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General Discussion

Osteoporosis is a growing problem in the aging society. While several therapies are
available, none of these are able to persistently increase bone formation and return
bone mass to a more favorable quantity that is strong enough to resist breaking.
Research is therefore needed to discover new targets and develop drugs for the

treatment of osteoporosis in the future.

Clinical importance

Sclerostin, a natural inhibitor of bone formation that is expressed by osteocytes, was
discovered in mutation analyses of patients with sclerosteosis [1, 2]. These patients
present with severe bone overgrowth and a bone mass that can be up to 11 standard
deviations above normal [3]. Interestingly, the bone of these individuals is of very
good quality and no affected person has been reported to have suffered a fracture
[4]. Even heterozygous carriers of mutations in the gene coding for sclerostin (SOST)
have consistently higher bone mass than control subjects and are relatively resistant to
fracture, suggesting a gene-dose effect. The restricted expression pattern of sclerostin
adds to the view of sclerostin as one of the most interesting targets for new treatment
options for osteoporosis. Knowledge of the mechanism of action and regulation of
sclerostin expression are essential to optimally benefit from its characteristics in
future therapies. Chapter 2 therefore gives an overview of the current knowledge on
sclerostin function, expression and regulation. Even though much is known about
the expression pattern and effect of sclerostin, the exact mechanism of action and
pathways by which it is regulated remain to be elucidated.

A lot can be learned from mutation studies, especially in naturally occurring
human diseases. In Chapter 3 we found that Dickkopf 1 (DKK1), a protein that
like sclerostin inhibits Wnt signaling through binding to Low-density lipoprotein
receptor-related protein 5/6 (LRP5/6), was increased in serum samples from patients
with sclerosteosis and Van Buchem disease. DKK1 may be increased in an effort to
compensate for the lack of sclerostin in these patients. However, their increased bone
mass indicates that the increase in DKK1 expression is insufficient to protect against
excessive bone formation. While sclerostin is facilitated by LRP4 [5], DKK1 employs
Kremen as a co-receptor [6, 7]. In addition, sclerostin is expressed almost exclusively

in osteocytes in mineralized matrix, whereas DKK1 is expressed in many cell types
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throughout the body and is implicated in tumorigenesis [8]. The proteins seem to
have different roles during development. SOST knockout mice show increased bone
mass without gross developmental abnormalities while mice deficient in DKK1 are
embryonic lethal displaying fore- and hindlimb malformations and lacking anterior
head structures [9, 10]. Therefore, even though both proteins bind to LRP5/6 they
have a different mechanism of action, a different expression pattern and may act
on osteoblasts at different developmental stages. This may explain the finding that
DKK1 was not able to fully compensate for the lack of sclerostin.

The populations of patients with sclerosteosis and Van Buchem disease are quite
isolated in South Africa and a small town in the Netherlands, respectively. After the
discovery of the causative mutations for sclerosteosis and Van Buchem disease, other
sclerostin mutations were found in phenotypically identical patients from Brazil, USA
and Senegal [11, 12]. These mutations include several different nonsense mutations
leading to a premature stop codon, and a splice site mutation interfering with correct
splicing of the gene. In Chapter 4 we described a novel missense mutation in two
siblings from Turkey with classic sclerosteosis characteristics like enlarged skull and
jaw, facial nerve palsy, hearing loss, headaches and highly increased bone mineral
density (BMD). This mutation causes a cysteine to arginine amino acid substitution at
position 167. The affected cysteine residue is the last of six cysteines forming a cystine
knot and is highly conserved in multiple species. Recent data have emphasized the
importance of the cystine knot motive for sclerostin function [13, 14]. The structure
of sclerostin contains two fingers and a loop, emanating from the central cystine
knot resembling many other cystine knot proteins [15]. This structure is highly
dependent on the folding of the cystine knot. Because of the important function
of the cysteine residues in protein folding, the mutation in sclerostin was predicted
to disrupt the cystine knot motif and require conformational changes of the loop
segment to accommodate the larger arginine side chain. These changes would lead
to a global misfolding of the protein and retention in the endoplasmatic reticulum.
In addition, we showed that the binding affinity of mutated sclerostin for LRP5 was
decreased and its function was impaired. In the patients, this led to a phenotype
comparable to that of patients with sclerosteosis. Together, these data highlight the
importance of sclerostin structure and correct protein folding for its function in

