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ABSTRACT
During the past two decades effective drugs for treating osteoporosis have been developed, including anti-resorptives inhibiting bone
resorption (estrogens, the SERM raloxifene, four bisphosphonates, RANKL inhibitor denosumab) and the anabolic bone forming daily
injectable peptide teriparatide. Two potential drugs (odanacatib and romosozumab) are in late stage clinical development. The most pressing
unmet need is for orally active anabolic drugs. This review describes the basic biological studies involved in developing these drugs, including
the animal models employed for osteoporosis drug development. The genomics revolution continues to identify potential novel osteoporosis
drug targets. Studies include human GWAS studies and identification of mutant genes in subjects having abnormal bonemass, mouse QTL and
gene knockouts, and gene expression studies. Multiple lines of evidence indicate that Wnt signaling plays a major role in regulating bone
formation and continued study of this complex pathway is likely to lead to key discoveries. In addition to the classic Wnt signaling targets
DKK1 and sclerostin, LRP4, LRP5/LRP6, SFRP4, WNT16, and NOTUM can potentially be targeted to modulate Wnt signaling. Next-generation
whole genome and exome sequencing, RNA-sequencing and CRISPR/CAS9 gene editing are new experimental techniques contributing to
understanding the genome. The International Knockout Mouse Consortium efforts to knockout and phenotype all mouse genes are poised to
accelerate. Accumulating knowledge will focus attention on readily accessible databases (Big Data). Efforts are underway by the International
Bone and Mineral Society to develop an annotated Skeletome database providing information on all genes directly influencing bone mass,
architecture, mineralization or strength. J. Cell. Biochem. 116: 2139–2145, 2015. © 2015 Wiley Periodicals, Inc.
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PRESENT AND POTENTIAL NEAR-TERM OSTEOPOROSIS THERAPIES
Existing drugs to treat osteoporosis [Das, Ferrari, 2014] target
estrogen receptors (various estrogens and raloxifene), farnesyl
diphosphate synthase (four amino bisphosphonates), the Rank
Ligand receptor (denosumab), the parathyroid hormone receptor
(teriparatide) and strontium ranelate (in the EU only). Odanacatib
(cathepsin K inhibitor) has completed Phase 3 clinical trials and
Phase 3 trials for romosozumab (anti-sclerostin antibody) are
underway. The anti-resorptive therapies (estrogens, raloxifene
bisphosphonates, denosumab, and odanacatib), having various
dosing regimens, all reduce vertebral fractures by about 50% and
there is minimal motivation for developing additional drugs in
this class.

The anabolic therapeutic teriparatide is given by daily sub-
cutaneous injections for two years, after which patients are
usually switched to one of the anti-resorptive therapies to prevent
loss of the bone gaining during teriparatide treatment. Several
studies examining weekly rather than daily dosing showed reduced

efficacy. Considerable efforts have been made to develop alternate
routes of administration for teriparatide analogues (oral, buccal,
inhalation), with oral dosing showing some success [Augustine and
Horwitz, 2013]. The PTHrP analogue alaboparatide [Leder et al.,
2015] completed Phase 3 clinical trials examining subcutaneous
administration. Romosozumab, given by monthly subcutaneous
injections for one year, was effective in Phase 2 trials [McClung
et al., 2014] and is undergoing Phase 3 clinical trials. A major
unmet need in osteoporosis therapy is for an orally active anabolic
agent.

Drug candidates undergoing or having completed Phase 2 clinical
trials include alaboparatide administered by a transdermal skin
patch and the c-Src inhibitor saracatinib. Potential osteoporosis
therapies that failed during clinical trials include a non-amino
bisphosphonate (tiludronate), SERMs (arzofoxifene, bazedoxifene,
idoxifene, lasofoxifene, levormeloxifene), calcium-sensing receptor
agonists (ronacaleret, JTT-305/MK-5442, AXT914), tibolone (tar-
geting multiple sex hormone receptors) and cathepsin K inhibitors
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(balicatib, relacatib). EU approval for full length PTH [1–84]
(Preotact) has been withdrawn.

