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A B S T R A C T

Osteoporosis and fracture risk are common complex diseases, caused by an interaction of numerous disease
susceptibility genes and environmental factors. With the advances in genomic technologies, large-scale genome-
wide association studies (GWAS) have been performed which have broadened our understanding of the genetic
architecture and biological mechanisms of complex disease. Currently, more than ~90 loci have been found
associated with DXA derived bone mineral density (BMD), over ~500 loci with heel estimated BMD and several
others with other less widely available bone parameters such as bone geometry, shape, and microarchitecture.
Notably, several of the pathways identified by the GWAS efforts correspond to pathways that are currently
targeted for the treatment of osteoporosis. Overall, tremendous progress in the field of the genetics of osteo-
porosis has been achieved with the discovery of WNT16, EN1, DAAM2, and GPC6 among others. Assessment of
the function and biological mechanisms of the remaining genes may further untangle the complex genetic
landscape of osteoporosis and fracture risk. With this review we aimed to provide a general overview of the
existing GWAS studies on osteoporosis traits and fracture risk.

1. Introduction

Osteoporosis is a progressive silent disease with devastating clinical
and economic consequences. Approximately 1/3 of postmenopausal
women suffer osteoporosis worldwide and at least half of these will
experience a fragility fracture during their lifetime. Fragility fractures
are often associated with increased morbidity and mortality, dramati-
cally decreasing quality of life [1–3]. As population age, the prevalence
of osteoporosis and its sequelae will increase substantially, becoming
one of the largest global healthcare burdens.

Osteoporosis and fracture risk are determined by a complex inter-
play of genetic and environmental factors. Positive family history of
osteoporosis is an important risk factor for fracture, which underscores
the pivotal relationship between an individual's genetic makeup and
disease susceptibility. Many monogenic forms of bone fragility have
been identified, which are caused by a single mutation in a gene that
has a major role in skeletal biology such as observed in X-linked os-
teoporosis, osteogenesis imperfecta and Paget disease among many
others [4]. However, these monogenic mutations explain a very small
fraction of the variation in bone mineral density (BMD) and osteo-
porosis risk in the general population. Just as in other complex diseases,
advances in high-throughput genomic technologies, increasing insight
on how genetic variation is organized in the genome (i.e., HapMap
project) and the availability of large biobank studies have led to the

advent of genome-wide association studies (GWAS) in the osteoporosis
field. Given the enormous progress in the genomics of osteoporosis, the
aim of this review is to provide a general overview of the existing
GWAS studies on osteoporosis and fracture risk.

2. Heritability of bone properties

In order to evaluate the genetic architecture of any trait it is im-
portant first to establish if that trait is heritable. DXA derived BMD,
used for the diagnosis of osteoporosis, is a highly heritable trait
(h2 = 50–80%) and an excellent biomarker capturing intrinsic proper-
ties of bone biology that have led to the identification of hundreds of
associated loci [5]. Twin and family studies have also shown that other
bone parameters like geometry (h2 = 30–70%) [6], bone ultrasound
measures (h2 = 40–50%) [5] and high resolution peripheral quantita-
tive computed tomography (HR-pQCT) measures of bone micro-
architecture (h2 = 20–80%) [7] are also highly heritable. Such other
determinants of bone strength like geometry, cortical thickness and
porosity, trabecular bone morphology and intrinsic properties (quality)
of bone tissue contribute to the genetic predisposition to fragility
fractures but have been less well-studied due to limitations in sample
size. Large samples are needed since all these bone parameters are
expected to be highly polygenic (i.e., determined by many variants with
small effects).
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3. Fracture risk: an extremely complex trait

Numerous genetic and environmental factors, individually or com-
bined, can cause fracture. These risk factors can act through one or
multiple systems, triggering different processes across hormonal/me-
tabolic, biomechanical and material property pathways, which even-
tually in combination will lead to fracture. Importantly, certain non-
genetic factors can exert their influences during different life stages
where distinct processes have greater influence like bone accrual in
children or bone loss with aging. Genes can act alone or in combination
with environmental factors (gene x environment interactions) to have
an effect on fracture risk (Fig. 1). Sometimes it may be difficult to
distinguish fractures with high environmental influence from fractures
having considerable influence from genetic variants. In addition, the
musculoskeletal system undergoes adaptation, in principle directed to
repair frequent and repetitive micro-damage and to preserve bone-
strength to the needs set by strain and stresses. This adaption can also
occur in presence of genetic susceptibility to fracture, making the
search for fracture genes even more difficult.

Phenotype definition is also an important determinant of the success
of GWAS, frequently confronted with a trade-off between accurate trait
definition and sample size. Ideally, one would choose to study fractures
with a strong hereditary component i.e., low-trauma fractures occurring
after falls from a standing height or less which are the consequence of
osteoporosis (BMD T-score < −2.5). Nevertheless, it is well established
that the majority of fractures occur above the T-Score osteoporosis
threshold [8] in individuals with osteopenia (low BMD with −2.5 < T-
score < −1.0). Moreover, low-trauma fractures may also occur in in-
dividuals with normal BMD (T-score > −1.0), who are for example
carriers of rare mutations which affect distinct bone properties such as

in the monogenic forms of hypophosphatemic rickets or osteogenesis
imperfecta. These fractures occur beyond what is expected from a low
BMD level and are typically attributed to impaired “bone quality” – an
ambiguous term for bone properties influencing mechanical perfor-
mance but not well-characterized by BMD. The mechanistic pathways
affecting bone quality have been set to arise from three distinct tissue
material properties that describe mechanical failure of bone: including
tissue strength, fracture toughness and fatigue strength [9]. Lacking to
date adequate, affordable and wide-spread methods to assess bone
quality, it is no wonder that the majority (if not all) current GWAS have
focused on BMD-based and fracture risk traits. Interestingly, as de-
scribed below all fracture risk loci identified to GWAS are BMD loci,
further supporting the mediating role of BMD on fracture. Overall, the
GWAS field has prioritized sample size (high powered setting) over the
use of accurate phenotype definition as the most cost-effective strategy
to reduce the noise introduced by phenotypic heterogeneity and iden-
tify real genetic signals.

4. Genetic studies of bone mineral density

The early genetic studies in the osteoporosis field were confined to
linkage and candidate gene association studies, which have been par-
ticularly focused on BMD. However, these studies have turned out to be
typically underpowered leading to negative or irreproducible findings.
With the advent of GWAS a new era in bone genomics has begun. The
findings from the first GWA study from the Framingham study were
initially underwhelming as a result of poor marker density (100,000
SNPs) and inadequate statistical power (Ntotal = 1141) [10]. Thanks to
the advances in genomic technologies and statistical genetic meth-
odologies it became clear that the success of GWAS depends on sample

Fig. 1. Genetic and environmental factors both act on the musculoskeletal system and increase the risk of fracture. Complex traits influenced by environmental
factors and/or genetic variants with weak effects need to synergize their effects in order to increase fracture risk. By contrast, monogenetic conditions are sufficient
on its own to cause fracture.
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size, effect size of causal genetic variants, the frequency of those var-
iants and the LD between observed genotyped variants and the un-
known causal variants [11]. This knowledge has yielded a dramatic
change shaping the success of subsequent GWAS, where with the rise of
sample size the loci associated with BMD started to increase dramati-
cally.

