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Osteoporosisisacommon disease with a strong geneticcomponent characterized by reduced bone mass, defects
in the microarchitecture of bone tissue, and an increased risk of fragility fractures. Twin and family studies have
shown high heritability of bone mineral density (BMD) and other determinants of fracture risk such as ultra-
sound properties of bone, skeletal geometry, and bone turnover. Osteoporotic fractures also have a heritable
component, but this reduces with age as environmental factors such as risk of falling come into play. Suscep-
tibility to osteoporosis is governed by many different genetic variants and their interaction with environmental
factors such as diet and exercise. Notable successes in identification of genes that regulate BMD have come from
the study of rare Mendelian bone diseases characterized by major abnormalities of bone mass where variants
of large effect size are operative. Genome-wide association studies have also identified common genetic vari-
ants of small effectsize that contribute to regulation of BMD and fracturerisk in the general population. In many
cases, the loci and genes identified by these studies had not previously been suspected to play a role in bone
metabolism. Although there has been extensive progress in identifying the genes and loci that contribute to the
regulation of BMD and fracture over the past 15 yr, most of the genetic variants that regulate these phenotypes

remain to be discovered. (Endocrine Reviews 31: 629-662, 2010)
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l. Introduction

steoporosis is a common disease characterized by

low bone mass and defects in the microarchitecture

of bone tissue, which impairs bone strength and leads to an
increased risk of fragility fractures (1). Osteoporosis is
defined to exist when bone mineral density (BMD) values
at the lumbar spine or hip fall at least 2.5 sp values below

Abbreviations: BMD, Bone mineral density; BMP, bone morphogenic protein; CNV, copy
number variant; GWAS, genome-wide association study/studies; HRT, hormone replace-
ment therapy; LRP5, lipoprotein receptor-related protein 5; OPG, osteoprotegerin; QTL,
quantitative trait loci; RANK, receptor activator of nuclear factor xB; RANKL, RANK ligand;
SNP, single nucleotide polymorphism; TDT, transmission disequilibrium test.

edrv.endojournals.org 629

20 Iudy 60 U0 1s9nB AQ LG/ $SEZ/629/G/1E/RI0IE/AIPS/WO00"ANO"0ILISPEOE//:SARY W) PAPEOUMOQ



630 Ralston and Uitterlinden Genetics of Osteoporosis

the population average in young healthy individuals
(BMD T-score of —2.5 or less). The term osteopenia is
used to describe the situation whereby the BMD T-score is
above —2.5, but below —1.0, whereas subjects with BMD
T-score values of greater than —1.0 and less than +2.5 are
said to have normal BMD. Although the risk of fracture
increases with decreasing levels of BMD, it is important to
note that many patients with osteoporosis do not go on to
have a fracture and that most fractures in the general pop-
ulation occur in patients without osteoporosis (2). Many
factors influence the risk of osteoporosis, including diet,
physical activity, medication use, and coexisting diseases,
but one of the most important clinical risk factors is a
positive family history, emphasizing the importance of ge-
netics in the pathogenesis of the disease (3, 4).

In this article, we first review the evidence for a genetic
contribution to osteoporosis and related phenotypes. We
then discuss the approaches that have been used to find the
underlying genes and review the role that specific genetic
variants play in regulating susceptibility to osteoporosis.

Il. Regulation of Bone Mass and
Bone Turnover

In recent years, several key regulators of bone resorption,
bone formation, and bone mass that act in a paracrine or
autocrine manner to regulate bone cell activity, under the
control of circulating calcium-regulating hormones, have
been identified. The relevance of this to the present review
is that inherited variations (polymorphisms or mutations)
in the genes that encode many of these factors have been
implicated as genetic determinants of susceptibility to os-
teoporosis (see Section V). Bone resorption is primarily
regulated by the receptor activator of nuclear factor B
(RANK) signaling pathway, which plays a central role in
osteoclast differentiation and function (5). The RANK re-
ceptor is expressed on cells of the osteoclast lineage and is
activated by RANK ligand (RANKL), which causes oste-
oclast activation by up-regulating nuclear factor kB and
other intracellular signaling pathways. This process is
blocked by osteoprotegerin (OPG), which acts as a decoy
receptor for RANKL. Bone formation is regulated by
many factors, including PTH, TGFf, bone morphogenic
proteins (BMPs), and the Wt signaling pathway. Mem-
bers of the Wnt family of proteins bind to and activate
lipoprotein receptor-related protein 5 (LRPS) to regulate
bone formation, bone resorption, and bone mass (6, 7).
There are at least 19 Wnt family members, and it remains
to be determined which are most important in regulating
bone metabolism, but current evidence suggests that
Wnt7b and Wnt10b are both involved (8). A variety of
inhibitors of LRPS signaling have also been identified,
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including soluble frizzled-related proteins (sFRP), Dick-
kopfl (Dkk1), and sclerostin (SOST), and it is likely that
regulation of bone formation depends on the balance be-
tween levels of the stimulatory Wzt molecules and levels
of the inhibitors such as sFRP and SOST. Sclerostin is of
particular interest because it is produced by osteocytes in
response to mechanical loading and probably plays a key
role in mechano-transduction (9). Recent research has
highlighted the fact that neuronal pathways also play a
role in regulating bone turnover. These include the
sympathetic nervous system through production of cat-
echolamines (10), nitric oxide (11), and the endocannabi-
noid system (12-14). In view of this, it can be appreciated
that genetic variation in a very wide number of candidate
genes might be expected to influence bone metabolism,
including some that are not expressed in bone.

Ill. Pathogenesis of Fractures

The clinical and economic importance of osteoporosis lies
in its association with fracture. Although the risk of frac-
ture increases as BMD values fall, about two thirds of
individuals who suffer a fracture do not have osteoporosis
as defined on the basis of BMD values (2, 15). Going along
with this, the age-related increase in fracture is largely
independent of changes in BMD (16). The most probable
reason for this is an increased risk of falling with aging due
to factors such as reduced muscle power, postural insta-
bility, and reduced visual acuity. Other factors also affect
the risk of fracture by mechanisms that are independent of
BMD. For example, biochemical markers of bone turn-
over including the bone resorption markers, urinary
C-telopeptide cross-links of collagen type I and free uri-
nary deoxypyridinoline, and the bone formation marker
undercarboxylated osteocalcin have been shown to pre-
dict fractures independently of BMD (17, 18). Similarly,
various aspects of femoral neck geometry including hip
axis length have also been shown to act as predictors of
fracture, particularly hip fracture (19-21). Indeed, it has
been suggested that differences in femoral neck geometry
may explain, in part, differences in the rate of hip fractures
between Caucasians and some other ethnic groups (22). In
view of the above, it can be appreciated that fracture is a
very complex phenotype that is quite challenging to ad-
dress by genetic analysis.

IV. Heritability of Osteoporosis-Related Traits

A. Bone mineral density
Twin and family studies have shown that between 50
and 85% of the variance in peak BMD is genetically de-
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termined (23-26). Studies in twins have generally yielded
higher estimates for heritability than family-based studies
(27-29) where individuals have been compared across
generations (26, 30), presumably because of nongenetic
influences on rates of bone loss. In most studies, herita-
bility of BMD at axial sites such as the spine and hip has
been higher than at the forearm (27, 28), but this has not
always been the case (29).