BONE REMODELING VERSUS BONE MODELING
Bone modeling includes the processes by which bone is formed
during growth.Whereas juvenile osteoporosis typically involves low
bone formation, postmenopausal, aging and glucocorticoid-induced
osteoporosis all result from bone formation failing to match
resorption during remodeling (turnover) cycles. Osteoblasts and
osteoclasts communicate using multiple signals and this signaling is
disrupted in osteoporotic bone. Anti-resorptive therapies work by
inhibiting osteoclast bone resorbing activity and efficacy is readily
monitored by reductions in serum biomarkers of bone resorption.
During the early 1980s hypotheses about designing strategies to
stimulate bone formation focused on activating bone remodeling to
initially stimulate osteoclast differentiation, blocking the sub-
sequent bone resorption but then allowing the osteoblastic, bone-
forming portion of the remodeling cycle to proceed.

Teriparatide treatment activates bone remodeling on trabecular
bone surfaces but also within osteonal cortical bone. But a key
component of the anabolic actions of teriparatide involves inducing
new bone formation on quiescent bone surfaces (bone modeling) by
increasing osteoblast formation and also activating bone-lining cells
(quiescent osteoblasts) to form new bone. Romosozumab treatment
also stimulates bone modeling on quiescent surfaces without
inducing bone remodeling [Ominsky et al., 2014].

THE BONE MECHANOSTAT
Why does the capacity to activate bone modeling, employed during
growth, exist in adults? The bone mechanostat theory provides a
reasonable explanation for this apparent dilemma. Full discussion of
this theory is beyond the scope of this review. Briefly, as a structural
tissue providing strength, bone architecture adapts to perceived
mechanical forces. When mechanical stress is low bone is lost but
when forces are high bone responds by activating modeling
processes to increase its strength. Teriparatide and anti-sclerostin
treatments stimulate downstream factors involved in mechanostat
sensing and action in ways that mimic the responses to high
mechanical stress. Because the mechanostat pays a key role in
determining bone mass, additional drug targets are likely to be
identified as our understanding of this feedback system increases
[Kang and Robling, 2015].

There are probably several, likely redundant, biochemical path-
ways involved in the mechanostat. Theories universally propose that
strain-induced fluid flow within bone canaliculi activates osteocyte
mechanostat signals that ultimately promote bone modeling. PTHrP
is produced by osteocytes and its expression is stimulated by stretch
in tissues such as the mammary gland, urinary bladder and cultured
osteoblast-like cells. One theory of mechanostat function posits that
PTHrP secretion by osteocytes in response to canalicular fluid flow
acts to both promote osteoblast WNT signaling and, in a paracrine
fashion, inhibit osteocyte secretion of sclerostin, thereby activating
bonemodeling. Since PTHrP and teriparatide both signal through the
PTH receptor, (intermittent) teriparatide treatment mimics pulsatile
PTHrP secretion in response to skeletal loading. Sclerostin inhibits
bone WNT signaling by binding to the WNT co-receptors LRP5 and

LRP6 [Chang et al., 2014b] and this theory therefore successfully
links the anabolic actions of two potent bone anabolic therapies with
the known role of the WNT pathway on bone formation.

Numerous studies support this mechanostat theory, outlined in
Figure 1. Osteocyte-specific KO of the PTH receptor blunts the
anabolic effect of teriparatide treatment [Powell et al., 2011; Saini
et al., 2013] whereas transgenic mice with osteocytes having a
constitutively active PTH receptor show dramatic elevations in bone
mass [O’Brien et al., 2008] if LRP5 is present [Rhee et al., 2011]. Bone
formation in response to mechanical loading is reduced in Lrp5 KO
mice [Zhao et al., 2013] but enhanced in transgenic mice expressing
activating Lrp5 mutations [Niziolek et al., 2012]. A similarly poor
responsiveness to skeletal loading is observed in Wnt16 KO mice
[Wergedal et al., 2015] and in mice expressing a constitutively active
SOST gene [Tu et al., 2007].