inhibiting Wnt signaling and bone formation.
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Modulating sclerostin expression and investigating effects
As sclerostin is a negative regulator of bone formation that acts by inhibiting the
Wnt signaling pathway, inhibiting the expression of this protein in patients with
osteoporosis would lead to increased bone formation. By understanding the
endogenous regulatory mechanisms that control SOST expression, we may eventually
be able to specifically target and modulate these mechanisms in patients with
osteoporosis to increase bone formation with minimal side-effects. In Chapter 5 we
investigated the regulation of SOST by modulating the activity of the Wnt signaling
pathway. SOST expression appeared to be downregulated by increased Wnt signaling
activity, and was strongly decreased by the GSK3p inhibitor GIN. However, several
Wnt signaling inhibitors that work at different stages in the pathway could not
abrogate the decrease in SOST expression. A compound that blocked the binding
of B-catenin to the TCF/LEF transcription complex and thereby directly inhibited
downstream target gene transcription, had no effect on the expression of SOST after
treatment with GIN. It seems therefore that the decrease in SOST expression is not
mediated by Wnt/B-catenin signaling, but via a different effect of GSK3p.

The importance of GSK3P in bone has been shown by inactivation and
overexpression studies in mice. Global deletions of GSK3p are lethal in late embryonic
or perinatal stages with various skeletal abnormalities [16-18]. Heterozygous
deletions result in increased bone mass (both trabecular and cortical), and increased
bone formation parameters without skeletal malformations [18, 19]. In addition to its
role in Wnt/B-catenin signaling, GSK3 is also involved in insulin signaling through
PKB/AKT [20]. While both pathways have been reported to induce bone formation
[21, 22], GSK3P appears to be differentially regulated through the phosphorylation of
different amino acids [23]. This may facilitate different downstream actions. Further
research will need to identify the mechanism that GSK3p employs in the regulation
of SOST.

While interfering with endogenous regulation of sclerostin expression is an
interesting therapeutic option, other methods are being investigated to block the
effect of the protein. New therapeutic strategies focus on increasing bone formation
by inhibiting sclerostin with either antibodies or small molecules. Alternatively,
interfering with transcription using antisense methods has become a common

method in cell biological experiments, and efforts are being made to develop
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these methods for use in the clinic. Antisense technology could therefore also be
interesting in the regulation of sclerostin expression. In Chapter 6 we investigated a
novel method for the inhibition of SOST expression using antisense oligonucleotides
(AONG). As described in detail in Chapter 1, AONSs interfere with the splicing of a
gene, leading to exclusion (skipping) of an exon from the mRNA. Depending on
the exon that is skipped and its reading frame, this produces a truncated protein
(out-of-frame skip) or a protein with a missing fragment (in-frame skip). As SOST
contains only two exons, skipping of one of the exons would lead to a nonsense
mRNA and obstruction of protein production. Examining 20 different AONs (both
targeting SOST and control) did not reveal decreased SOST expression with any of
them. In fact, several AONs increased SOST expression. The mechanism behind
this increase is not clear, but we hypothesize that this might be due to binding of
the AONS to sclerostin, triggering a compensational mechanism. Investigating the
mechanism that increases SOST expression further may be of therapeutical interest,
not to patients with osteoporosis, but instead to those with high bone mass diseases.