B. Bone loss

Twin studies have confirmed that there is a heritable
component to age-related bone loss, but the genetic con-
tribution seems to be weaker than for peak bone mass. The
largest study performed to date is that by Makovey et al.
(31) who analyzed bone loss over a S-yr period in 724
postmenopausal female twins. This showed that about
40% of the variance in bone loss at the wrist and lumbar
spine was genetically determined, although no significant
heritable component was found for bone loss at the fem-
oral neck. This supports the results of an earlier study
involving about 40 pairs of predominantly female twins
where a significant genetic contribution to bone loss at the
spine and Ward’s triangle was identified, whereas bone
loss at the femoral neck was found to be nonheritable (32).
In another family-based study, Shaffer et al. (33) reported
a significant heritable component to bone loss at the spine
(heritability, 0.42), total hip (0.44), and distal radius
(0.25) in Mexican-American families. Gender-specific
analysis in this study revealed similar heritability estimates
in women, but the small sample size precluded a mean-
ingful analysis in men (33). One of the most important
determinants of bone loss in women is estrogen defi-
ciency after the menopause, and twin studies have in-
dicated that age at menopause is genetically determined
(34), providing further support for the concept that ge-
netic factors play arole in determining bone loss, at least
in women. In keeping with this, several genetic variants
have been recently identified as being associated with
age at menopause (35). Heritability of age-related bone
loss in men has been studied relatively little, but in an
analysis of 50 male twins, no evidence for a heritable
component to bone loss at the wrist was observed over
a 16-yr follow-up period (36).

C. Fracture

Conlflicting results have been reported with regard to
the heritability of fracture, which is not surprising given
the complexity of the phenotype and the difficulty in col-
lecting sufficiently powered datasets. A family history of
fracture has been shown in several studies to be a risk
factor for fractures independently of BMD (4, 37). In keep-
ing with this, several investigators have reported that frac-
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ture may have a heritable component. For example, stud-
ies of postmenopausal women and their first-degree
relatives from the United States (38) showed that the her-
itability of wrist fracture was about 25 %, whereas similar
studies in a cohort of female twins from the United King-
dom suggested that heritability of wrist fracture may be as
much as 54% (39). Interestingly, the heritable component
to wrist fracture in both of these studies seemed largely
independent of BMD, suggesting that predisposition may
have been mediated through genetic influences on other
factors such as bone turnover, bone geometry, or nonskel-
etal factors such as cognition and neuromuscular control,
which influence the risk of falling. In contrast to this work,
however, another heritability study of elderly twins from
Finland provided little evidence to suggest that fractures
were heritable (40). These divergent results are probably
explained by the fact that the heritability of fracture de-
creases with age as environmental factors become more
important. This was elegantly demonstrated in a large
study of Swedish twins that showed the heritability of hip
fracture was high among those under the age of 65 (ap-
proximately 68%) but dropped off rapidly with age to
reach a value of almost zero by the eighth decade (41).

D. Other phenotypes

Heritability studies have also shown evidence of signif-
icant genetic effects on other key determinants of osteo-
porotic fracture risk such as quantitative ultrasound prop-
erties of bone (28), femoral neck geometry (28), and
composite bone phenotypes derived from geometrical
variables such as bucking ratio and section modulus (42).
Other osteoporosis-related traits that are heritable include
muscle strength (43), body mass index (44), circulating
levels of calciotropic hormones (45), and biochemical
markers of bone turnover (45, 46). The largest and most
comprehensive study of biochemical markers is that of
Hunter et al. (45) who reported that the heritability of
circulating levels of 1,25 dihydroxyvitamin D and PTH
was 60 and 65%, respectively, compared with 74% for
bone-specific alkaline phosphatase and 58% for urinary
deoxypyridinoline/creatinine ratio.

V. Genetic Architecture of Osteoporosis

The genetic architecture of osteoporosis is typical of a
complex disease with contributions from several genes,
most of which have small effects, but a few of which have
large effects as illustrated in Fig. 1. Before discussing de-
tails of the genetic architecture of osteoporosis, we will
briefly discuss the different types of genetic variants that
exist in the human genome. In simple terms, genetic vari-
ants can be divided into two broad classes, based on their
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FIG. 1. Allelic architecture of susceptibility to osteoporosis. Alleles that are known to
contribute to regulation of BMD and fracture comprise rare variants of large effect (top left)
and common variants of small effect (bottom right). Common variants of large effect have
not been identified and are unlikely to exist. Rare variants of small effect may exist but cannot
be detected or validated at present. It is possible that uncommon variants of moderately large
effect (circle) might contribute to osteoporosis, and this is an area of active investigation.

frequency in the general population and their functional
effects on the target gene. The term “polymorphism” is
used to describe common genetic variants that occur fre-
quently (>1%) in the population. The most common type
is a single nucleotide polymorphism (SNP) in which one
nucleotide in DNA is substituted for another but deletions
and duplications also occur. Another category of poly-
morphism is the variable number tandem repeat, which
were previously used for linkage analysis in families. De-
letions and duplications of large segments of DNA (typi-
cally 10 kb to 1 million bp) are also known to occur
throughout the genome, and these are referred to as copy
number variants (CNVs). Current estimates suggest that
there are about 20 million polymorphisms in the human
genome. Only a tiny fraction of these have so far been
investigated to determine whether they have functional
effects. Those polymorphisms that have been studied gen-
erally have been found to have modest effects on gene
function either by altering the protein structure of the gene
product or by altering gene expression. Although the re-
sulting changes in expression or function of an individual
gene are small, it is thought that common diseases like
osteoporosis are attributable to a substantial extent to the
combined effects of many hundreds to thousands of these
polymorphisms. The term “mutation” is used to describe
a rare genetic variant (frequency much less than 1%) that
has a major effect on gene function. Most mutations di-
rectly affect the protein coding sequence of the target gene,

the findings of the recent genome-wide
association studies (GWAS) where small
effects from dozens of common variants
in or near genes were observed. It has
been suggested that in some popula-
tions and families, variants may exist
that have larger effects, but these re-
main to be identified (47, 48). Severe
osteoporosis, bone fragility, or abnor-
mally high bone mass may also be inherited as the result of
rare mutations in single genes. Single gene disorders of
relevance to osteoporosis are discussed in more detail in
Section VI, whereas the more common genetic variants are
discussed in later sections.

VL. Single Gene Disorders of Relevance
to Osteoporosis

Several rare diseases have been identified where profound
effects on bone mass, bone fragility, and bone turnover
occur as the result of mutations in single genes (Table 1).
These diseases have provided important insights into the
molecular pathways that regulate bone mass, bone cell
function, and bone quality.