In early 2008 two GWAS simultaneously identified five common
variants associated with BMD variation in the general population.
Richards et al. [12] identified two variants associated with lumbar
spine and femoral neck BMD mapping to LRP5 and TNFRSF11B (OPG)
in 8557 individuals. The LRP5 variants were also associated with os-
teoporotic fractures, reproducing the findings of the largest candidate
gene study drawn by the GENOMOS consortium [13]. Almost si-
multaneously, Styrkársdóttir et al. [14] identified in addition to
TNFRSF11B (OPG) variants mapping to ESR1, ZBTB40 and the major
histocompatibility complex (MHC) loci in 13,786 Icelandic individuals,
associated with BMD and osteoporotic fractures. Subsequent work by
the same group with expanded sample size (Ntotal = 15,375) identified
additional novel variants mapping to/near TFNRSF11A (RANK), SOST,
MARK3, and SP7 (osterix) [15]. The latter gene (SP7) was also identi-
fied in the first BMD GWAS of children [16] (Ntotal = 5275). Medina-
Gomez et al. [17] identified variants in WNT16 associated with skull
and total body BMD in children, accompanied by an effort identifying
variants in the same locus associated with pQCT and wrist fracture
outcomes [18]. The largest yield in discoveries has been facilitated by
the rise of collaborative networks giving way to large-scale GWAS meta-
analyses that identified novel bone regions and pathways. The first
meta-analysis of the GEFOS consortium (Ntotal = 19,195) identified 13
novel loci associated with BMD [19] followed by a second GEFOS meta-
analysis (Ndiscovery = 32,961) which replicated the majority of known
BMD loci and identified additional 32 novel loci (Ntotal = 83,894) [20].
Fourteen of the BMD-associated loci were also associated with osteo-
porotic fractures, with those mapping to FAM210A, SLC25A13, LRP5,
MEPE, SPTBN1 and DKK1 showing strongest association. This study was
also the first one to identify sex-specific effects by examining the X
chromosome. The variant (rs5934507), associated with BMD mapping
to Xp22.31, has been previously associated with male serum testos-
terone levels [21]. The latter study was followed by additional large
meta-analysis by Zheng et al. [22] (described below) which have pro-
vided evidence that low-frequency non-coding variants have large ef-
fects on BMD and fracture. Next, in 2018 Medina et al. [23] in a meta-
analysis of 30 GWASs (Ntotal = 66,628) identified 80 loci associated
with total body BMD, of which 36 had not been previously identified.
Moreover, in the age-stratified analyses only two loci displayed evi-
dence for age-specific effects, including variants in ESR1 and in close
proximity to RANKL. These findings suggest that most of the genes
identified throughout the life-course, exert an effect on peak BMD ac-
quisition and this effect can still be observed decades later [23]. Three
recent studies have used bone mineral density estimated from heel ul-
trasound (eBMD), in the UK Biobank Study. In the first effort
(Ntotal = 142,487) Kemp et al. [24] identified 203 loci associated with
eBMD and in the following effort (Ntotal = 426,924) this number was
increased to 518 (301 novel) [25]. In the latter UK biobank setting, Kim
identified 613 novel loci using less stringent conditional analysis [77].
These studies highlight the value of expanding the sample size for
GWAS and the amazing opportunities to unravel novel biology pro-
vided by the approach. To date, >20 GWAS have been published for
different bone parameters from which three are large meta-analysis and
three are based on the UKBiobank study (Table 1).

The majority of the GWA studies have scrutinized common variants
(MAF > 5%.) All these efforts have identified variants together ex-
plaining 10–20% of the variance in bone phenotypes. It is well estab-
lished that less-common (rare) variants can have bigger effects than
those from common ones. An alternative approach is to focus on in-
dividuals with extremely low or high BMD in order to identify rare
variants with relatively large effect. In line with this contention, whole-

genome sequencing (WGS) efforts have been also successful in mapping
rare variants associated with different monogenetic conditions. Using
WGS and imputation to larger population sets, a rare novel variant
(MAF = 0.17%) was associated with low BMD (4931 low BMD cases
and 69,034 controls) and fracture risk as a result of rare nonsense
mutation within LGR4 (c.376C > T) [26]. A few years later, also using
WGS and imputation the same group discovered two rare mutations in
COL1A2 associated with low BMD (2984 cases and 206,675 contorts) in
participants without signs of osteogenesis imperfecta. In 2018 Duncan
et al. [27] performed the most comprehensive extreme phenotype study
in 240 individuals from UK with extreme high BMD (Z-scores ≥ + 3.2)
and 1955 women with high (N = 1055) or low (N = 900) BMD. The
analyses yielded two novel loci mapping near NPR3 (rs9292469;
MAF = 0.33%) associated with lumbar spine BMD and SPON1
(rs2697825; MAF = 0.17%) associated with total hip BMD. Finally,
Zheng et al. [22] using an extremely powerful WGS design identified
novel rare variants associated with BMD variation in the general po-
pulation. The rare noncoding variant mapped to EN1 and showed large
effects on BMD (Ntotal = 53,236, effect size = +0.20 standard devia-
tions [SD]) and fracture risk (Ntotal = 508,253, OR = 0.85).

5. Genetic studies of fracture risk

Fracture is the most important clinical outcome of osteoporosis. In
the past, most of the genes shown to be associated with fracture risk
have been discovered by testing known GWAS BMD loci for association
with fracture as described above. To date two GWAS have been per-
formed using vertebral fractures as an endpoint. In the first meta-ana-
lysis one locus on chromosome 16q24 (rs11645938) was associated
with the risk of radiographic vertebral fractures, which failed to re-
plicate across 5720 cases and 21,791 controls [28]. A recent meta-
analysis reported a locus mapping on chromosome 2q13 to be sig-
nificantly associated with clinical vertebral fractures [29]. The first
GWAS study on non-vertebral osteoporotic fractures (N = 700) was
performed in elderly Chinese individuals and identified one fracture-
associated locus within the ALDH7A1 gene [30]. However, this gene
failed to replicate in any of the larger European meta-analyses. In 2018,
Trajanoska et al. [31] conducted the largest GWAS on osteoporotic
fractures to date comprising 37,857 cases and 227,116 non-cases with
replication in up to 300,000 individuals (147,200 cases). Altogether,
the effort identified 15 fracture loci with modest effects. Interestingly,
all identified loci were known BMD loci. Overall, the effect of these
SNPs on fracture was smaller than the effect on BMD (Fig. 2). Thus, the
genetics of any-type of fractures in the general population is mediated
through the genetic influence on BMD. This is well characterized by the
genetic correlations of fracture risk with BMD. Further, among 15
tested clinical factors (including vitamin D levels and milk calcium
intake) only BMD had a major causal effect on fracture [31].

6. Genetic studies of other bone parameters

Studies have been performed on other bone parameters. Loci map-
ping near RANK/OPG have been associated with cortical volumetric
BMD [32,33]. While genetic variants in the FMN2/GREM2 locus were
associated with trabecular volumetric BMD and fracture risk [33].
Moreover, five loci have been reported to be associated with lumbar
spine volumetric BMD (Ntotal = 15,275) mapping near WNT4 and
ZBTB40, TNFRSF11B, AKAP11, and TNFSF11; from which two loci
(5p13 and 1p36.12) were associated with vertebral fractures [34].
Several GWA studies have identified RAP1A, TBC1D8, and OSBPL1A to
be associated with hip structure analysis (HSA) parameters [35]. Fi-
nally, Baird et al. [36] identified nine loci associated with hip shape.
Seven SNPs were within 200 kb of genes involved in endochondral bone
formation, namely SOX9, PTHrP, RUNX1, NKX3-2, FGFR4, DICER1, and
HHIP [36].
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7. Variance explained in bone traits by bone-associated variants

Harnessing the information from GWAS can help improve risk
prediction of a particular disease; ultimately, this information can then
be used for the prevention, diagnosis, prognosis, and treatment of a
particular disease [37]. However, clinically-relevant prediction was not
achieved by earlier genomic studies in the osteoporosis field; i.e., ge-
netic risk scores did not substantially increase osteoporosis or fracture
risk discrimination above the use of traditional clinical risk factors,
probably as a result of low variance explained by the genetic variants
[20]. The discovery of new loci using more powerful settings have led
to substantial leaps in the variance explained (Fig. 3) which will sub-
stantially improve risk prediction models in the osteoporosis field. So
far, common to less-frequent genetic variants explain around 20% of
the BMD variation, which is up to two-fold higher of what can be
achieved through the use of other traditional risk factors for osteo-
porosis such as age or weight (8–9%) [38]. Moreover, the combination
of genetic factors, height, weight, age, and sex explains around 25% of
the variance in eBMD [77]. This implies that the use of genetic markers
has started to materialize in the clinical setting.

8. Biological pathways underlying common bone conditions

Impressively, a large proportion of the genes discovered by GWAS

are located in well-known bone-active pathways. Overall, there are five
main pathways crucial for bone metabolism i) Mesenchymal cell dif-
ferentiation ii) WNT, iii) NOTCH, iv) Hedgehog and v) OPG-RANK-
RANKL signalling pathways.

8.1. Mesenchymal cell differentiation pathways

Mesenchymal stem cells (MSc) have the capacity to differentiate
into several cell lineages including osteogenic and chondrogenic.
Numerous transcription factors (TFs) such as RUNX2, Osterix (Osx),
SOX9, can induce the osteogenic differentiation of MSc [39–41]. These
factors have been also identified in various BMD GWAS. RUNX2 is
involved in both chondrocyte osteoblast differentiation [42] and is
crucial for the early stages of osteoblast development whereas the Osx
effects are more pronounced in the later stages (i.e. pre-osteoblast dif-
ferentiation into functional osteoblast) [43].