Asbone mass is a balance between formation and resorption, therapeutic efforts
could focus on either or both of these. Most available therapeutics are anti-resorptive
and prevent further loss of bone mass. A relatively new anti-resorptive drug,
Denosumab, targets RANKL in the RANK/RANKL/OPG pathway. This pathway is
critical in the development of osteoclasts, and the anti-RANKL antibody therefore
leads to a decrease in osteoclast differentiation and resorption. Denosumab showed
substantial improvements in BMD and fracture risk in postmenopausal women
with osteoporosis [24, 25]. In Chapter 6 we included exon skipping of Rank for the
decrease of resorption. Exon skipping of the membrane-binding domain of Rank
has the added benefit that the resulting protein resembles osteoprotegerin (OPG),
a decoy receptor that has an inhibitory effect on bone resorption due to reduced
osteoclast differentiation. Therefore not only will Rank be inactivated, but a protein
is formed that has an extra inhibitory effect. Unfortunately, while exon skipping was
shown in several experiments, further research is required to optimize the efficiency.
Only then can a biological effect be expected.

Discovering compounds that induce an increase in bone mass and strength in
patients with osteoporosis would greatly improve current therapeutic options. High-

throughput screening methods for relevant parameters are needed to efficiently
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investigate potential candidates. For osteoblast differentiation, alkaline phosphatase
(ALP) or Runx2 activity are often used as early differentiation markers. For later
differentiation stages osteocalcin or sclerostin expression can be measured by RT-
PCR. However, mineralization is the final and probably most fundamental step
in bone formation and should therefore be the readout of choice. To provide an
easy and scalable method for quantification of in vitro mineralization, Chapter 7
describes a new method using fluorescent compounds Bonetag 800 and Osteosense
800. The results obtained with this method have been compared to the commonly
used Alizarin Red S staining [26], and were confirmed to correlate with this method.
In addition, fluorescence was specific for mineralized nodules and even seemed
to be more sensitive to small changes in mineralization. Other advantages of this
fluorescent method include a fast analysis, few handling or washing steps, and a

readily quantifiable result.

Future perspectives of therapeutic strategies

A number of therapies have been approved for treatment of osteoporosis. Most
therapies involve a decrease in bone resorption, and in this class bisphosphonates
are most frequently prescribed. New therapeutic strategies that aim to increase
bone formation and thereby restore bone mass, mainly focus on sclerostin as a
target because of the favorable characteristics, such as its restricted expression
pattern. Neutralizing antibodies against sclerostin have been shown effective in
prevention of osteoporotic fractures and are in late stage clinical trials ([27] for
results of the phase II trial; phase III trials NCT01575834 and NCT01631214 on
www.clinicaltrials.gov), and small molecule inhibitors of sclerostin are in pre-clinical
stages (www.osteogenex.com). The aim of this thesis was to increase knowledge of this
interesting target and explore other therapeutic options. We therefore investigated
the regulation of sclerostin expression in patients and in vitro, and the modulation
of splicing using AONs. Modified AONSs are a promising class of therapeutics, and
many insights have been gained from the AONs used for exon skipping in patients
with Duchenne muscular dystrophy (DMD). In DMD, affected muscle cells are often
damaged and have leaky membranes through which AONs can easily pass [28-30].
Bone cells in patients with osteoporosis do not have this advantage. In addition,

bone cells are already more difficult to reach for any compound since bone tissues
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have less vasculature than muscle. Coupling AONSs to specific peptides may enhance
cellular uptake and targeting to certain tissues or cells [31]. Local delivery would also
decrease potential systemic side effects. However, peptides may have effects of their
own, leading to unexpected results or even toxicity. Indeed, clinical development
of a peptide-coupled phosphorodiamidate morpholino oligomer (PMO) AON for
treatment of DMD (AVI-5038) was discontinued after unexpected toxic effects
were seen when high doses were administered to primates [32]. For osteoporosis,
the class of bisphosphonates would be a good candidate for targeting of AONS.
Bisphosphonates bind strongly to the hydroxyapatite in bone, and are therefore
quickly cleared from the circulation after administration [33]. Even so, this does not
automatically result in a high uptake of the AON by bone cells, as the AON would
be bound to the bone matrix. By coupling bisphosphonates to AONs with a cleavable
link, the AONs could be released locally by enzymatic cleavage, for example during
the bone resorption process. The bisphosphonates would in this case provide a dual
effect as they would also retain the antiresorptive action for which they are already
used in the clinic now.