A. Osteogenesis imperfecta

Osteogenesis imperfecta is characterized by low bone
mass and a marked increase in bone fragility. The disease
is most often caused by mutations in the COL1A1 and
COL1A2 genes (49), but recent work has shown that mu-
tations in the CRTAP, LEPRE, and PPIB genes, which
form a protein complex necessary for prolyl-3-hydroxy-
lation of collagen, can cause recessive forms of osteogen-
esis imperfecta (50-52).
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TABLE 1. Monogenic bone diseases associated with abnormal bone mass

Disease Phenotype Genes Function
Osteogenesis imperfecta Low BMD, fractures COL1AT Major protein of bone
COLTA2 Major protein of bone
CRTAP Prolyl hydroxylation of collagen
LEPRE Prolyl hydroxylation of collagen
PPIB Prolyl hydroxylation of collagen
Osteopetrosis High bone mass, fractures, bone marrow CLCN7 Osteoclast chloride channel
failure, blindness, osteoarthritis, TCIRG1 Osteoclast proton pump
osteomyelitis CATK Degrades bone matrix
OSTM1 Vesicular trafficking
RANKL Essential for osteoclast differentiation
RANK Essential for osteoclast differentiation
High bone mass syndrome High bone mass, torus palatinus LRP57 Increases bone formation and inhibits
bone resorption by regulating OPG
production by osteoblasts
Osteoporosis pseudoglioma syndrome Low bone mass, fractures LRP5P Increases bone formation and inhibits
bone resorption by regulating OPG
production by osteoblasts
Sclerosteosis, van Buchem disease High bone mass, bone overgrowth, SOST Inhibits LRP5 signaling
nerve compression syndromes
Aromatase deficiency Osteoporosis CYP17 Converts androgens to estrogen in
peripheral tissues
Estrogen receptor deficiency Osteoporosis, tall stature ESR1 Required for signal transduction by

estrogen

2 Gain of function mutations.

b Loss of function mutations.

B. Mendelian osteoporosis syndromes

The osteoporosis-pseudoglioma syndrome is a rare re-
cessive disorder characterized by low bone mass and in-
creased bone fragility that has been found to be caused
by inactivating mutations in the LRPS gene (53, 54).
Severe osteoporosis in males can also form part of the
phenotype in patients with inactivating mutations in the
CYP17 gene encoding aromatase (55) and the ESR1
gene encoding the estrogen receptor a (56), conditions
that both illustrate the importance of estrogen in the
regulation of bone mass in men.

C. High bone mass syndromes

Other rare syndromes have been described in which
affected individuals have unusually high bone mass and
are protected against osteoporotic fractures. Examples are
the various autosomal dominant high bone mass syn-
dromes associated with activating mutations in the LRPS
gene (57-60) and the recessive syndromes of sclerosteosis
and Van Buchem disease that are caused by inactivating
mutations in the sclerostin (SOST) gene (61-64). Inter-
estingly, individuals who are heterozygous for disease-
causing mutations in SOST have elevated bone mass, in-
dicating that some instances of unusually high BMD in the
normal population may be due to heterozygosity for SOST
mutations (65).

D. Osteopetrosis
Osteopetrosis is the name given to a group of syn-
dromes characterized by failure of osteoclastic bone re-

sorption. Osteopetrosis most often occurs as the result of
defects in osteoclast function (osteoclast-rich osteopetro-
sis), but it can occasionally be caused by defects in oste-
oclast differentiation (osteoclast-poor osteopetrosis) (66).
Osteoclast-poor osteopetrosis is caused in many cases by
inactivating mutations in the TNFRSF11A gene that en-
codes RANK or the TNFSF11 gene that encodes RANKL
(67, 68). Many different gene mutations have been iden-
tified in osteoclast-rich osteopetrosis, all of which impair
the ability of osteoclasts to resorb bone (66, 69).

E. Camurati-Engelmann disease

Camurati-Engelmann disease is a rare disorder charac-
terized by increased bone turnover, bone pain, and osteo-
sclerosis mainly affecting the diaphysis of long bones (70,
71). It is caused by mutations that cluster in the latency-
associated peptide region of TGFB1, which prevent or
inhibit binding of latency-associated peptide to the ma-
ture TGFB1 molecule (72). The effect of this is to in-
crease levels of bioactive TGFB1, which presumably is
the cause of the increased bone turnover that is char-
acteristic of the disease (73).

In all of the examples listed above, the consequences of
the gene mutation on bone cell function or bone matrix are
so profound as to overwhelm the effects of the many other
genes that contribute to regulation of bone fragility and
bone mass. Although the above disorders are caused by
rare mutations with large effects, common polymorphic
variations in some of these genes have also been described
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that regulate BMD in the normal population, albeit with
much smaller effects.

VIl. Methods for Identifying Osteoporosis
Susceptibility Genes

Several approaches have been used to identify the genes
responsible for the more common form of osteoporosis,
and the principles underlying these approaches are dis-
cussed below.

A. Linkage analysis

Linkage analysis is the classical approach for gene dis-
covery in an inherited monogenic Mendelian human dis-
ease. There are two main subtypes of linkage analysis:
parametric linkage analysis and nonparametric linkage.

Parametric linkage analysis involves specifying a model
of inheritance for the disease within a family (such as dom-
inant or recessive) and looking for evidence of segregation
of the disease within a family according to that model.
Linkage studies are usually carried out on a genome-wide
basis, which classically involves genotyping between 400
and 800 microsatellite markers spread at 5- to 10-cM in-
tervals across the genome. In recent years, however, higher
density panels of SNP markers have become the preferred
method for genome-wide linkage scans (74).

Nonparametric linkage has been more widely used for
analysis of complex traits. In this case, no model of inher-
itance is specified except to assume that there will be shar-
ing of inherited alleles in relation to sharing of the disease
phenotype. For quantitative traits, variance component
methods (75) or regression-based methods (76) can be
employed to estimate the proportion of genetic covariance
between relatives as a function of identity by descent re-
lationships at a marker, assuming that the marker is tightly
linked to the disease-causing mutation. Variance compo-
nent methods of linkage analysis can be further broken
down into “univariate” and “bivariate” subtypes. In uni-
variate analysis, a single phenotype is analyzed at a time,
and this is the approach that has been most widely used.
In bivariate analysis, two related traits are examined
simultaneously, such as BMD values at two different skel-
etal sites. Bivariate linkage analysis can theoretically
increase power to detect linkage of related traits to a com-
mon quantitative trait loci (QTL) because it exploits the
additional information contained in the correlation pat-
tern between the two traits. In the studies published so far,
however, bivariate analysis of different skeletal sites has
yielded results broadly similar to those of univariate anal-
ysis (77). Bivariate linkage analysis has also been used to
try and identify loci that underlie related traits such as
BMD and obesity (78), but so far no genes have been
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identified through this route. The results of linkage studies
are typically expressed as lodscores, which are defined as
the logarithm of the odds that the disease locus and marker
locus are linked. In the case of parametric analysis, linkage
is considered significant when the lodscore is above +3.3,
whereas linkage is considered to be “suggestive” when the
lodscore is above +1.9. Conversely, linkage can be ex-
cluded when the lodscore is below —2.0. For nonpara-
metric analysis, significant linkage is defined by a lodscore
of above approximately +3.6 and suggestive linkage by a
lodscore above +2.2 (79). It is not possible to exclude
linkage by nonparametric analysis. The weakness of these
approaches is that they rely on the presence of a single
mutation of very strong effect causing the disease (highly
penetrant variants). Although linkage analysis has been
very successful in identifying gene mutations underlying
monogenic bone diseases, it has largely failed to identify
genes involved in common forms of osteoporosis as seen
in the general population.