8.2. WNT signalling

WNT signalling plays a pivotal role in bone development during
embryogenesis and bone formation, resorption and accrual during
postnatal growth. WNTs are proteins secreted from the cells and reg-
ulate the proliferation, differentiation, and apoptosis of bone cells [44].
There are several pathways that can be activated by Wnt proteins

Fig. 2. Phenotype-wide effect for the fracture loci associated with femoral neck, lumbar spine and total body bone mineral density.
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among which the Wnt/β-catenin (canonical) pathway is the most im-
portant one for bone biology. This pathway is activated when WNTs
proteins bind to the Frizzled membrane receptors and the low-density
lipoprotein (LDL) receptor-related protein 5/6 (LRP5/6). Thereupon
the stabilized β-catenin is translocated to the nucleus where it binds to
the TFs LEF1/TCF and initiates the transcription of the target genes.
Many genes within the WNT pathway have been identified by GWAS:
LRP5, WNT16, AXIN1, CTNNB1, DKK1, WLS, LPR4, MEF2C, RSPO3,
SERP4, SNT16, SOST, WNT4, WNT5B, and EN1. LRP5 (encoding LDL
receptor-related protein 5) is one of the first genes discovered in the
osteoporosis field long before the GWAS era [45–47]. LPR5 is a key
component of the Wnt signalling since it acts as a co-receptor that binds
Wnt proteins with Frizzled-receptors. Functional studies have shown
that LRP5 can lead to low bone mass (loss-of-function) [48] and high
bone mass (gain-of-function mutation) [49]. LRP5 can be inhibited by
several factors such as sclerostin and the dickkopf (DKK) proteins, thus,
inhibit the formation of new bone. WNT16 biology has been confirmed
by many GWAS studies in relation with different bone parameters such
as areal BMD, ultrasound BMD, cortical thickness and fracture, both in
adults and children [17,18,20,24,31] and in perimenopausal women
[50]. Functional studies initially showed that the Wnt16−/− mouse
model has reduced cortical, but not trabecular, bone mass. This effect
mediated by WNT signalling, was shown to inhibit human and mouse
osteoclastogenesis through direct effects on osteoclast progenitors and
indirect effects resulting in increased Opg expression in osteoblasts
[51]. Subsequent work showed that overexpression of WNT16 increases
mainly trabecular bone mass; and postulated that WNT16-targeted
therapies might be useful for the treatment of postmenopausal trabe-
cular bone loss as these effects were independent of oestrogen action
[52]. One of the strongest associations implicates MEF2C (Myocyte
enhancer factor-2), which regulates a group of transcriptional reg-
ulatory proteins relevant for skeletal muscle development. Recent stu-
dies have found that a super activating form of MEF2C causes pre-
cocious chondrocyte hypertrophy, ossification of growth plates, and
dwarfism [53]. Studies have reported that loss-of-function mutations in
WNT1 can cause dominantly inherited early-onset osteoporosis [54]. In
addition, WNT1 deletion in osteocytes has been related with low bone
mass and spontaneous fractures [55]. In addition, the same study has
also shown that it increases the number of osteoblasts and regulates
their activity. EN1 is another important novel gene involved in murine
calvarial osteoblast differentiation and proliferation [56] and large ef-
fect on BMD and fracture risk in humans [22].

8.3. NOTCH signalling

In the skeleton, both osteoblasts and osteoclasts require NOTCH
signalling for proper differentiation and function, and the specific roles
of NOTCH are dependent on the differentiation status of the cell [57].
NOTCH is a family of four transmembrane proteins (NOTCH1–4) that
are expressed on the cell surface and require cell-to-cell contact for
activation [58] through several ligands (Dll1, Dll3, Dll4, JAG1, JAG2)
binding to receptors expressed on the surface of neighboring cells. The
ligand binding induces proteolytic cleavage and releases the NOTCH
intracellular domain (NICD), which enters the cell nucleus and the
transcription of NOTCH targeted genes starts. There is also crosstalk
between the NOTCH and WNT signalling pathways which precise me-
chanisms are still not clear. Several BMD genes have been related to this
pathway such as JAG1, MAPT, and NOTCH2.

8.4. Indian Hedgehog (IHH) signalling

The IHH signalling pathway consists of essential signalling mole-
cules crucial for intra-membranous ossification of cranial bones and
endochondral ossification in other parts of the skeletal system. During
endochondral ossification, chondrocytes differentiate and go through a
tightly regulated developmental program of proliferation, hypertrophy,
and apoptosis to be eventually replaced by osteoblasts in the ossifica-
tion centres [59]. IHH signalling may also regulate osteoblast differ-
entiation during endochondral bone development in interaction with
WNT/β-catenin [60]. Within this cross-pathway signalling there are
also several GWAS-identified genes such as WNT1, WNT4, WNT5b,
WNT16, DHH, and PTCH1. The latter gene encodes the patched −1
receptor (Ptch1) which is essential for many developmental processes
such as osteoblastogenesis and chondrocyte differentiation [61]. Pat-
ched1 haploinsufficiency (Ptch1+/−) is characterized by increased
adult bone mass in mice; while in culture cells exhibited accelerated
osteoblast differentiation [62].

8.5. OPG–RANK–RANKL signalling

The OPG–RANK–RANKL signalling pathway predominantly reg-
ulates the coupling between osteoblasts and osteoclast activity [63].
Osteoblasts secrete the receptor activator of NF-κB ligand (RANKL)
which binds to its receptor activator of NF-κB (RANK) on monocytes
resulting in osteoclast differentiation and activation the presence of
monocyte colony-stimulating factor (M-CSF). OPG also secreted by the
osteoblast is a decoy receptor of RANKL and blocks osteoclast induction

Fig. 3. Variance explained by GWAS on bone traits. With the increase of the sample size the variance explained increased accordingly.
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by competing with RANK to bind RANKL. These factors are part of the
tumour necrosis factor (TNF) superfamily of ligands and receptors and
have been shown to have other functions beyond bone remodelling,
including potential roles in other disease processes (i.e., vascular cal-
cification, diabetes and cancer). TNFRSF11 (RANKL), TNFRSF11A
(RANK) and TNFSF11B (OPG) were also one of the first genes associated
with osteoporosis found and replicated by several studies. Functional
studies have shown that in RANK−/− mice the generation of osteoclasts
from their myeloid progenitors is blocked resulting in absence of bone
resorption and severe osteopetrosis [64]. Although this pathway has not
been associated with fracture risk it holds an important role in in-
creasing BMD and decreasing fracture risk as due to its antiresorptive
effects discuses below.

9. The fulfilled and unfulfilled promises of genomics

The ultimate goal of osteoporosis genomics after GWAS is to per-
form functional validation, that will allow translating the discoveries
into clinical practice. It has been shown that genetic information may
significantly improve the search of drug targets [65] and may increase
the success rate of preclinical and clinical trials. Nowadays, most of the
osteoporosis agents in use (or undergoing trials) target pathways re-
lated to the discovered BMD genes. Denosumab is a human mono-
clonal antibody which binds to RANKL and inhibits bone resorption by
preventing RANKL from activating RANK, its receptor on the osteoclast
surface. Such mimicking of the decoy action of OPG reduces the for-
mation, activation, and survival of osteoclasts [66]; This RANKL in-
hibitor is approved for use in postmenopausal women with risk of os-
teoporosis. Since its approval, it has shown sustained efficacy in
increasing BMD and decreasing vertebral fracture risk [67]. Anabolic
agents hold promising potential, constituting bone-building drugs with
proven success, such as PTH 1–34 (teriparatide) and PTHrP 1–36
(abaloparatide), which stimulate osteoblasts to make new bone.
GWAS have identified genes in the PTH pathway including PTHLH
[20]. Teriparatide, is the first anabolic agent approved for the treatment
of osteoporosis. In clinical trials to date, abaloparatide has shown
promising results in a reduction of new-onset vertebral (approximately
86% reduction) and nonvertebral fractures (approximately 43% re-
duction) [68]. Finally, several GWAS on BMD and fracture risk have
identified variants in several genes (SOST-sclerostin, DKK1, LRP5,
LRP4, AXIN1, and CTNNB1-β-catenin) in pathways with anabolic po-
tential [20]. Sclerostin (which is produced by osteocytes) inhibits the
proliferation, differentiation, and survival of osteoblasts, leading to
reduced bone formation. Sclerostin also stimulates (in neighboring os-
teocytes) the production of RANKL, leading to bone resorption. Anti-
sclerostin antibodies, Romosozumab and Blosozumab, have been de-
veloped to counterattack the sclerostin effects and have undergone
phase II clinical trials [69]. Only Romosozumab was followed to phase
III where it showed a 73% reduction in vertebral fracture risk and a
36% reduction in clinical fractures at 1 year (reviewed by Reid et al)
[70]. Overall the current agents have been mainly successful in redu-
cing the risk of vertebral fractures (up to 70%), whereas reduction rates
for non-vertebral fractures and hip fractures were of smaller magnitude
(20% and 40%, respectively) [71]; indicating that trabecular and cor-
tical bone might be regulated by different biological pathways or re-
spond differently to signals involved in the regulation of skeletal
homeostasis, as recently shown by the WNT16 contrasting mechanisms
of action [52,72].