Given that sclerostin inhibits WNT signaling, which of the 19
WNTs are physiologically active in bone must be resolved. Most
canonical WNTs likely stimulate bone formation when provided
exogenously but may not be normally present within bone. Thus,
bone mass is dramatically elevated in transgenic mice over-
expressing WNT10B but only modestly reduced in Wnt10b KO
mice. Mutations in WNT1 produce skeletal defects in humans and
mice. Wnt16 KO mice have reduced cortical but normal trabecular
bone mass [Mov�erare-Skrtic et al., 2014; Wegerdal et al., 2015]
and human WNT16 polymorphisms influence BMD. Since bones
from Wnt16 KO mice do not respond to the bone-forming effects
of mechanical loading, this WNT certainly is a major factor
transducing mechanical stimulation to osteoblast activation
[Wegerdal et al., 2015].

DRUG TARGETS
Contemporary rational drug design includes knowledge of drug
targets—the body’smoleculeswithwhich drugs interact. Historically,
drug targets were often initially unknown as was the case during

Fig.1. Proposed Mechanism for the Stimulation of Bone Formation following
Mechanical Stimulation. Green represents the physiological inhibition of bone
formation by sclerostin secreted by osteocytes. Red indicates pharmacological
interventions that accentuate physiological mechanisms involved in the
mechanostat response. See text for further discussion.
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bisphosphonate development. Bisphosphonates were optimized
employing rational drug design by examining bifunctional
molecules having a hydroxyapatite binding component linked to
an osteoclast poison. The molecular target of the poison component,
farnesyl diphosphate synthase, was identified several years after the
approval of alendronate in 1985. Understanding a drug’s molecular
mechanism of action is not required for regulatory approval.

By examining commonalities of approved drugs, secreted
proteins and cell surface receptors are targets for antibodies with
enzymes, receptors, transporters and channels being targets for
small molecules [Sakharkar and Sakharkar, 2007]. Structural
proteins and transcription factors are presently extremely
difficult to modulate therapeutically, as can be appreciated by
attempting to imagine an approach to modify mutant collagens
causing osteoporosis imperfecta. Selecting new drug targets
engenders much discussion [Swinney, 2004; Spector and Veselle,
2006] and increasing knowledge of genome has yielded
identification of most transporters and channels. Undoubtedly,
additional enzymes yielded potential drug targets remain to be
discovered [Overington et al., 2006].

THE GENOMICS REVOLUTION
The Skeletome is proposed as a new term to include all genes that
directly influence skeletal mass, architecture, mineralization or
strength. Progress in translational medicine from the ongoing
genomics revolution continues at a rapid pace and accumulating
knowledge will be employed to evaluate novel drug targets for
osteoporosis. Contributions from genomics towards existing treat-
ments include 1) RNA expression studies leading to the discovery of
high levels of cathepsin K in osteoclasts; 2) transgenic mice
overexpressing osteoprotegerin leading to the discovery of the
RANKL receptor; and 3) identification of SOST gene mutations in
patients with osteosclerosis leading to the discovery of sclerostin.
Gene knockout mice with disruptions in Ctsk,Tnsf11a and Sost all
show dramatic changes in bone mass consistent the drug effects
observed by inhibiting the corresponding proteins.

As discussed in conjunction with the mechanostat, the WNT
signaling pathway plays a key role in bone formation and resorption
and likely mediates the anabolic skeletal actions of teriparatide
[Baron and Kneissel, 2013; Maupin et al., 2013]. Antibodies to
sclerostin are in clinical trials and an antibody to DDK1 is being
evaluated for multiple myeloma [Zhou et al., 2013]. Potential
osteoporosis drug targets in the WNT pathway include WNT16
(Mov�erare-Skrtic,Wergedal), SFRP4 (Brommage) and LRP4. Lrp4 KO
mice have high bonemass and treatingmature rats with neutralizing
antibodies against LRP4 increases cortical and trabecular bone mass
[Chang et al., 2014a].