Linkage studies in animal models provide another pos-
sible way of identifying genes that regulate BMD and other
phenotypes relevant to the pathogenesis of osteoporosis.
These approaches rely on the assumption that at least
some of the genes that regulate BMD in animals will be the
same as those in humans. Animal studies in the osteopo-
rosis field have mostly involved crossing inbred laboratory
strains of mice with low and high bone density. By inter-
breeding offspring from the first generation (F1), a second
generation (F2) of mice can be established with varying
levels of BMD because of segregation of the alleles that
regulate BMD in the F2 offspring. A genome-wide search
is then performed in the F2 generation and inheritance of
alleles related to levels of BMD in the offspring. There are
several advantages of these studies; environment can be
carefully controlled, thus minimizing the influence of con-
founding factors, and large numbers of progeny can be
generated, giving excellent statistical power. Fine map-
ping of loci identified is challenging but can be achieved by
backcrossing mice that inherit a locus for regulation of
BMD into the background strain and selecting offspring
that retain the phenotype. However, this can be a time-
consuming process because the loci identified by linkage
studies in inbred strains of mice are large (2040 cM), and
many generations of backcrossing need to be performed to
narrow the critical interval to manageable proportions. To
circumvent this problem, other strategies have been pro-
posed, such as performing genetic mapping in outbred
mice of known ancestry (80). This takes advantage of the
more limited linkage disequilibrium that exists in outbred
strains to immediately obtain a narrow region of interest.
The above-mentioned approach has been successfully
applied to several quantitative traits (81) but has not yet
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been applied to the field of bone disease. Another ap-
proach involves the use of in silico analysis to identify
genetic differences between different mouse strains and
relate these to phenotypic differences with the aim of
uncovering candidate loci responsible for the phenotype
under study (82).

B. Candidate gene association studies

Candidate gene association studies have been widely
used in the field of osteoporosis and in the genetics of other
complex diseases. They involve analyzing polymorphic
variants in candidate genes with a role in bone biology and
relating carriage of a specific allele (or haplotype) to a
quantitative trait or disease of interest. In addition to
studying single candidate genes, some investigators
have employed “pathway” analysis in which several
candidate genes in a signaling pathway are studied si-
multaneously (83, 84).

Case-control study designs are used for categorical
traits such as fracture where allele frequencies are com-
pared in the two groups. For quantitative traits such as
BMD, the mean values are calculated according to geno-
type or allele at the chosen polymorphic site, and differ-
ences are assessed by ANOVA, usually with inclusion of
confounding factors in the statistical model (such as age,
body weight, and menopausal status). Association studies
are straightforward in design and relatively easy to per-
form and can be powered to detect small effects of alleles.
However, when executed carelessly, they are prone to give
spurious results, due to factors such as small sample size,
lack of standardized phenotyping and genotyping, and
population stratification when insufficient care has been
paid to matching cases and controls. Another drawback of
the candidate gene association studies performed so far
has been the fact that only a very limited number of vari-
ants have been assessed across a gene of interest. However,
we now know that most genes contain hundreds of com-
mon polymorphisms as well as many rare variants. Be-
cause it is unknown a priori which of these is most likely
to be involved in osteoporosis, it is important that analysis
of candidate genes should be as comprehensive as possible.
Until recently, this was challenging, but the prospects for
comprehensive coverage of candidate genes have im-
proved with advances in genotyping techniques.

The transmission disequilibrium test (TDT) is a special
type of association study performed in related individuals,
which is less susceptible to confounding than a standard
association study. Before the introduction of GWAS, this
technique was widely used to confirm the results obtained
from population-based association studies (85). The TDT
tests the hypothesis that a polymorphism or allele con-
tributes to disease by analyzing the frequency with which
affected individuals inherit the allele from a heterozygous
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parent. If the allele contributes to the trait or disease of
interest, then the probability that an affected person has
inherited the allele from a heterozygous parent should
vary from the expected Mendelian ratio of 50:50. Because
the transmitted allele acts as the “case” and the nontrans-
mitted allele acts as the “control,” the TDT is unaffected
by confounding due to population stratification. Al-
though TDT is a valuable technique, one important dis-
advantage is that only heterozygous individuals are
informative, which can reduce the effective sample size
available for study and limit statistical power.

Most of the problems of candidate gene association
studies can be circumvented by careful study design, in-
cluding the assembly of cohorts of adequate sample size
and statistical correction for confounding factors (86).
Many of these issues are being addressed by the creation
of large consortia to address the genetic contribution to
various complex diseases (87). For example, within the
osteoporosis field, the GENOMOS (www.genomos.eu)
and GEFOS (www.gefos.org) consortia have been estab-
lished to address the role of common genetic variants in
the pathogenesis of osteoporosis. The GENOMOS con-
sortium has focused on testing known candidate gene
polymorphisms in a large-scale setting involving approx-
imately 45,000 subjects, whereas the GEFOS consortium
focuses on performing meta-analysis of GWAS datasets
from about 20,000 subjects.

C. Genome-wide association studies (GWAS)

Advances in genotyping technologies have now made
it possible to perform association studies on a genome-
wide basis by genotyping large numbers (100,000 to
1,000,000) of SNPs spread at close intervals across the
genome, rather than focusing on a specific candidate gene.
GWAS have been successfully applied to the study of many
complex diseases and in less than 3 yr have identified more
than 500 loci that predispose to several diseases and quan-
titative traits (see www.genome.gov/gwastudies), includ-
ing osteoporosis (88-93). A major advantage of GWAS
over candidate gene studies is that they offer the pos-
sibility of ranking the importance of several association
signals across the genome and of identifying novel path-
ways that contribute to the trait that is being studied.
Disadvantages include the fact that currently available
marker sets are designed to identify common alleles and
are not well suited to study the effects of rare polymor-
phisms (<1-5% population frequency) within a gene of
interest.

The resulting dataset also allows one to assess, in a
comprehensive way, common variants across a large num-
ber of candidate genes. The statistical thresholds for sig-
nificance in GWAS are stringent (P < ~1 X 10~ or <5 X
10~ ® when using imputed data) due to the large number of

20z 1udy 60 U0 3sanb Aq |G/ ¥GEZ/629/G/1€/3101ME/AIPS/WOD dNO"DILSPEDE//:SARY WO POPEOjUMOQ


www.genome.gov/gwastudies

636 Ralston and Uitterlinden Genetics of Osteoporosis

tests performed. In view of this, many polymorphisms that
truly contribute to a trait but with a small effect size may
be missed by individual GWAS, particularly if the size of
the discovery sample is limited. To circumvent this prob-
lem, researchers are trying to increase power by combining
results from different GWAS (see Section VII.E) and ex-
ploring the approach of entering SNPs that are below the
threshold of genome-wide significance, yet above the
threshold likely for false-positive results, into statistical
models to determine whether these can enhance prediction
of phenotypes of interest (94).