9.1. Identification of causal genes for bone traits

It is a common approach to annotate the closest gene to a SNP with
the lowest p-value as the most likely causal gene. However, it is im-
portant to note that the physical distance of a variant to a gene is not
substantive evidence of causality [73]. Multitude of statistical and
functional fine-mapping methods have been developed in order to

prioritize causal variants (reviewed by Spain et al) [73]. These methods
are essential for highly polygenic traits such as bone density and can
drastically improve the mapping of associated loci to their causal genes.
For example, in the latest and largest GWAS to date in the field of os-
teoporosis, Morris et al. [25] have used UK Biobank data to build a
robust analysis pipeline to prioritize eBMD-associated SNPs by com-
bining several distinctive approaches. Firstly, two statistical fine-map-
ping methods were used to refine associated SNPs at each locus. These
methods identify SNPs based on their conditional independence (GCTA-
COJO) and posterior probability (log10 Bayes factor > 3) for causality
(FINEMAP); yielding two conditionally independent SNPs and five
SNPs with a log10 Bayes factor > 3 per locus. Second, all fine-mapped
SNPs were then tested for enrichment for missense protein coding SNPs,
DHSs (DNase I hypersensitive sites) from primary osteoblasts, and
ATAC-seq (Assay for Transposase-Accessible Chromatin using sequen-
cing) peaks from SaOS-2 osteosarcoma cells. Notably, the fine-mapped
SNPs showed strong enrichment for both missense variants in protein-
coding regions and osteoblast open chromatin sites. Finally, a list of
positive control genes identified through pharmacotherapy or Mende-
lian disease which are critical for bone biology were curated. Six dis-
tinctive genomic features that link a SNP to a gene such as cell-specific
3-dimensional (3D) contact domains, cell-specific open chromatin
states, physical proximity, and the presence of associated coding var-
iation were used to construct Target Gene sets which were tested for
enrichment for positive control bone genes. All six methods for linking
fine-mapped SNPs to Target Genes yielded strong enrichment for po-
sitive control genes known to be central to bone biology [25]. Notably,
Target Genes closest to fine-mapped SNPs in osteoblast-derived ATAC-
seq peaks were seen to be ~60-fold enriched for positive control genes.
This is quite an insightful finding, as transcription factor binding occurs
mainly in regions of open chromatin (ATAC-seq peaks), thus, this im-
plies that the mapped Target Genes may have substantial impact on bone
biology.

10. Post-GWAS analyses and concluding remarks

In the fast-moving world of genomics, including the field of osteo-
porosis, hundreds of genetic markers have been identified as associated
with complex traits. As discussed above the GWAS findings have aided
the discovery of several novel osteoporosis drug targets. However, there
is still an overwhelming amount of significant associations, for which
the underlying biological mechanisms remain unknown; as the func-
tional characterization of the discovered genetic variants have lagged
far behind [74]. In order to understand the functional consequences of
these loci future post-GWAS methods should be focused on bridging the
gap between disease-associated loci and underlying disease biology
[74]. An essential step in the translation studies, from gene discovery to
biological mechanisms, is the identification of causal variants and
genes. It is well known that the most strongly associated variants with a
specific trait or diseases are likely to be in linkage disequilibrium (LD)
with the causal variant, rather than have a biological function them-
selves [73]. In the last few years large numbers of studies have been
devoted to pinpoint causal variants using both statistical evidence (e.g.
reference panels, targeted resequencing, Bayesian methods, machine
learning methods) from large association data sets and functional an-
notations of genetic variants (e.g. enrichment analysis, pathway prior-
itization, DNase sensitivity) [73,75]. Moreover, the emergence of ex-
pression quantitative trait loci (eQTLs), which characterize associations
between genetic variants and gene expression at the cellular level, have
provided a better biological context in disease studies [76]. Although a
widely used approach, eQTL data from primary bone cells is limited.
Establishing bone specific eQTLs may significantly improve the search
of causal variants and provide valuable target genes. Finally, the
identification of causal variants can further facilitate the interpretation
of the GWAS findings and opens opportunities for more detailed
downstream functional investigations such as in human and/or animal
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cell and tissues models.
GWAS have provided us with a comprehensive understanding of the

genetic architecture of osteoporosis and fracture risk. Moreover, key
bone genes and pathways have been identified which have promoted
novel drug targets and treatments. In the decade to come, the advances
of GWAS and post-GWAS techniques and methods will enable fruitful
incorporation of genetics in clinical practice that will ensure better
disease prediction and risk stratification, leading to overall improve-
ment in disease prevention or intervention.

Acknowledgments

K.T and F.R are supported by the Netherlands Scientific
Organization (NWO) and ZonMw Project number: NW O/ZONMW-
VIDI-0 16-136-367.

Resources

Fig. 2 was modified from Estrada et al.

References

[1] G.S. Keene, M.J. Parker, G.A. Pryor, Mortality and morbidity after hip fractures,
BMJ 307 (6914) (1993) 1248–1250 [Internet]. Nov 13 [cited 2018 Oct 19].
Available from: http://www.ncbi.nlm.nih.gov/pubmed/8166806.

[2] J. Panula, H. Pihlajamäki, V.M. Mattila, P. Jaatinen, T. Vahlberg, P. Aarnio, et al.,
Mortality and cause of death in hip fracture patients aged 65 or older: a population-
based study, BMC Musculoskelet. Disord. 12 (2011) 105 [Internet]. May 20 [cited
2018 Oct 19]. Available from: http://www.ncbi.nlm.nih.gov/pubmed/21599967.

[3] J.D. Adachi, S. Adami, S. Gehlbach, F.A. Anderson, S. Boonen, R.D. Chapurlat, et al.,
Impact of prevalent fractures on quality of life: baseline results from the global
longitudinal study of osteoporosis in women, Mayo Clin. Proc. 85 (9) (2010 Sep)
806–813 [Internet]. [cited 2018 Oct 19]. Available from http://www.ncbi.nlm.nih.
gov/pubmed/20634496.

[4] F. Rivadeneira, O. Mäkitie, Osteoporosis and bone mass disorders: from gene
pathways to treatments, Trends Endocrinol. Metab. 27 (5) (2016) 262–281
[Internet]. May [cited 2018 Jul 11]. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/27079517.

[5] N.K. Arden, J. Baker, C. Hogg, K. Baan, T.D. Spector, The heritability of bone mi-
neral density, ultrasound of the calcaneus and hip axis length: a study of post-
menopausal twins, J. Bone Miner. Res. 11 (4) (2009 Dec 3) 530–534 [Internet].
[cited 2018 Oct 21]. Available from: http://www.ncbi.nlm.nih.gov/pubmed/
8992884.

[6] S. Demissie, J. Dupuis, L.A. Cupples, T.J. Beck, D.P. Kiel, D. Karasik, Proximal hip
geometry is linked to several chromosomal regions: genome-wide linkage results
from the Framingham osteoporosis study, Bone 40 (3) (2007) 743–750 [Internet].
Mar [cited 2018 Oct 21]. Available from: http://www.ncbi.nlm.nih.gov/pubmed/
17079199.

[7] D. Karasik, S. Demissie, Y. Zhou, D. Lu, K.E. Broe, M.L. Bouxsein, et al., Heritability
and genetic correlations for bone microarchitecture: the Framingham study fa-
milies, J. Bone Miner. Res. 32 (1) (2017) 106–114 [Internet]. [cited 2018 Oct 21].
Available from: http://www.ncbi.nlm.nih.gov/pubmed/27419666.

[8] K. Trajanoska, J.D. Schoufour, E.A.L. de Jonge, B.C.T. Kieboom, M. Mulder,
B.H. Stricker, et al., Fracture incidence and secular trends between 1989 and 2013
in a population based cohort: the Rotterdam study, Bone 114 (2018) 116–124
[Internet]. Sep [cited 2018 Aug 13]. Available from http://www.ncbi.nlm.nih.gov/
pubmed/29885926.

[9] C.J. Hernandez, M.C. van der Meulen, Understanding bone strength is not enough,
J. Bone Miner. Res. 32 (6) (2017 Jun) 1157–1162 [Internet]. [cited 2019 Mar 19].
Available from: http://www.ncbi.nlm.nih.gov/pubmed/28067411.

[10] D.P. Kiel, S. Demissie, J. Dupuis, K.L. Lunetta, J.M. Murabito, D. Karasik, Genome-
wide association with bone mass and geometry in the Framingham heart study,
BMC Med Genet 8 (Suppl. 1) (2007) S14 [Internet]. Sep 19 [cited 2019 Feb 12].
Available from: http://bmcmedgenet.biomedcentral.com/articles/10.1186/1471-
2350-8-S1-S14.

[11] P.M. Visscher, N.R. Wray, Q. Zhang, P. Sklar, M.I. McCarthy, M.A. Brown, et al., 10
years of GWAS discovery: biology, function, and translation, Am. J. Hum. Genet.
101 (1) (2017 Jul 6) 5–22 [Internet]. [cited 2018 Jan 31]. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/28686856.

[12] J. Richards, F. Rivadeneira, M. Inouye, T. Pastinen, N. Soranzo, S. Wilson, et al.,
Bone mineral density, osteoporosis, and osteoporotic fractures: a genome-wide as-
sociation study, Lancet 371 (9623) (2008) 1505–1512 May.