Current therapies like bisphosphonates treat osteoporosis by arresting bone
resorption, but do not restore bone mass to a healthy and strong level. Drugs that
stimulate bone formation would therefore be a valuable addition. This maybe achieved
by inhibiting sclerostin, whether by neutralizing antibodies, small molecules,
modulation of gene regulation, or antisense technology. This thesis describes the
development of a new quantification method for in vitro mineralization, which can
facilitate high-throughput screening of new therapeutic compounds, the exploration
of a new method of modulating expression of sclerostin, and studies which add to

the knowledge of clinical significance and regulation of this protein.



General discussion

References

1.

10.

11.

12.

13.

14.

15.

16.

Balemans W, Ebeling M, Patel N, van Hul E, Olson P, Dioszegi M et al. Increased bone density
in sclerosteosis is due to the deficiency of a novel secreted protein (SOST). Hum Mol Genet
2001;10:537-43.

Brunkow ME, Gardner JC, van Ness J, Paeper BW, Kovacevich BR, Proll S et al. Bone dysplasia
sclerosteosis results from loss of the SOST gene product, a novel cystine knot-containing protein.
Am ] Hum Genet 2001;68:577-89.

Gardner JC, van Bezooijen RL, Mervis B, Hamdy NA, Lowik CWGM, Hamersma H et al. Bone
mineral density in sclerosteosis; affected individuals and gene carriers. ] Clin Endocrinol Metab
2005;90:6392-5.

Hamersma H, Gardner J, Beighton P. The natural history of sclerosteosis. Clin Genet
2003;63:192-7.

Leupin O, Piters E, Halleux C, Hu S, Kramer I, Morvan F et al. Bone overgrowth-associated
mutationsinthe LRP4 geneimpair sclerostin facilitator function. ] Biol Chem 2011;286:19489-500.

Bafico A, Liu G, Yaniv A, Gazit A, Aaronson SA. Novel mechanism of Wnt signalling inhibition
mediated by Dickkopf-1 interaction with LRP6/Arrow. Nat Cell Biol 2001;3:683-6.

Mao B, Wu W, Davidson G, Marhold J, Li M, Mechler BM et al. Kremen proteins are Dickkopf
receptors that regulate Wnt/beta-catenin signalling. Nature 2002;417:664-7.

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

Mukhopadhyay M, Shtrom S, Rodriguez-Esteban C, Chen L, Tsukui T, Gomer L et al. Dickkopf1
is required for embryonic head induction and limb morphogenesis in the mouse. Dev Cell
2001;1:423-34.

Li X, Ominsky MS, Niu QT, Sun N, Daugherty B, D’Agostin D et al. Targeted deletion of the
sclerostin gene in mice results in increased bone formation and bone strength. ] Bone Miner Res
2008;23:860-9.

Balemans W, Ebeling M, Patel N, van Hul E, Olson P, Dioszegi M et al. Increased bone density
in sclerosteosis is due to the deficiency of a novel secreted protein (SOST). Hum Mol Genet
2001;10:537-43.

Brunkow ME, Gardner JC, van Ness J, Paeper BW, Kovacevich BR, Proll S et al. Bone dysplasia
sclerosteosis results from loss of the SOST gene product, a novel cystine knot-containing protein.
Am ] Hum Genet 2001;68:577-89.

Veverka V, Henry AJ, Slocombe PM, Ventom A, Mulloy B, Muskett FW et al. Characterization
of the structural features and interactions of sclerostin: molecular insight into a key regulator of
Wnt-mediated bone formation. ] Biol Chem 2009;284:10890-900.

Weidauer SE, Schmieder P, Beerbaum M, Schmitz W, Oschkinat H, Mueller TD. NMR structure
of the Wnt modulator protein Sclerostin. Biochem Biophys Res Commun 2009;380:160-5.

Vitt UA, Hsu SY, Hsueh AJ. Evolution and classification of cystine knot-containing hormones
and related extracellular signaling molecules. Mol Endocrinol 2001;15:681-94.