D. Genome-wide sequencing

Sequencing technology has now advanced to a stage
where it is possible to generate a complete catalog of all
variants present within a given DNA sequence rather than
having to rely on markers and patterns of linkage disequi-
librium. These sequencing techniques are currently being
used for analysis of selected areas such as candidate loci that
have emerged from GWAS. It is likely that these techniques
will soon provide the complete human genome sequence in
large collections of samples, and this forms the basis of the
1000 genomes project (www.1000genomes.org). The aim of
this project is to fully sequence the genome of 1000 individ-
uals and to use this information as the basis for inferring
(imputing) genetic variants in subjects who have been geno-
typed for a less dense set of markers. This will result in a
second surge of genetic association studies generating com-
prehensive collections of sequence variations, both common
and rare, including de novo events in individuals.

E. Meta-analysis

The technique of meta-analysis is increasingly being
used in the field of osteoporosis genetics (95-97). Meta-
analysis can be done retrospectively (based on published
studies) or prospectively (with new and unpublished
data). Retrospective meta-analysis involves combining
data from several different published studies to enhance
sample size and obtain a more accurate estimate of the
effect size of individual genetic variants than can be
achieved by analysis of single studies. It is applicable to a
variety of study designs, from family-based linkage studies
and population-based association studies to genome-wide
linkage scans and GWAS. By combining relevant evidence
from many studies, statistical power is increased and more
precise estimates of effect size can be obtained than is pos-
sible with single studies. Prospective meta-analysis seeks
the same increase in power by combining datasets, but it
uses unpublished datasets in which de novo genotyping
has been performed. This approach is more robust than
retrospective meta-analysis because it circumvents the
problem of publication bias that can inflate the estimates
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derived from retrospective meta-analysis. A limitation of
meta-analysis is that there is an assumption that the effect
and direction of effect for a given genetic variant are the
same in all groups included in the meta-analysis. This
seems to hold true for the most part, but some instances
have been recorded among complex traits where a sus-
ceptibility allele in one population is a protective allele in
another (98).

F. Functional studies

When an allelic association has been identified and rep-
licated, the next step is to try and define the mechanisms
that underlie the association. For Mendelian diseases,
functional analyses are usually straightforward because
the causal mutation(s) can easily be identified since they
segregate with the disease in families and usually have a
major effect on the protein coding region of the gene. The
effects of the mutation on function of the target protein
can then be defined by in vitro studies of the abnormal
protein or by generating an animal model in which the
disease-causing mutation has been knocked into the germ
line of a model organism. It is much more difficult to define
functional mechanisms for alleles of small effect, partly
because the causal variant is difficult to identify. It is pos-
sible to gain insights into the mechanisms by which alleles
of small effect regulate phenotype, however, by perform-
ing a deletion of the gene in question in an animal model.
This was highly successful in the case of the FTO gene that
was initially identified as susceptibility gene for type 2
diabetes but was then found to act by regulating body
weight (99). At the time of its original discovery, the func-
tion of FTO was unknown, but targeted deletion of the
gene in mice demonstrated that it protected against obesity
by affecting energy homeostasis (100). Similar experi-
ments can now be contemplated for the novel genes that
have emerged as determinants of osteoporosis through
GWAS. Susceptibility alleles for common diseases usually
do not have a large enough effect to determine whether
they segregate with the trait of interest in families. Fur-
thermore, alleles associated with complex traits usually
cluster together with a large number of related variants
that are in linkage disequilibrium and that also could be
responsible for the effects observed. Approaches that can
be used to identify the causal variants are summarized in

Table 2.

VIll. Human Linkage Studies

Most linkage studies in the field of osteoporosis have fo-
cused on BMD as the phenotypic trait of interest, but other
phenotypes have also been investigated including femoral
neck geometry (101-104), ultrasound properties of bone
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TABLE 2. Approaches to identify causal variants in
genetic association studies

1) Bioinformatic studies to identify:
Transcription factor binding sites
MicroRNA coding sites
Conservation across species
Protein coding changes
Alterations in splicing
2) Refinement of linkage disequilibrium blocks by studies in different
ethnic groups
3) EMSAs and promoter-reporter assays
4) Cell biology-based studies:
Cell culture from subjects of different genotype
Expression of different variants in vitro
“Knock-in" or ethylnitrosourea-based studies of model organisms
with variant alleles
5) Studies on the effect of alleles on gene expression in vivo:
Levels of mMRNA expression
Allele-specific transcription in heterozygotes

(105, 106), and bone loss (33). In one study, a composite
phenotype was also investigated in which patients were
categorized as “affected” on the basis that they had BMD
below a certain cutoff or were being treated with antios-
teoporosis medications or had suffered a fracture (107).
Given what we now know about the genetic architecture
of osteoporosis and the low power of linkage analysis to
detect common variants of small effect size, it is not sur-
prising that linkage studies have met with little success in
identifying osteoporosis susceptibility genes. Linkage
studies are no longer being widely pursued for the study of
osteoporosis, but family-based studies might become use-
ful again with the advent of high throughout sequencing
technology to identify the effect of rare variants if they
have sufficient penetrance and to study parent-of-origin
effects.

Several genome-wide linkage scans in humans have de-
tected loci that exceeded the threshold for genome-wide
significance for BMD, but there has been limited replica-
tion between studies (108—111). For example, a meta-
analysis of nine genome-wide scans performed up until
2006 involving over 11,842 subjects failed to detect evi-
dence of genome-wide significance for any locus (97). This
mirrors experience in other complex traits and diseases
(112) and probably reflects the fact that genes which reg-
ulate BMD have modest effects that are difficult to detect
reproducibly by conventional linkage analysis. Indeed, to
date only one candidate gene for osteoporosis has been
detected by genome-wide linkage scan. This is BMP2,
which was identified as a susceptibility gene for osteopo-
rosis in the population isolate of Iceland (107). The
investigators identified a nonsynonymous serine to ala-
nine coding change at codon 37 in BMP2 that was asso-
ciated with osteoporosis in the Icelandic and Danish
populations (107). However, this gene was already known
from studies of bone biology, and the association could
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not be replicated in a large and well-powered study in the
Dutch population (113).

Several genome-wide linkage scans in humans have
been performed to detect loci that regulate femoral neck
geometry. Significant evidence of linkage to some chro-
mosomal regions has been detected, but as in the case of
BMD there has been limited replication of peaks be-
tween studies (101, 104, 114) and gender-specific ef-
fects have been observed (101). Two genome-wide
scans have been carried out in relation to ultrasound
properties of bone, with differing results (105, 106).
Neither study detected QTL that reached genome-wide
significance, although several suggestive linkage peaks
were detected. One genome-wide scan for bone loss has
been performed, and this showed that change in femoral
neck BMD in young Mexican-American families was sig-
nificantly linked to a locus on chromosome 1923 (115).
This finding has not yet been replicated in other cohorts.

Although several examples of gender-specific, age-spe-
cific, and site-specific effects have been reported in human
linkage studies, stratified analyses such as these need to be
interpreted with caution because they can yield false-pos-
itive results due to multiple testing artifacts.