DISCOVERING NOVEL GENES AFFECTING THE HUMAN SKELETON
Identifying mutated genes responsible for spontaneous human
mutations has provided important insights, including identifying
the critical functions of sclerostin (osteosclerosis and van
Buchem’s disease), LRP5 (High Bone Mass and Osteoporosis
Pseudoglioma Syndromes), LRP6 [Mani et al., 2007] and cathepsin K
(pycnodysostosis). Analysis of bone cells from HBM patients
having activating LRP5 mutations showed the mutated protein was

unresponsive to the inhibiting actions of DKK1 [Boyden et al.,
2002]. Many osteopetrosis genes affecting osteoclast formation and
activity have been identified [Aggarwal, 2013; Sobacchi et al.,
2013]. Comprehensive Online Mendelian Inheritance in Man
(OMIM) and International Skeletal Dysplasia Society [Warman
et al., 2011] databases are continually updated with the latest
discoveries. Development of next generation sequencing technol-
ogies to sequence whole exomes and whole genomes has
revolutionized this field and continued advances are expected
[Gregson et al., 2012; Brunham and Hayden, 2013; Farber and
Clemens, 2013; Sule et al., 2013].

Human Genome-Wide Association Studies (GWAS) have identi-
fied 100þ genes having polymorphisms affecting bone mass. A full
review of these studies is beyond the scope of this review, as this
topic has been reviewed [Hsu and Kiel, 2012; Urano and Inoue,
2014]. Except for studies in specific isolated populations, the GWAS
era utilizing DEXA BMDmeasurements has likely reached its natural
limitations. However, bone mass measurement at various skeletal
sites by 3D CT rather than 2D DEXA can provide architectural
information unavailable y DEXA.

CANDIDATE GENES IN MICE
Mario R. Capecchi, Martin J. Evans and Oliver Smithies were
awarded the 2007 Nobel Prize in Physiology or Medicine for their
groundbreaking work developing methods to inactivate (knockout)
any desired gene in mice. Individual investigators, selecting
candidate genes for analyses, have generated thousands of knockout
mice and identified numerous genes affecting the Skeletome. In
addition to expected phenotypes, genes predicted to affect bone have
been observed to be unimportant and genes not previously known to
affect bone (such as Src) have shown dramatic skeletal phenotypes.
Candidate gene studies continue in laboratories throughout the
world. Recent development of the CRISPR/CAS9 gene editing
technology is expected to greatly reduce times required to generate
KO and point mutations mice.

INTERNATIONAL KNOCKOUT MOUSE CONSORTIUM (IKMC)
Although the candidate gene approach has been fruitful, it has
limitations. Many candidate genes have now been examined and
individual laboratories usually have expertise in phenotyping KO
mice for their area of scientific interest. Thus, a neurology group is
unlikely to look for skeletal phenotypes and bone groups may not
seek non-skeletal phenotypes for genes affecting bone. The IKMC
was formed as an international effort to KO and phenotype all
20,000þ protein-coding genes inmice. Comprehensive phenotyping
is performed at centers and all data are uploaded to the International
Mouse Phenotyping Consortium (IMPC) website, with currently
over 1,400 gene KOs examined. Gene KOs identified to-date
having dramatic skeletal phenotypes include Cyp27b1 (vitamin D-
1-hydroxylase), Kiss1r (hypothalamic receptor initiating puberty),
Lrrk1 (osteopetrosis), Phex (hypophosphatemic rickets) and Wnt16
(spontaneous fractures). Suggestive body BMD phenotypes (in the
primary DEXA screen) have been observed for novel genes coding
for aminimally studied cytochrome (Cyp4b1), a collagen-interacting
protein (Tram2) and the sphingosine phosphate transporter (Spsn2).
Human PLS3 mutations cause X-linked juvenile osteoporosis and
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low BMD was observed in Pls3 KO mice. Separately from the IKMC,
Lexicon Pharmaceuticals generated over 4,700 mouse KOs between
2000 and 2008 and the skeletal phenotypes observed have been
published [Brommage, 2014].

The IMKC campaign is expected to accelerate over the next several
years and efforts are underway through the International Bone and
Mineral Society (IBMS) to develop an online database annotating
and summarizing skeletal phenotypes from the IMPC website. As the
IKMC progresses deeper into the genome, genes coding for proteins
for which there is minimal knowledge of their actions will
increasingly be examined. The challenge will be to determine
functions and biochemical pathways for genes that, for example,
code for hypothetical enzymes.