Hoeflich KP, Luo J, Rubie EA, Tsao MS, Jin O, Woodgett JR. Requirement for glycogen synthase
kinase-3beta in cell survival and NF-kappaB activation. Nature 2000;406:86-90.

175



176

Chapter 8

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Liu KJ, Arron JR, Stankunas K, Crabtree GR, Longaker MT. Chemical rescue of cleft palate and
midline defects in conditional GSK-3beta mice. Nature 2007;446:79-82.

Kugimiya F, Kawaguchi H, Ohba S, Kawamura N, Hirata M, Chikuda H et al. GSK-3beta
controls osteogenesis through regulating Runx2 activity. PLoS One 2007;2:¢837.

Arioka M, Takahashi-Yanaga F, Sasaki M, Yoshihara T, Morimoto S, Takashima A et al.
Acceleration of bone development and regeneration through the Wnt/beta-catenin signaling
pathway in mice heterozygously deficient for GSK-3beta. Biochem Biophys Res Commun
2013;440:677-82.

Patel S, Doble B, Woodgett JR. Glycogen synthase kinase-3 in insulin and Wnt signalling: a
double-edged sword? Biochem Soc Trans 2004;32:803-8.

Akune T, Ogata N, Hoshi K, Kubota N, Terauchi Y, Tobe K et al. Insulin receptor substrate-2
maintains predominance of anabolic function over catabolic function of osteoblasts. J Cell Biol
2002;159:147-56.

Krishnan V, Bryant HU, MacDougald OA. Regulation of bone mass by Wnt signaling. J Clin
Invest 2006;116:1202-9.

Ding VW, Chen RH, McCormick F. Differential regulation of glycogen synthase kinase 3beta by
insulin and Wnt signaling. ] Biol Chem 2000;275:32475-81.

Papapoulos SE, Chapurlat R, Libanati C, Brandi ML, Brown JP, Czerwinski E et al. Five years
of denosumab exposure in women with postmenopausal osteoporosis: results from the first two
years of the FREEDOM extension. ] Bone Miner Res 2012;27:694-701.

Cummings SR, San MJ, McClung MR, Siris ES, Eastell R, Reid IR et al. Denosumab for prevention
of fractures in postmenopausal women with osteoporosis. N Engl ] Med 2009;361:756-65.

Puchtler H, Meloan SN, Terry MS. On the history and mechanism of alizarin and alizarin red S
stains for calcium. ] Histochem Cytochem 1969;17:110-24.

McClung MR, Grauer A, Boonen S, Bolognese MA, Brown JP, Diez-Perez A et al. Romosozumab
in postmenopausal women with low bone mineral density. N Engl ] Med 2014;370:412-20.

Alter ], Lou F, Rabinowitz A, Yin H, Rosenfeld J, Wilton SD et al. Systemic delivery of morpholino
oligonucleotide restores dystrophin expression bodywide and improves dystrophic pathology.
Nat Med 2006;12:175-7.

Heemskerk H, de Winter C, van Kuik P, Heuvelmans N, Sabatelli P, Rimessi P et al. Preclinical
PK and PD studies on 2’-O-methyl-phosphorothioate RNA antisense oligonucleotides in the
mdx mouse model. Mol Ther 2010;18:1210-7.

Heemskerk HA, de Winter CL, de Kimpe SJ, van Kuik-Romeijn P, Heuvelmans N, Platenburg
GJ et al. In vivo comparison of 2’-O-methyl phosphorothioate and morpholino antisense
oligonucleotides for Duchenne muscular dystrophy exon skipping. ] Gene Med 2009;11:257-66.

Tung CH, Stein S. Preparation and applications of peptide-oligonucleotide conjugates. Bioconjug
Chem 2000;11:605-18.

Moulton HM, Moulton JD. Morpholinos and their peptide conjugates: therapeutic promise and
challenge for Duchenne muscular dystrophy. Biochim Biophys Acta 2010;1798:2296-303.

Cremers SC, Pillai G, Papapoulos SE. Pharmacokinetics/pharmacodynamics of bisphosphonates:
use for optimisation of intermittent therapy for osteoporosis. Clin Pharmacokinet 2005;44:551-70.