IX. Linkage Studies in Model Organisms

Linkage studies in mice (116, 117), rats (118), and pri-
mates (119) have resulted in the identification of several
QTL that regulate BMD. Linkage analysis has also been
used to localize QTL for other osteoporosis-related phe-
notypes such as bone structure, bone shape, bone strength
(120, 121) and circulating levels of IGF-1 (122). Loci for
regulation of BMD have now been identified on almost
all mouse chromosomes (http://www.informatics.jax.org)
and almost all rat chromosomes (http://rgd.mcw.edu/). In
some cases, there has been replication of QTL across dif-
ferent strains, and replication of some human BMD QTL
(118). These studies have also shown that the genes
which regulate BMD in mice have effects that are site-
specific and gender-specific (116, 123).

The first notable success to emerge from linkage studies
in mice was the identification of the alox15 gene as a reg-
ulator of bone mass. This gene, located on mouse chro-
mosome 11, was identified by Klein et al. (124) by linkage
inacross of DBA/2 and C57BL/6 mice. Although the chro-
mosome 11 linkage peak was very large, microarray anal-
ysis showed that the parental DBA2 strain of mice (low
BMD) had 20-fold increased expression of the Alox15
mRNA when compared with C57BL/6 (high BMD) mice.
From this observation, the authors suspected that Alox15
might act as a negative regulator of bone mass and con-
firmed this hypothesis by finding that Alox15 knockout
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mice had increased BMD and that inhibition of Alox15
protected against ovariectomy-induced bone loss. The
mechanism by which Alox15 reduces BMD is unclear, but
the gene encodes a lipoxygenase enzyme that converts ar-
achidonic and linoleic acids into ligands for the transcrip-
tion factor peroxisome proliferator-activated receptor vy,
which is thought to regulate differentiation of mesenchy-
mal cells into adipocytes and osteoblasts. A recent asso-
ciation study showed that genetic variation in Alox12, the
human homolog of Alox15, was associated with spine
BMD in humans (125).

A second gene to be identified as a regulator of bone
mass through linkage studies in mice is that encoding the
duffy antigen receptor for chemokines (Darc). Edderkaoui
et al. (126) showed that the Darc gene lay ina BMD QTL
identified on mouse chromosome 1 in a cross of Cast
CAST/Ei] and C57BL/6 mice. Congenic mice carrying the
chromosomal segment containing Darc from the CAST/
Ei] strain were found to have high BMD, and mice with
targeted inactivation of Darc were found to have low
BMD, confirming the importance of Darc as a regulator of
bone mass. Further studies showed that Darc mRNA ex-
pression was 6-fold increased in the congenic mice carry-
ing the CAST/Ei] chromosomal segment containing Darc.
Several SNPs were identified within Darc that differed
between the two background strains, and six of these were
conserved in the CAST/Ei] strain and another high bone
mass mouse strain (C3H). Bioinfomatic analysis revealed
that one of these SNPs, encoding a glycine or arginine at
codon 65, was predicted to reduce the ability of the CAST/
Ei] isoform of Darc to bind chemokines. This was con-
firmed experimentally using bone marrow cells from the
congenic mice that bound several chemokines less well
than C57BL/6 marrow cells. Finally, bone marrow cells
cultured from Darc knockout mice and congenic mice car-
rying the CAST/Ei] chromosomal segment containing
Darc had a reduced capacity to differentiate into oste-
oclasts as compared with control mice. Taken together,
these data provide convincing evidence that Darc regu-
lates bone mass probably by modulating chemokine-in-
duced osteoclast formation.

Two loci derived from animal studies have been found
to be associated with BMD in human studies. One is a
locus on chromosome X that was linked to postmaturity
change of BMD in mice (127). Synteny mapping of this
locus in humans using a DNA pooling strategy showed
evidence of an association between two polymorphisms in
the PIRIN gene and lumbar spine BMD (127), although
this has not yet been replicated in other populations. A
second was identified through i silico genome-wide hap-
lotype association mapping in 30 inbred strains of mice
(128). Among 22 different regions identified as being as-
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sociated with BMD, the investigators focused on a region
of mouse chromosome 4 containing the Cer1 gene, which
is a cysteine knot protein that acts as an antagonist of BMP
signaling. They found that a methionine to isoleucine
polymorphism at codon 232 of Cer1 was associated with
BMD in mice and that two noncoding polymorphisms of
the human CER1 gene were associated with BMD and
vertebral fracture in southern Chinese women. This result
was of borderline significance, however, and this finding
has not yet been replicated in other populations.

X. Candidate Genes and GWAS for Osteoporosis

Over the past decade, approximately 150 candidate genes
have been investigated in at least one study for their rela-
tionship with BMD or fractures in human population
studies [details of these genes can be found on the
HUgeNet web site (http://www.hugenavigator.net/)]. Most
have been investigated in less than five studies, and most
individual studies have been underpowered. Accordingly,
the results of the vast majority of the candidate gene stud-
ies performed to date must be treated with great caution,
given what we know about the true effect size of common
variants on phenotypes like BMD and fracture. In a com-
prehensive candidate gene study, Richards et al. (129) sys-
tematically evaluated common genetic variants in 150
genes previously implicated in the pathogenesis of osteo-
porosis in a cohort of about 19,000 individuals where
GWAS data were available within the framework of the
GEFOS consortium (www.gefos.org). Here, SNPs within
the gene of interest and in the 200 kb of flanking sequence
on either side were analyzed. Only nine of the 150 genes
analyzed were found to be significantly associated with
BMD. These included SNPs within or close to the ITGA1,
LRPS, SOST, SPP1, TNFRSF11A, TNFRSF11B, and
TNESF11 genes, but for most candidate genes there were
no significant associations. The effect size for SNPs that
were associated with BMD was small, ranging from 0.04
to 0.18 sp change in BMD per allele. Variants within or
close to the LRPS, SOST, OPN, and TNFRSF11A genes
were also significantly associated with fracture risk, with
odds ratios ranging between 1.13 and 1.43 per allele. The
association with fracture remained significant after cor-
rection for BMD for the OPN and SOST loci. This indi-
cates that susceptibility to fracture for these genes might be
mediated by effects on bone quality or other BMD-inde-
pendent predictors of fracture.

It should be noted, however, that the absence of a signal
in such a study does not fully exclude a candidate gene
from involvement because the efficiency by which poten-
tially causal polymorphisms are captured by GWAS var-
ies, and these were not studied in detail for all genes. For
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example, the Sp1 binding site polymorphism of COL1A1
(rs1800012), which has been extensively studied in osteo-
porosis (130), has no validated proxy in HapMap and
could not be analyzed in this study. The same might apply
to SNPs in other genes that have previously been studied
in relation to osteoporosis. In the following section, there-
fore, discussion will be restricted to candidate genes where
the association with BMD or fracture reached genome-
wide significance and those that have been investigated in
large-scale studies involving more than 5000 participants.
At the time of this writing, six GWAS and one meta-anal-
ysis of GWAS have been carried out to try and identify
genes and loci that predispose to osteoporosis. Details of
these are summarized in Table 3. The genes and loci that
have been identified as being significantly associated with
osteoporosis with P values exceeding the threshold for
genome-wide significance for BMD are summarized in Ta-
ble 4, including some summary statistics. About half of the
loci identified contain genes that were not previously
known to play a role in bone metabolism. In addition,
site-specific analysis showed that roughly one third of the
loci had genome-wide significant effects at both spine and
hip, indicating that the causal genetic variants have gen-
eralized effects on bone mass. Although gender-specific
effects were not observed, there was limited power to de-
tect such effects due to the relatively small number of men
studied. For several loci, there was evidence of an associ-
ation with fracture, but none of these associations attained
genome-wide significance.

