tein 5 (LRP5) affects bone accrual and eye development.
Cell 2001;107:513-23.

Babij P, Zhao W, Small C, et al. High bone mass in mice ex-
pressing a mutant LRP5 gene. J Bone Miner Res 2003;18:
960-74.

Kato M, Patel MS, Levasseur R, et al. Cbfal-independent

http://e-jpbm.org/ 19



| T John Martin

72.

73.

74.

75.

76.

77.

78.

79.

80.

20

decrease in osteoblast proliferation, osteopenia, and per-
sistent embryonic eye vascularization in mice deficient in
Lrp5, a Wnt coreceptor. J Cell Biol 2002;157:303-14.
Krishnan V, Bryant HU, Macdougald OA. Regulation of bone
mass by Wnt signaling. J Clin Invest 2006;116:1202-9.
Baron R, Rawadi G. Targeting the Wnt/beta-catenin path-
way to regulate bone formation in the adult skeleton. En-
docrinology 2007;148:2635-43.

Ke HZ, Richards WG, Li X, et al. Sclerostin and Dickkopf-1
as therapeutic targets in bone diseases. Endocr Rev 2012;
33:747-83.

Yaccoby S, Ling W, Zhan F, et al. Antibody-based inhibition
of DKK1 suppresses tumor-induced bone resorption and
multiple myeloma growth in vivo. Blood 2007;109:2106-
11.

Clément-Lacroix P, Ai M, Morvan F, et al. Lrp5-independent
activation of Wnt signaling by lithium chloride increases
bone formation and bone mass in mice. Proc Natl Acad
Sci US A2005;102:17406-11.

Kulkarni NH, Onyia JE, Zeng Q, et al. Orally bioavailable
GSK-3alpha/beta dual inhibitor increases markers of cel-
lular differentiation in vitro and bone mass in vivo. J Bone
Miner Res 2006;21:910-20.

Loots GG, Kneissel M, Keller H, et al. Genomic deletion of a
long-range bone enhancer misregulates sclerostin in Van
Buchem disease. Genome Res 2005;15:928-35.

Balemans W, Ebeling M, Patel N, et al. Increased bone den-
sity in sclerosteosis is due to the deficiency of a novel se-
creted protein (SOST). Hum Mol Genet 2001;10:537-43.
Balemans W, Patel N, Ebeling M, et al. Identification of a
52 kb deletion downstream of the SOST gene in patients
with van Buchem disease. ) Med Genet 2002;39:91-7.

http://e-jbm.org/

81.

82.

83.

84.

85.

86.

87.

88.

89.

JBM

van Bezooijen RL, Papapoulos SE, Lowik CW. Bone mor-
phogenetic proteins and their antagonists: the sclerostin
paradigm. J Endocrinol Invest 2005;28:15-7.

Li X, Ominsky MS, Warmington KS, et al. Sclerostin anti-
body treatment increases bone formation, bone mass, and
bone strength in a rat model of postmenopausal osteo-
porosis. J Bone Miner Res 2009;24:578-88.

Tian X, Jee WS, Li X, et al. Sclerostin antibody increases bone
mass by stimulating bone formation and inhibiting bone
resorption in a hindlimb-immobilization rat model. Bone
2011;48:197-201.

Padhi D, Jang G, Stouch B, et al. Single-dose, placebo-con-
trolled, randomized study of AMG 785, a sclerostin mono-
clonal antibody. J Bone Miner Res 2011;26:19-26.
McClung MR, Grauer A, Boonen S, et al. Romosozumab in
postmenopausal women with low bone mineral density.
N Engl J Med 2014;370:412-20.

Li X, Ominsky MS, Warmington KS, et al. Increased bone
formation and bone mass induced by sclerostin antibody
is not affected by pretreatment or cotreatment with alen-
dronate in osteopenic, ovariectomized rats. Endocrinolo-
gy 2011;152:3312-22.

Silvestrini G, Ballanti P, Leopizzi M, et al. Effects of intermit-
tent parathyroid hormone (PTH) administration on SOST
mRNA and protein in rat bone. J Mol Histol 2007;38:261-9.
Leupin O, Kramer |, Collette NM, et al. Control of the SOST
bone enhancer by PTH using MEF2 transcription factors. J
Bone Miner Res 2007;22:1957-67.

Dong J, Peng J, Zhang H, et al. Role of glycogen synthase
kinase 3beta in rapamycin-mediated cell cycle regulation
and chemosensitivity. Cancer Res 2005;65:1961-72.

http://dx.doi.org/10.11005/jbm.2014.21.1.8