SPONTANEOUS MOUSE MUTATIONS AND MUTAGENESIS STUDIES
Spontaneous mutations [Davisson et al., 2007] in several genes
produce osteopetrosis in mice and rats [van Wessenbeeck and Van
Hul, 2005] and the swayingmouse has skeletal defects resulting from
aWnt1 mutation [Joeng et al., 2014] . N-ethyl-N-nitrosourea (ENU)
is a supermutagen producing random DNA single base pair
mutations. ENU mutagenesis campaigns have identified mutations
in genes affecting 1) skeletal patterning (Ankrd11, Arsb, Ctnb1,
Col2a1, Fbn2, Fgfr1, Flnb, Gdf5, Gja1, Hoxd12, Kif7, Lmbr1, Lrp6,
Nell1, Npr3, Plzf, Trip11, Twist, Xylt1); 2) bone mass (Col1a1, Crh,
Enpp1, Ostm1, Ptpn6, Rankl, Tcirg1, Zdhhc13); and 3) mineral
homeostasis (Alpl, Asgr1, Casr, Galnt3, Gnas, Jak1, Phex, Trpv5,
Umod). Several laboratories have performed whole exome sequenc-
ing of DNA from ENU-treated mice to identify mutated genes and
cryopreserved sperm from these mice are available. Advantages of
ENU mutagenesis over gene knockout campaigns include the
possibility of obtaining activating mutations and, as is usually the
case with human mutations, single amino acids are affected rather
than whole gene deletions.

RNA SEQUENCING (RNA-SEQ)
Massive parallel sequencing of mRNA is replacing gene chip
technologies to fully characterize mRNA expression over a wide
range of abundance with single nucleotide resolution. Non-coding
RNAs can also be analyzed. Initial efforts in bone have included
studies examining 1) bones from control mice, mice having an
activating Lrp5 mutation and Lrp5 knockout mice [Ayturk et al.,
2013]; and 2) an established osteocyte cell line treated separately
with PTH and 1, 25-dihydroxyvitamin D [St John et al., 2015]. Future
RNA-Seq studies examining bones from various patient populations,
transgenic and knockout mice, and bone cell cultures will
undoubtedly provide information on genes and molecular pathways
regulating bone mass that are potentially targetable by drugs. Of
particular interest are downstream pathways of PTH and sclerostin
action involved in bone formation.

COMPARATIVE GENOMICS
Genes influencing skeletal biology have been remarkably well
conserved during mammalian evolution and genes having distinct
actions in mice and humans are exceedingly rare. One example is the
PLEKHM1 gene, for which two separate mouse KOs have normal
bone mass whereas mutations in human and rat genes cause

osteopetrosis. This consistency has been a major advantage in using
preclinical models for osteoporosis drug development. One clear
skeletal difference between rodents and primates is the lack of
normal osteonal remodeling (turnover) in rodent cortical bone. Since
cortical bone was experimentally easier to examine histologically
than trabecular bone during the 1960s, rodents were initially
believed to be poor models for human bone metabolism. As
experimental techniques improved during the 1970s allowing
histolomorphometric measurements of trabecular bone in ovariec-
tomized rats (pioneered by Tom Wronski and Dike Kalu), rats and
mice became the standard species for osteoporosis drug
development.

ANIMAL MODELS
All laboratory animal models of human disease are imperfect.
Finding differences between human and animal biology does not
invalidate the animal model if these differences are understood and
appropriate benchmark studies are performed to validate the model.
For example, treating OVX rats and mice with estrogens, SERMs and
bisphosphonates each produce expected changes in bone mass.
Teriparatide has been extensively studied in animals and has
anabolic bone effects in male and female rats and mice of all strains
examined (whether intact or ovariectomized), rabbits, greyhound
and beagle dogs, and both cynomolgus and rhesus ovariectomized
monkeys. KO mice with disruptions in genes coding for estrogen
receptors, RANKL, cathepsin K and sclerostin all show bone changes
consistent with drug actions.