A. Loci and genes with significant evidence for
association with BMD

The genes and loci that have attained genome-wide sig-
nificant evidence for association with BMD are discussed
in alphabetical order below.

1. ADAMTS18

The ADAMTS18 gene was identified as a candidate for
osteoporosis susceptibility by a GWAS performed by
Xiong et al. (92). In this study, several SNPs within the
ADAMTS18 locus were identified that were suggestively
associated with BMD in Caucasian subjects, but none
reached the threshold for genome-wide significance.
Three of these SNPs (rs16945612, rs11859065, and
rs11864477) were studied for evidence of association with
BMD in other cohorts of subjects from the United
States, China, and Tobago, and the threshold for
genome-wide significance was attained. One of these
SNPs (rs16945612) was found to generate a binding site
for the transcription factor TEL2. EMSAs confirmed that
oligonucleotides containing the T allele of rs16945612
bound TEL2, whereas the C allele did not. The authors
speculated that this might down-regulate ADAMTS18 ex-
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pression, but effects on transcription were not studied.
The ADAMTS18 gene is one of a large family of genes
containing disintegrin and metalloprotease domains with
thrombospondin motifs and has been suggested to be a
tumor suppressor (131). Its role in bone metabolism is
unclear at present.

2. CRHR1

The CRHR1 gene, which encodes corticotropin-releas-
ing factor receptor, emerged as a candidate for regulation
of BMD by the GEFOS meta-analysis (96). Thers9303521
SNP, located about 56 kb from the gene on chromosome
17q21, was significantly associated with spine BMD.
Corticotropin-releasing factor plays an important role
in regulating ACTH release from the pituitary, and this in
turn is involved in regulating cortisol release from the ad-
renal glands. Although glucocorticoids have important ef-
fects on bone turnover, further studies will be required to
determine the mechanisms by which polymorphismsin the
region regulate BMD.

3. CTNNB1

The CTNNBI1 gene encodes B-catenin, which is a tran-
scription factor that plays a key role in osteoblast differ-
entiation from mesenchymal stem cells. A polymorphism
situated about 100 kb upstream of this gene was found to
be significantly associated with femoral neck BMD by the
GEFOS meta-analysis (96). B-Catenin is an extremely
good candidate for BMD regulation, given that deletion of
the gene in osteoblasts results in osteopenia, and stabili-
zation results in high bone mass (7). The mechanisms by
which genetic variation at the CTNNBI1 locus regulates
BMD in humans remain to be explored.

4. DCDC5 and DCDC1

The DCDCS and DCDCI1 genes, situated on chromo-
some 11, emerged as possible candidates for regulation of
lumbar spine BMD by the GEFOS meta-analysis (96). This
showed an association with the rs16921914 located 62 kb
downstream of the doublecortin domain containing 1
(DCDC1) and 73 kb upstream of the DCDCS gene. Dou-
blecortin domains are found in a wide variety of genes and
are involved in mediating protein-protein interactions
(132). Genes that contain these domains are highly ex-
pressed in the central nervous system, and mutations in
some members of this gene family have been associated
with neurological disorders. The genes do not appear to
be highly expressed in bone, and the mechanisms by
which these genes might regulate BMD remain unclear
at present.

5. ESR1
Estrogen, by interacting with its receptors in bone and
other tissues, plays an important role in regulating skeletal
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TABLE 4. Genes and loci with genome-wide significant evidence for association with BMD

No. Gene(s) Locus Novel® Spine BMD  Hip BMD  Fracture? Mode of identification®
1 ADAMTS18 16923.1 Yes - + +
2 CRHR1 17921 Yes + - - GWAS meta-analysis
3 CTNNB1 3p22 No — + - GWAS meta-analysis
4 DCDC1/DCDC5 11p14.1 Yes + - - GWAS meta-analysis
5 ESRT 6025 No + + + GWAS
6  FLJ42280 7921.3 Yes + + - GWAS meta-analysis
7 FOXL1/FOXC2 16024 No + - - GWAS meta-analysis
8 GPR177 1p31.3 Yes + + - GWAS meta-analysis
9  HDACS 17921 Yes — + - GWAS meta-analysis
10 MARK3 14932 Yes - + - GWAS
11 MEF2C 5q14 No — + - GWAS meta-analysis
12 LRP4/ARHGAPT/F2  11p11.2 Yes - + + GWAS
13 LRP5 11913.4 No + + - Candidate gene; GWAS; GWAS meta-analysis
14 MEPE/IBSPIOPN 4921.1 No + - + GWAS meta-analysis
15 MHC 6p21 Yes + — + GWAS
16 SOST 17921 No - - + GWAS
17 SOX6 11p15 Yes — + - GWAS meta-analysis
18  SPTBNT 2p16 Yes + - + GWAS meta-analysis
19 SP7 12913 No + - - GWAS
20  STARD3NL 7pl4 Yes + - - GWAS meta-analysis
21 TNFRS11B 8024 No + + + GWAS
22 TNFRSTIA 18921 No + + + GWAS
23 TNFSF11 13914 No — + - GWAS meta-analysis
24 ZBTB40 1p36 Yes + + + GWAS
Total 24 12 (50%) 15 (63%) 15 (63%) 10 (42%)

2 Not previously known to play a role in bone metabolism.

 None of the genes shown demonstrate genome-significant evidence for an association with fracture.

¢ Primary route through which genome-wide significant association with BMD was attained.

growth and maintaining bone mass. The estrogen receptor
type 1 gene (ESR1) is therefore a strong candidate for the
genetic regulation of bone mass. The first report of an
association between ESR1 alleles and osteoporosis was by
Sano et al. (133), who found a positive association be-
tween a TA repeat in the ESR1 promoter and bone mass
in a small study of Japanese women. Similar results were
reported by groups in the United States and Italy (134,
135). Subsequently, other investigators reported positive
associations between haplotypes defined by PvuIl and/or
Xbal polymorphisms in the first intron of the ESR1 gene
and bone mass (134, 136-139) as well as age at meno-
pause (140). In contrast, other studies in Korean (141),
Belgian (142), and Italian (143) women found no associ-
ation between the Pvull polymorphism and bone mass.
Polymorphisms of ESR1 have also been studied in re-
lation to postmenopausal bone loss. In a longitudinal
study of 322 Finnish women, increased rates of early post-
menopausal bone loss were observed in women who car-
ried the “P” allele at the ESR1 Pvull polymorphism (144),
but this was not confirmed by another study in the United
States (145). In contrast, a relatively large-scale study in-
volving 3054 women in the United Kingdom showed
higher rates of bone loss, lower femoral neck BMD in
postmenopausal women, and reduced calcaneal broad-

band ultrasound attenuation in women who carried the
“px” haplotype (146).

A retrospective meta-analysis of published association
studies performed up until 2002 involving 5834 partici-
pants showed no evidence of an association between BMD
and fracture for the Pvull polymorphism, but a positive
association between BMD and fracture for the Xbal poly-
morphism, with a protective effect of the XX genotype
(147). A prospective meta-analysis from the GENOMOS
study involving 18,917 individuals showed no association
between the TA repeat, Pvull or Xbal polymorphism, and
BMD, but a significant association between the Pvull and
Xbal polymorphisms and fracture was observed, which
was independent of BMD (148).