[13] J.B.J. van Meurs, T.A. Trikalinos, S.H. Ralston, S. Balcells, M.L. Brandi, K. Brixen,
et al., Large-scale analysis of association between <emph type=&quot;ital&
quot;>LRP5</emph> and <emph type=&quot;ital&quot;>LRP6</emph>
variants and osteoporosis, JAMA 299 (11) (2008) 1277 [Internet]. Mar 19 [cited
2018 Dec 3]. Available from: http://jama.jamanetwork.com/article.aspx?doi=10.
1001/jama.299.11.1277.

[14] U. Styrkarsdottir, B.V. Halldorsson, S. Gretarsdottir, D.F. Gudbjartsson,
G.B. Walters, T. Ingvarsson, et al., Multiple genetic loci for bone mineral density
and fractures, N. Engl. J. Med. 358 (22) (2008) 2355–2365 May.

[15] U. Styrkarsdottir, B.V. Halldorsson, S. Gretarsdottir, D.F. Gudbjartsson,

G.B. Walters, T. Ingvarsson, et al., New sequence variants associated with bone
mineral density, Nat. Genet. 41 (1) (2008) 15–17 Dec.

[16] N.J. Timpson, J.H. Tobias, J.B. Richards, N. Soranzo, E.L. Duncan, A.-M. Sims, et al.,
Common variants in the region around Osterix are associated with bone mineral
density and growth in childhood, Hum. Mol. Genet. 18 (8) (2009) 1510–1517
[Internet]. Apr 15 [cited 2018 Oct 21]. Available from http://www.ncbi.nlm.nih.
gov/pubmed/19181680.

[17] C. Medina-Gomez, J.P. Kemp, K. Estrada, J. Eriksson, J. Liu, S. Reppe, et al., Meta-
analysis of genome-wide scans for total body BMD in children and adults reveals
allelic heterogeneity and age-specific effects at the WNT16 locus, PLoS Genet. 8 (7)
(2012) e1002718 Jul.

[18] H.-F.F. Zheng, J.H. Tobias, E. Duncan, D.M. Evans, J. Eriksson, L. Paternoster, et al.,
WNT16 influences bone mineral density, cortical bone thickness, bone strength, and
osteoporotic fracture risk, PLoS Genet. 8 (7) (2012 Jul) e1002745.

[19] F. Rivadeneira, U. Styrkársdottir, K. Estrada, B.V. Halldórsson, Y.-H. Hsu,
J.B. Richards, et al., Twenty bone-mineral-density loci identified by large-scale
meta-analysis of genome-wide association studies, Nat. Genet. 41 (11) (2009)
1199–1206 Oct.

[20] K. Estrada, U. Styrkarsdottir, E. Evangelou, Y.-H. Hsu, E.L. Duncan, E.E. Ntzani,
et al., Genome-wide meta-analysis identifies 56 bone mineral density loci and re-
veals 14 loci associated with risk of fracture, Nat. Genet. 44 (5) (2012) 491–501.
Apr.

[21] C. Ohlsson, H. Wallaschofski, K.L. Lunetta, L. Stolk, J.R.B. Perry, A. Koster, et al.,
Genetic determinants of serum testosterone concentrations in men. Abecasis GR,
editor, PLoS Genet. 7 (10) (2011) e1002313 [Internet]. Oct 6 [cited 2018 Dec 3].
Available from: http://www.ncbi.nlm.nih.gov/pubmed/21998597.

[22] H. Zheng, V. Forgetta, Y.-H. Hsu, K. Estrada, A. Rosello-Diez, P.J. Leo, et al., Whole-
genome sequencing identifies EN1 as a determinant of bone density and fracture,
Nature 526 (7571) (2015) 112–117 Sep.

[23] C. Medina-Gomez, J.P. Kemp, K. Trajanoska, J. Luan, A. Chesi, T.S. Ahluwalia,
et al., Life-course genome-wide association study meta-analysis of Total body BMD
and assessment of age-specific effects, Am. J. Hum. Genet. 102 (1) (2018 Jan 4)
88–102 [Internet]. [cited 2018 Jul 6]. Available from: http://www.ncbi.nlm.nih.
gov/pubmed/29304378.

[24] J.P. Kemp, J.A. Morris, C. Medina-Gomez, V. Forgetta, N.M. Warrington,
S.E. Youlten, et al., Identification of 153 new loci associated with heel bone mineral
density and functional involvement of GPC6 in osteoporosis, Nat. Genet. 49 (10)
(2017) 1468–1475 [Internet]. Sep 4 [cited 2018 Jul 6]. Available from http://www.
ncbi.nlm.nih.gov/pubmed/28869591.

[25] J.A. Morris, J.P. Kemp, S.E. Youlten, L. Laurent, J.G. Logan, R.C. Chai, et al., An
atlas of genetic influences on osteoporosis in humans and mice, Nat. Genet. 51 (2)
(2019) 258–266 [Internet]. Feb [cited 2019 Feb 12]. Available from http://www.
nature.com/articles/s41588-018-0302-x.

[26] U. Styrkarsdottir, G. Thorleifsson, P. Sulem, D.F. Gudbjartsson, A. Sigurdsson,
A. Jonasdottir, et al., Nonsense mutation in the LGR4 gene is associated with several
human diseases and other traits, Nature 497 (7450) (2013) 517–520 [Internet].
May 5 [cited 2018 Oct 21]. Available from: http://www.nature.com/articles/
nature12124.

[27] C.L. Gregson, F. Newell, P.J. Leo, G.R. Clark, L. Paternoster, M. Marshall, et al.,
Genome-wide association study of extreme high bone mass: contribution of
common genetic variation to extreme BMD phenotypes and potential novel BMD-
associated genes, Bone 114 (2018) 62–71 [Internet]. Sep [cited 2018 Oct 21].
Available from http://www.ncbi.nlm.nih.gov/pubmed/29883787.

[28] L. Oei, K. Estrada, E.L. Duncan, C. Christiansen, C.-T. Liu, B.L. Langdahl, et al.,
Genome-wide association study for radiographic vertebral fractures: a potential role
for the 16q24 BMD locus, Bone 59 (2014 Feb) 20–27 [Internet]. [cited 2018 Dec 3].
Available from: http://www.ncbi.nlm.nih.gov/pubmed/24516880.

[29] N. Alonso, K. Estrada, O.M.E. Albagha, L. Herrera, S. Reppe, O.K. Olstad, et al.,
Identification of a novel locus on chromosome 2q13, which predisposes to clinical
vertebral fractures independently of bone density, Ann. Rheum. Dis. 77 (3) (2018)
378–385 [Internet]. Mar [cited 2018 Dec 3]. Available from: http://www.ncbi.nlm.
nih.gov/pubmed/29170203.

[30] Y. Guo, L.-J. Tan, S.-F. Lei, T.-L. Yang, X.-D. Chen, F. Zhang, et al., Genome-wide
association study identifies ALDH7A1 as a novel susceptibility gene for osteo-
porosis, Georges M, editor, PLoS Genet. 6 (1) (2010 Jan 8) e1000806 [Internet].
[cited 2018 Oct 21]. Available from: http://www.ncbi.nlm.nih.gov/pubmed/
20072603.

[31] K. Trajanoska, J.A. Morris, L. Oei, H.-F. Zheng, D.M. Evans, D.P. Kiel, et al.,
Assessment of the genetic and clinical determinants of fracture risk: genome wide
association and mendelian randomisation study, BMJ 362 (2018 Aug 29) k3225
[Internet]. [cited 2018 Sep 4]. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/30158200.

[32] L. Paternoster, M. Lorentzon, L. Vandenput, M.K. Karlsson, Ö. Ljunggren,
A. Kindmark, et al., Genome-wide association meta-analysis of cortical bone mi-
neral density unravels allelic heterogeneity at the RANKL locus and potential
pleiotropic effects on bone. Gibson G, editor, PLoS Genet. 6 (11) (2010) e1001217
[Internet]. Nov 18 [cited 2018 Oct 22]. Available from: http://www.ncbi.nlm.nih.
gov/pubmed/21124946.

[33] L. Paternoster, M. Lorentzon, T. Lehtimäki, J. Eriksson, M. Kähönen, O. Raitakari,
et al., Genetic determinants of trabecular and cortical volumetric bone mineral
densities and bone microstructure, Richards JB, editor, PLoS Genet. 9 (2) (2013 Feb
21) e1003247 [Internet]. [cited 2018 Dec 3]. Available from: http://dx.plos.org/
10.1371/journal.pgen.1003247.

[34] C.M. Nielson, C.-T. Liu, A.V. Smith, C.L. Ackert-Bicknell, S. Reppe, J. Jakobsdottir,
et al., Novel genetic variants associated with increased vertebral volumetric BMD,
reduced vertebral fracture risk, and increased expression of SLC1A3 and EPHB2, J.
Bone Miner. Res. 31 (12) (2016) 2085–2097 [Internet]. [cited 2018 Dec 3].
Available from: http://www.ncbi.nlm.nih.gov/pubmed/27476799.