Following the failure of elemental fluoride treatment to reduce
fractures despite increasing BMD in a clinical trial during the late
1980s, US FDA 1994 guidelines mandated examination of future
osteoporosis drug candidates in a large animal exhibiting
osteonal remodeling. Ovariectomized cynomolgus and rhesus
macaques soon became the species of choice and have been
successfully employed to examine multiple drugs [Jerome and
Peterson, 2001; Brommage et al., 2001; Smith et al., 2009]. With
greater similarity to humans compared to rodents, monkey
studies have the downside that treatments typically last at least
16 months. These studies include all measurement made in
advanced clinical trials, including bone turnover markers, DEXA
BMD, skeletal architecture by CT and dynamic bone histomor-
phometric parameters for iliac crest biopsies. After necropsy
multiple bones are subjected to breaking strength and histo-
morphometry examination.

Monkey studies provided data supporting a key belief in bone
biology involving one stimulus responsible for activating osteonal
bone remodeling. Trabecular width increased dramatically in two
studies examining bones from monkeys treated with teriparatide or
PTH [1–84] for 16 to 18 months. Detailed histological examinations
showed examples of thick trabeculae being split into two by central
osteonal tunneling [Jerome et al., 2001; Miller et al., 2008],
supporting the long-held belief that low nutrient concentrations
present within the interior of bone far from capillary perfusion
activate osteonal remodeling to increase blood perfusion.

Although skeletal genes and biochemical pathways are conserved
among mammals, differences in drug target protein sequences can
prevent evaluation of specific drugs in some species. Odanacatib is
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inactive in rodents as it does not inhibit rodent cathepsin K
enzymatic activity and preclinical studies were successfully
performed in rabbits [Pennypacker et al., 2011] and monkeys. The
anti-RANKL antibody denosumab does not inhibit rodent RANKL
but is efficacious in knockin mice expressing human RANKL
[Kostenuik et al., 2009].

BEYOND OSTEOPOROSIS
Progress is being made in developing treatments for bone diseases
other than osteoporosis. Selected examples include 1) improving
BMP2 potency for fracture healing by creating an Activin A/BMP2
chimeric protein [Yoon et al., 2014]; 2) enzyme replacement therapy
for hypophosphatasia resulting from mutations in the tissue-
nonspecific alkaline phosphatase ALPL gene by creating a bone-
targeted recombinant TNSALP [Whyte et al., 2012]; and FGF
receptor antagonists to block the hypophosphatemic actions of
excessive FGF23 [W€ohrle et al., 2013].

BEYOND CLASSICAL DRUG TARGETS
The great physicist Niels Bohr is claimed to have quipped that
‘Prediction is very difficult, especially about the future” as technologies
keep advancing.While this review has focused on classic views about
drug targets, some speculation about exciting developments is
merited. One safe near-term prediction is that peptide drugs will
increasingly consist of natural molecules having amino acid
substitutions designed to optimize receptor activation and pharma-
cokinetic properties. One dramatic example is the triagonist designed
to simultaneously activate glucagon, GIP and GLP-1 receptors [Finan
et al., 2015]. For osteoporosis, the PTHrP analogue alaboparatide has
several carboxy-terminal amino acid replacements to optimize
activity and avoid the requirement for refrigerated storage.

Future technologiesmight include antisense approaches to silence
RNA translation and block microRNAs, thereby greatly expanding
the druggable genome. Mipomersen is an oligonucleotide inhibitor
of apolipoprotein B-100 synthesis approved for treating homozy-
gous familial hypercholesterolemia.

DEVELOPING NEWS
WNTs have been identified as physiological substrates for the
secreted enzyme NOTUM. This lipase inactivates WNTs by removing
the essential palmitoleic acid group required for binding to
FRIZZLED receptors [Kakugawa et al., 2015; Zhang et al., 2015].
Lexicon Pharmaceuticals consistently observed elevated cortical
bone thickness and strength in Notum KO mice, developed both
neutralizing antibodies and orally active small molecules that inhibit
NOTUM, and showed that treatingmice and rats with these inhibitors
stimulated modeling-dependent endocortical bone formation and
thereby increased thickness and strength at multiple cortical bone
sites (including the spine and femoral neck). Plans are underway to
present Lexicon’s data at the 2015 ASBMR conference.
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