[35] Y.-H. Hsu, M.C. Zillikens, S.G. Wilson, C.R. Farber, S. Demissie, N. Soranzo, et al.,
An integration of genome-wide association study and gene expression profiling to

K. Trajanoska and F. Rivadeneira Bone 126 (2019) 2–10

9

http://www.ncbi.nlm.nih.gov/pubmed/8166806
http://www.ncbi.nlm.nih.gov/pubmed/21599967
http://www.ncbi.nlm.nih.gov/pubmed/20634496
http://www.ncbi.nlm.nih.gov/pubmed/20634496
http://www.ncbi.nlm.nih.gov/pubmed/27079517
http://www.ncbi.nlm.nih.gov/pubmed/27079517
http://www.ncbi.nlm.nih.gov/pubmed/8992884
http://www.ncbi.nlm.nih.gov/pubmed/8992884
http://www.ncbi.nlm.nih.gov/pubmed/17079199
http://www.ncbi.nlm.nih.gov/pubmed/17079199
http://www.ncbi.nlm.nih.gov/pubmed/27419666
http://www.ncbi.nlm.nih.gov/pubmed/29885926
http://www.ncbi.nlm.nih.gov/pubmed/29885926
http://www.ncbi.nlm.nih.gov/pubmed/28067411
http://bmcmedgenet.biomedcentral.com/articles/10.1186/1471-2350-8-S1-S14
http://bmcmedgenet.biomedcentral.com/articles/10.1186/1471-2350-8-S1-S14
http://www.ncbi.nlm.nih.gov/pubmed/28686856
http://www.ncbi.nlm.nih.gov/pubmed/28686856
http://refhub.elsevier.com/S8756-3282(19)30133-4/rf0060
http://refhub.elsevier.com/S8756-3282(19)30133-4/rf0060
http://refhub.elsevier.com/S8756-3282(19)30133-4/rf0060
http://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.299.11.1277
http://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.299.11.1277
http://refhub.elsevier.com/S8756-3282(19)30133-4/rf0070
http://refhub.elsevier.com/S8756-3282(19)30133-4/rf0070
http://refhub.elsevier.com/S8756-3282(19)30133-4/rf0070
http://refhub.elsevier.com/S8756-3282(19)30133-4/rf0075
http://refhub.elsevier.com/S8756-3282(19)30133-4/rf0075
http://refhub.elsevier.com/S8756-3282(19)30133-4/rf0075
http://www.ncbi.nlm.nih.gov/pubmed/19181680
http://www.ncbi.nlm.nih.gov/pubmed/19181680
http://refhub.elsevier.com/S8756-3282(19)30133-4/rf0085
http://refhub.elsevier.com/S8756-3282(19)30133-4/rf0085
http://refhub.elsevier.com/S8756-3282(19)30133-4/rf0085
http://refhub.elsevier.com/S8756-3282(19)30133-4/rf0085
http://refhub.elsevier.com/S8756-3282(19)30133-4/rf0090
http://refhub.elsevier.com/S8756-3282(19)30133-4/rf0090
http://refhub.elsevier.com/S8756-3282(19)30133-4/rf0090
http://refhub.elsevier.com/S8756-3282(19)30133-4/rf0095
http://refhub.elsevier.com/S8756-3282(19)30133-4/rf0095
http://refhub.elsevier.com/S8756-3282(19)30133-4/rf0095
http://refhub.elsevier.com/S8756-3282(19)30133-4/rf0095
http://refhub.elsevier.com/S8756-3282(19)30133-4/rf0100
http://refhub.elsevier.com/S8756-3282(19)30133-4/rf0100
http://refhub.elsevier.com/S8756-3282(19)30133-4/rf0100
http://refhub.elsevier.com/S8756-3282(19)30133-4/rf0100
http://www.ncbi.nlm.nih.gov/pubmed/21998597
http://refhub.elsevier.com/S8756-3282(19)30133-4/rf0110
http://refhub.elsevier.com/S8756-3282(19)30133-4/rf0110
http://refhub.elsevier.com/S8756-3282(19)30133-4/rf0110
http://www.ncbi.nlm.nih.gov/pubmed/29304378
http://www.ncbi.nlm.nih.gov/pubmed/29304378
http://www.ncbi.nlm.nih.gov/pubmed/28869591
http://www.ncbi.nlm.nih.gov/pubmed/28869591
http://www.nature.com/articles/s41588-018-0302-x
http://www.nature.com/articles/s41588-018-0302-x
http://www.nature.com/articles/nature12124
http://www.nature.com/articles/nature12124
http://www.ncbi.nlm.nih.gov/pubmed/29883787
http://www.ncbi.nlm.nih.gov/pubmed/24516880
http://www.ncbi.nlm.nih.gov/pubmed/29170203
http://www.ncbi.nlm.nih.gov/pubmed/29170203
http://www.ncbi.nlm.nih.gov/pubmed/20072603
http://www.ncbi.nlm.nih.gov/pubmed/20072603
http://www.ncbi.nlm.nih.gov/pubmed/30158200
http://www.ncbi.nlm.nih.gov/pubmed/30158200
http://www.ncbi.nlm.nih.gov/pubmed/21124946
http://www.ncbi.nlm.nih.gov/pubmed/21124946
http://dx.plos.org/10.1371/journal.pgen.1003247
http://dx.plos.org/10.1371/journal.pgen.1003247
http://www.ncbi.nlm.nih.gov/pubmed/27476799


prioritize the discovery of novel susceptibility loci for osteoporosis-related traits,
PLoS Genet. 6 (6) (2010 Jun 10) e1000977 [Internet]. [cited 2018 Oct 22].
Available from: http://www.ncbi.nlm.nih.gov/pubmed/20548944.

[36] D.A. Baird, D.S. Evans, F.K. Kamanu, J.S. Gregory, F.R. Saunders, C.V. Giuraniuc,
et al., Identification of novel loci associated with hip shape: a meta-analysis of
genome-wide association studies, J. Bone Miner. Res. 34 (2) (2019 Feb) 241–251
[Internet]. [cited 2018 Oct 22]. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/30320955.

[37] N.R. Wray, M.E. Goddard, P.M. Visscher, Prediction of individual genetic risk to
disease from genome-wide association studies, Genome Res. 17 (10) (2007)
1520–1528 [Internet]. Oct [cited 2019 Feb 22]. Available from: http://www.ncbi.
nlm.nih.gov/pubmed/17785532.

[38] C. Valero, M.T. Zarrabeitia, J.L. Hernandez, A. Zarrabeitia, J. Gonzalez-Macias,
J.A. Riancho, Bone mass in young adults: relationship with gender, weight and
genetic factors, J. Intern. Med. 258 (6) (2005) 554–562 Internet. Dec 1 [cited 2019
Mar 19. Available from http://doi.wiley.com/10.1111/j.1365-2796.2005.01568.x.

[39] A. Cheng, P.G. Genever, SOX9 determines RUNX2 transactivity by directing in-
tracellular degradation, J. Bone Miner. Res. 25 (12) (2010) 2680–2689 [Internet].
Dec 1 [cited 2018 Dec 4]. Available from http://doi.wiley.com/10.1002/jbmr.174.

[40] J.B. Lian, G.S. Stein, A. Javed, A.J. van Wijnen, J.L. Stein, M. Montecino, et al.,
Networks and hubs for the transcriptional control of osteoblastogenesis, Rev.
Endocr. Metab. Disord. 7 (1–2) (2006) 1–16 [Internet]. Jun 19 [cited 2018 Dec 4].
Available from http://www.ncbi.nlm.nih.gov/pubmed/17051438.

[41] J.P. Stains, R. Civitelli, Genomic approaches to identifying transcriptional reg-
ulators of osteoblast differentiation, Genome Biol. 4 (7) (2003) 222 [Internet].
[cited 2018 Dec 4]. Available from http://www.ncbi.nlm.nih.gov/pubmed/
12844353.

[42] X. Yang, G. Karsenty, Transcription factors in bone: developmental and pathological
aspects, Trends Mol. Med. 8 (7) (2002 Jul 1) 340–345 [Internet]. [cited 2018 Dec
4]. Available from: https://www.sciencedirect.com/science/article/pii/
S1471491402023407?via%3Dihub.

[43] K. Nakashima, B. de Crombrugghe, Transcriptional mechanisms in osteoblast dif-
ferentiation and bone formation, Trends Genet. 19 (8) (2003) 458–466 [Internet].
Aug [cited 2018 Dec 4]. Available from http://www.ncbi.nlm.nih.gov/pubmed/
12902164.

[44] V. Krishnan, H.U. Bryant, O.A. Macdougald, Regulation of bone mass by Wnt sig-
naling, J. Clin. Invest. 116 (5) (2006 May) 1202–1209 [Internet]. [cited 2018 Oct
21]. Available from: http://www.ncbi.nlm.nih.gov/pubmed/16670761.

[45] Y. Gong, R.B. Slee, N. Fukai, G. Rawadi, S. Roman-Roman, A.M. Reginato, et al.,
LDL receptor-related protein 5 (LRP5) affects bone accrual and eye development,
Cell 107 (4) (2001) 513–523 [Internet]. Nov 16 [cited 2018 Dec 3]. Available from
http://www.ncbi.nlm.nih.gov/pubmed/11719191.

[46] R.D. Little, C. Folz, S.P. Manning, P.M. Swain, S.-C. Zhao, B. Eustace, et al., A
mutation in the LDL receptor–related protein 5 gene results in the autosomal
dominant high–bone-mass trait, Am. J. Hum. Genet. 70 (1) (2002 Jan) 11–19
[Internet]. [cited 2018 Dec 3]. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/11741193.

[47] L. Van Wesenbeeck, E. Cleiren, J. Gram, R.K. Beals, O. Bénichou, D. Scopelliti, et al.,
Six novel missense mutations in the LDL receptor-related protein 5 (LRP5) gene in
different conditions with an increased bone density, Am. J. Hum. Genet. 72 (3)
(2003 Mar) 763–771 [Internet]. [cited 2018 Dec 3]. Available from http://www.
ncbi.nlm.nih.gov/pubmed/12579474.

[48] M. Ai, S. Heeger, C.F. Bartels, D.K. Schelling, Osteoporosis-Pseudoglioma
Collaborative Group. Clinical and molecular findings in osteoporosis-Pseudoglioma
syndrome, Am. J. Hum. Genet. 77 (5) (2005 Nov) 741–753 [Internet]. [cited 2018
Oct 21. Available from: http://www.ncbi.nlm.nih.gov/pubmed/16252235.

[49] L.M. Boyden, J. Mao, J. Belsky, L. Mitzner, A. Farhi, M.A. Mitnick, et al., High bone
density due to a mutation in LDL-receptor–related protein 5, N. Engl. J. Med. 346
(20) (2002 May 16) 1513–1521 [Internet]. [cited 2018 Oct 21]. Available from:
http://www.nejm.org/doi/abs/10.1056/NEJMoa013444.

[50] D.L. Koller, H.-F. Zheng, D. Karasik, L. Yerges-Armstrong, C.-T. Liu, F. McGuigan,
et al., Meta-analysis of genome-wide studies identifies WNT16 and ESR1 SNPs as-
sociated with bone mineral density in premenopausal women, J. Bone Miner. Res.
28 (3) (2013 Mar) 547–558 Internet. [cited 2018 Dec 6]. Available from http://
www.ncbi.nlm.nih.gov/pubmed/23074152.

[51] S. Movérare-Skrtic, P. Henning, X. Liu, K. Nagano, H. Saito, A.E. Börjesson, et al.,
Osteoblast-derived WNT16 represses osteoclastogenesis and prevents cortical bone
fragility fractures, Nat. Med. 20 (11) (2014 Nov 12) 1279–1288 [Internet]. [cited
2018 Oct 21]. Available from: http://www.ncbi.nlm.nih.gov/pubmed/25306233.

[52] S. Movérare-Skrtic, J. Wu, P. Henning, K.L. Gustafsson, K. Sjögren, S.H. Windahl,
et al., The bone-sparing effects of estrogen and WNT16 are independent of each
other, Proc. Natl. Acad. Sci. U. S. A. 112 (48) (2015) 14972–14977 [Internet]. Dec 1
[cited 2018 Sep 10]. Available from: http://www.ncbi.nlm.nih.gov/pubmed/
26627248.

[53] M.A. Arnold, Y. Kim, M.P. Czubryt, D. Phan, J. McAnally, X. Qi, et al., MEF2C
transcription factor controls chondrocyte hypertrophy and bone development, Dev.
Cell 12 (3) (2007) 377–389 Internet. Mar [cited 2018 Jul 6. Available from http://
www.ncbi.nlm.nih.gov/pubmed/17336904.

[54] C.M. Laine, K.S. Joeng, P.M. Campeau, R. Kiviranta, K. Tarkkonen, M. Grover, et al.,
WNT1 mutations in early-onset osteoporosis and osteogenesis imperfecta, N. Engl.
J. Med. 368 (19) (2013) 1809–1816 Internet. May 9 [cited 2018 Oct 21]. Available
from http://www.ncbi.nlm.nih.gov/pubmed/23656646.

[55] K.S. Joeng, Y.-C. Lee, J. Lim, Y. Chen, M.-M. Jiang, E. Munivez, et al., Osteocyte-
specific WNT1 regulates osteoblast function during bone homeostasis, J. Clin.
Invest. 127 (7) (2017) 2678–2688 Internet. Jun 19 [cited 2018 Oct 21. Available
from http://www.ncbi.nlm.nih.gov/pubmed/28628032.

[56] R.A. Deckelbaum, A. Majithia, T. Booker, J.E. Henderson, C.A. Loomis, The ho-
meoprotein engrailed 1 has pleiotropic functions in calvarial intramembranous
bone formation and remodeling, Development 133 (1) (2006 Jan 1) 63–74
[Internet]. [cited 2018 Dec 4]. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/16319118.

[57] J. Regan, F. Long, Notch signaling and bone remodeling, Curr Osteoporos Rep 11
(2) (2013) 126–129 [Internet]. Jun [cited 2018 Oct 21]. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/23519781.

[58] R. Kopan, M.X.G. Ilagan, The canonical Notch signaling pathway: unfolding the
activation mechanism, Cell 137 (2) (2009 Apr 17) 216–233 [Internet]. [cited 2018
Oct 21]. Available from: http://www.ncbi.nlm.nih.gov/pubmed/19379690.

[59] J. Yang, P. Andre, L. Ye, Y.-Z. Yang, The Hedgehog signalling pathway in bone
formation, Int J Oral Sci 7 (2) (2015 Jun 29) 73–79 [Internet]. [cited 2018 Oct 21].
Available from: http://www.nature.com/articles/ijos201514.

[60] K.K. Mak, M.-H. Chen, T.F. Day, P.-T. Chuang, Y. Yang, Wnt/-catenin signaling
interacts differentially with Ihh signaling in controlling endochondral bone and
synovial joint formation, Development 133 (18) (2006) 3695–3707 [Internet]. Sep
15 [cited 2018 Oct 21]. Available from: http://www.ncbi.nlm.nih.gov/pubmed/
16936073.

[61] F. Long, Building strong bones: molecular regulation of the osteoblast lineage, Nat
Rev Mol Cell Biol 13 (1) (2012) 27–38 Internet. Jan 1 [cited 2018 Dec 3]. Available
from http://www.ncbi.nlm.nih.gov/pubmed/22189423.

[62] S. Ohba, H. Kawaguchi, F. Kugimiya, T. Ogasawara, N. Kawamura, T. Saito, et al.,
Patched1 Haploinsufficiency increases adult bone mass and modulates Gli3 re-
pressor activity, Dev. Cell 14 (5) (2008 May 13) 689–699 [Internet]. [cited 2018
Dec 3]. Available from: https://www.sciencedirect.com/science/article/pii/
S1534580708001159.

[63] S. Zhang, X. Wang, G. Li, Y. Chong, J. Zhang, X. Guo, et al., Osteoclast regulation of
osteoblasts via RANK-RANKL reverse signal transduction in vitro, Mol. Med. Rep.
16 (4) (2017) 3994–4000 Internet. Oct [cited 2018 Oct 21]. Available from http://
www.ncbi.nlm.nih.gov/pubmed/28731168.

[64] W.C. Dougall, M. Glaccum, K. Charrier, K. Rohrbach, K. Brasel, T. De Smedt, et al.,
RANK is essential for osteoclast and lymph node development, Genes Dev. 13 (18)
(1999) 2412–2424 Internet. Sep 15 [cited 2018 Oct 21]. Available from http://
www.ncbi.nlm.nih.gov/pubmed/10500098.

[65] M.R. Nelson, H. Tipney, J.L. Painter, J. Shen, P. Nicoletti, Y. Shen, et al., The
support of human genetic evidence for approved drug indications, Nat. Genet. 47
(8) (2015) 856–860 Internet. Aug 29 [cited 2018 Jul 16]. Available from http://
www.nature.com/articles/ng.3314.

[66] P.J. Kostenuik, H.Q. Nguyen, J. McCabe, K.S. Warmington, C. Kurahara, N. Sun,
et al., Denosumab, a fully human monoclonal antibody to RANKL, inhibits bone
resorption and increases BMD in Knock-in mice that express chimeric (murine/
human) RANKL*, J. Bone Miner. Res. 24 (2) (2009) 182–195 [Internet]. Feb [cited
2018 Oct 21]. Available from: http://www.ncbi.nlm.nih.gov/pubmed/19016581.

[67] S. Zaheer, M. LeBoff, E.M. Lewiecki, Denosumab for the treatment of osteoporosis,
Expert Opin. Drug Metab. Toxicol. 11 (3) (2015) 461–470 Internet. Mar [cited 2018
Oct 22]. Available from http://www.ncbi.nlm.nih.gov/pubmed/25614274.

[68] S.H. Tella, A. Kommalapati, R. Correa, Profile of Abaloparatide and its potential in
the treatment of postmenopausal osteoporosis, Cureus 9 (5) (2017 May 31) e1300
[Internet]. [cited 2018 Oct 22]. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/28680788.

[69] R.R. Recker, C.T. Benson, T. Matsumoto, M.A. Bolognese, D.A. Robins, J. Alam,
et al., A randomized, double-blind phase 2 clinical trial of Blosozumab, a Sclerostin
antibody, in postmenopausal women with low bone mineral density, J. Bone Miner.
Res. 30 (2) (2015) 216–224 Internet. Feb [cited 2018 Oct 22]. Available from
http://www.ncbi.nlm.nih.gov/pubmed/25196993.

[70] I.R. Reid, Targeting Sclerostin in postmenopausal osteoporosis: focus on
Romosozumab and Blosozumab, BioDrugs 31 (4) (2017) 289–297 Internet. Aug 25
[cited 2018 Dec 3]. Available from http://link.springer.com/10.1007/s40259-017-
0229-2.

[71] J.S. Chen, P.N. Sambrook, Antiresorptive therapies for osteoporosis: a clinical
overview, Nat Rev Endocrinol 8 (2) (2012 Feb 6) 81–91 Internet. [cited 2018 Oct
22]. Available from http://www.ncbi.nlm.nih.gov/pubmed/21894214.

[72] C. Ohlsson, P. Henning, K.H. Nilsson, J. Wu, K.L. Gustafsson, K. Sjögren, et al.,
Inducible Wnt16 inactivation: WNT16 regulates cortical bone thickness in adult
mice, J. Endocrinol. 237 (2) (2018 May) 113–122 [Internet]. [cited 2018 Jul 6].
Available from: http://www.ncbi.nlm.nih.gov/pubmed/29530924.

[73] S.L. Spain, J.C. Barrett, Strategies for fine-mapping complex traits, Hum. Mol.
Genet. 24 (R1) (2015) R111–R119 Internet. Oct 15 [cited 2018 Dec 5]. Available
from https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddv260.

[74] M.D. Gallagher, A.S. Chen-Plotkin, The post-GWAS era: from association to func-
tion, Am. J. Hum. Genet. 102 (5) (2018 May 3) 717–730 [Internet]. [cited 2018 Dec
5]. Available from: https://www.sciencedirect.com/science/article/pii/
S0002929718301344#bib45.

[75] D.J. Schaid, W. Chen, N.B. Larson, From genome-wide associations to candidate
causal variants by statistical fine-mapping, Nat Rev Genet 19 (8) (2018 Aug 29)
491–504 Internet. [cited 2018 Dec 5]. Available from http://www.nature.com/
articles/s41576-018-0016-z.

[76] A.C. Nica, E.T. Dermitzakis, Expression quantitative trait loci: present and future,
Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 368 (1620) (2013) 20120362 [Internet].
[cited 2018 Dec 5]. Available from: http://www.ncbi.nlm.nih.gov/pubmed/
23650636.

[77] S.K. Kim, Identification of 613 new loci associated with heel bone mineral density
and a polygenic risk score for bone mineral density, osteoporosis and fracture, PLoS
One 13 (7) (2018) e0200785.

K. Trajanoska and F. Rivadeneira Bone 126 (2019) 2–10

10

http://www.ncbi.nlm.nih.gov/pubmed/20548944
http://www.ncbi.nlm.nih.gov/pubmed/30320955
http://www.ncbi.nlm.nih.gov/pubmed/30320955
http://www.ncbi.nlm.nih.gov/pubmed/17785532
http://www.ncbi.nlm.nih.gov/pubmed/17785532
http://doi.wiley.com/10.1111/j.1365-2796.2005.01568.x
http://doi.wiley.com/10.1002/jbmr.174
http://www.ncbi.nlm.nih.gov/pubmed/17051438
http://www.ncbi.nlm.nih.gov/pubmed/12844353
http://www.ncbi.nlm.nih.gov/pubmed/12844353
https://www.sciencedirect.com/science/article/pii/S1471491402023407?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1471491402023407?via%3Dihub
http://www.ncbi.nlm.nih.gov/pubmed/12902164
http://www.ncbi.nlm.nih.gov/pubmed/12902164
http://www.ncbi.nlm.nih.gov/pubmed/16670761
http://www.ncbi.nlm.nih.gov/pubmed/11719191
http://www.ncbi.nlm.nih.gov/pubmed/11741193
http://www.ncbi.nlm.nih.gov/pubmed/11741193
http://www.ncbi.nlm.nih.gov/pubmed/12579474
http://www.ncbi.nlm.nih.gov/pubmed/12579474
http://www.ncbi.nlm.nih.gov/pubmed/16252235
http://www.nejm.org/doi/abs/10.1056/NEJMoa013444
http://www.ncbi.nlm.nih.gov/pubmed/23074152
http://www.ncbi.nlm.nih.gov/pubmed/23074152
http://www.ncbi.nlm.nih.gov/pubmed/25306233
http://www.ncbi.nlm.nih.gov/pubmed/26627248
http://www.ncbi.nlm.nih.gov/pubmed/26627248
http://www.ncbi.nlm.nih.gov/pubmed/17336904
http://www.ncbi.nlm.nih.gov/pubmed/17336904
http://www.ncbi.nlm.nih.gov/pubmed/23656646
http://www.ncbi.nlm.nih.gov/pubmed/28628032
http://www.ncbi.nlm.nih.gov/pubmed/16319118
http://www.ncbi.nlm.nih.gov/pubmed/16319118
http://www.ncbi.nlm.nih.gov/pubmed/23519781
http://www.ncbi.nlm.nih.gov/pubmed/23519781
http://www.ncbi.nlm.nih.gov/pubmed/19379690
http://www.nature.com/articles/ijos201514
http://www.ncbi.nlm.nih.gov/pubmed/16936073
http://www.ncbi.nlm.nih.gov/pubmed/16936073
http://www.ncbi.nlm.nih.gov/pubmed/22189423
https://www.sciencedirect.com/science/article/pii/S1534580708001159
https://www.sciencedirect.com/science/article/pii/S1534580708001159
http://www.ncbi.nlm.nih.gov/pubmed/28731168
http://www.ncbi.nlm.nih.gov/pubmed/28731168
http://www.ncbi.nlm.nih.gov/pubmed/10500098
http://www.ncbi.nlm.nih.gov/pubmed/10500098
http://www.nature.com/articles/ng.3314
http://www.nature.com/articles/ng.3314
http://www.ncbi.nlm.nih.gov/pubmed/19016581
http://www.ncbi.nlm.nih.gov/pubmed/25614274
http://www.ncbi.nlm.nih.gov/pubmed/28680788
http://www.ncbi.nlm.nih.gov/pubmed/28680788
http://www.ncbi.nlm.nih.gov/pubmed/25196993
http://link.springer.com/10.1007/s40259-017-0229-2
http://link.springer.com/10.1007/s40259-017-0229-2
http://www.ncbi.nlm.nih.gov/pubmed/21894214
http://www.ncbi.nlm.nih.gov/pubmed/29530924
https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddv260
https://www.sciencedirect.com/science/article/pii/S0002929718301344#bib45
https://www.sciencedirect.com/science/article/pii/S0002929718301344#bib45
http://www.nature.com/articles/s41576-018-0016-z
http://www.nature.com/articles/s41576-018-0016-z
http://www.ncbi.nlm.nih.gov/pubmed/23650636
http://www.ncbi.nlm.nih.gov/pubmed/23650636
http://refhub.elsevier.com/S8756-3282(19)30133-4/rf0385
http://refhub.elsevier.com/S8756-3282(19)30133-4/rf0385
http://refhub.elsevier.com/S8756-3282(19)30133-4/rf0385

	The genetic architecture of osteoporosis and fracture risk
	Introduction
	Heritability of bone properties
	Fracture risk: an extremely complex trait
	Genetic studies of bone mineral density
	Genetic studies of fracture risk
	Genetic studies of other bone parameters
	Variance explained in bone traits by bone-associated variants
	Biological pathways underlying common bone conditions
	Mesenchymal cell differentiation pathways
	WNT signalling
	NOTCH signalling
	Indian Hedgehog (IHH) signalling
	OPG&#x02013;RANK&#x02013;RANKL signalling

	The fulfilled and unfulfilled promises of genomics
	Identification of causal genes for bone traits

	Post-GWAS analyses and concluding remarks
	Acknowledgments
	Resources
	References