The association between ESR1 alleles and osteoporosis
was confirmed by the deCODE GWAS, which showed a
significant association with BMD and fracture (89, 90).
Although ESR1 did not emerge as a significant determi-
nant of BMD in other individual GWAS (88,91, 92), it has
been confirmed to be a significant determinant of BMD by
the GEFOS meta-analysis (96). This suggests that there is
a small effect of ESR1 promoter variation on BMD and/or
fracture risk. Interestingly, GWAS of other phenotypes,
such as breast cancer risk and height, have also found
significant signals at the ESR1 locus consistent with the

20 Iudy 60 U0 1s9nB AQ LG/ $SEZ/629/G/1E/RI0IE/AIPS/WO00"ANO"0ILISPEOE//:SARY W) PAPEOUMOQ



642 Ralston and Uitterlinden Genetics of Osteoporosis

pleiotropic effects of this nuclear receptor on many phys-
iological processes (149).

The molecular mechanism by which ESR1 polymor-
phisms influence BMD and fracture are unclear, but there
is evidence that the intronic polymorphisms may affect
gene transcription. For example, the Pvull polymorphism
lies within consensus recognition sites for the AP4 and
Myb transcription factors (139, 150), and promoter-re-
porter assays have shown that the Pvull polymorphism
influences Myb-driven transcription iz vitro (150). Other
studies have suggested that the Xbal and Pvull polymor-
phisms influence reporter gene transcription in vitro
(151).Inthisregard, itis of interest that the Pvull and Xbal
polymorphisms are located within a region that is 70—
80% conserved in the human, mouse, and rat genomes,
whereas the TA repeat polymorphism is not conserved to
any significant extent across species, suggesting that the
intron plays a role in regulating ESR1 function.

6. FL142280

The FLJ42280 gene encodes a hypothetical protein
of unknown function, and several SNPs within this re-
gion on chromosome 7 were found to be significantly
associated with both spine and hip BMD in the GEFOS
meta-analysis (96). Although the most significant SNPs
were closest to FLJ42280, there are several other genes
within this region in a linkage disequilibrium block of
about 480 kb, and it is unclear whether FLJ42280 or
other genes are responsible for the associations
observed.

7. FOXC2 and FOXL1

The FOXC2 and FOXL1 genes were identified as pos-
sible determinants of spine BMD by the GEFOS meta-
analysis, which showed that SNPs about 95 kb distant
from these genes were associated with spine BMD (96).
Mutations in FOXC2 have been reported in the
lymphedema-distichaisis syndrome, a disorder charac-
terized by lymphedema of the limbs coupled with various
other features (152). However, FOXC2 has also been
shown to play a role in osteoblast differentiation and
preosteoblasts, probably by activating canonical Wnt-g-
catenin signaling (153). Mice with deletion of FOXL1
exhibit various intestinal abnormalities, aortic arch anom-
alies, craniofacial defects, and abnormalities of the verte-
bral column (154, 155). Although both genes therefore
play a role in bone metabolism, FOXC2 seems to be the
best regional candidate gene because of its effects on os-
teoblast differentiation.

8. GPR177
The GPR177 gene on chromosome 1p31 emerged as a
candidate for regulation of bone mass, following the
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GEFOS meta-analysis (96). Two intronic SNPs within
GPR177 were significantly associated with lumbar spine
and femoral neck BMD. The mechanism underlying the
association remains to be explored, but it is relevant that
GPR177 is required for cell surface expression of wnt3a
protein by HEK cells and was shown to be capable of

activating nuclear factor kB when expressed in HEK
cells (156).

9. HDAC5

The HDACS gene on chromosome 17q21 was identi-
fied as a possible candidate gene for BMD regulation by
the GEFOS meta-analysis (96). A significant association
was observed with the rs228769 situated 8 kb upstream of
the HDACS and 26 kb upstream of the C170rf53 gene. A
nonsynonymous SNP (rs227584) coding for a threonine
to proline substitution at codon 126 in the C170rf53 gene
was associated with hip BMD in the deCODE GWAS (90),
but the result did not achieve genome-wide significance.
Atpresent, therefore, it is unclear whether the associations
observed at this locus are mediated by variations within
HDACS or C170rf53. Although the function of C170rf53
is unknown, HDACS is a class histone deacetylase II,
which is ubiquitously expressed and involved in transcrip-
tional regulation, cell cycle progression, and muscle
differentiation.

10. LRP4

The lipoprotein receptor-related protein 4 gene (LRP4)
on chromosome 11p11 was identified as a possible can-
didate for regulation of femoral neck BMD by the GEFOS
meta-analysis (96), although in fact, the most strongly as-
sociated SNP lies within a region of high linkage disequi-
librium containing several genes including the Rho
GTPase-activating protein 1 (ARHGAP1) gene and the
coagulation factor II (F2) gene. At the present time, it is
difficult to determine which of these genes is responsible
for the associations observed. Small GPTases such as Rho
are known to play an important role in regulating bone cell
activity, whereas LR P4 is homologous to the LRPS gene,
which is known to regulate BMD (see Section X.A.11), so
both of these genes are good candidates. Further work will
be required to investigate this genomic region in more
detail to define the functional mechanisms underlying the
associations that have been reported.

11. LRP5

The LRPS gene was discovered to be a key regulator
of bone mass after linkage studies in the osteoporosis-
pseudoglioma syndrome (53) and the high bone mass
syndrome (57).

Early association studies showed that common variants
in LRPS were associated with variation of BMD in the
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general population (157-160). In a large study of 45,000
subjects from the GENOMOS consortium, van Meurs ef
al. (161) reported that common nonsynonymous coding
variants in exons 9 and 18 of LRPS were significantly
associated with BMD with P values exceeding the thresh-
old for genome-wide significance. An association with
fracture was also observed. Furthermore, the LRPS locus
emerged as a significant determinant of BMD in the
TwinsUK/Rotterdam GWAS (88) and in the GEFOS
GWAS meta-analysis (96).

Functional studies of LRPS variants have mainly fo-
cused on rare mutations. Analysis of the bone from mice
with targeted inactivation of LRPS has shown that the low
bone mass is mainly a consequence of decreased bone for-
mation rather than an increased bone resorption (162).
The G171V mutation that is associated with high bone
mass (57, 59) was found to cause increased bone mass
when expressed in transgenic mice (163). In these studies,
mineral apposition rate was increased, and the rate of os-
teoblast apoptosis was reduced, whereas eroded surface
(reflecting bone resorption) was unaffected. There is evi-
dence that the mutations of LRPS that cause high bone
mass inhibit interactions between LRPS and Dkk1—an
inhibitor of Wnt signaling. For example, studies by Boy-
den et al. (60) showed that the G171V mutation did not
result in constitutive activation of LRPS signaling in vitro,
but instead the mutation impaired the ability of Dkk1 to
inhibit Want-stimulated LRPS signaling. Another study
reached the same conclusion for several high bone mass-
associated mutants (G171V, G171R, A214T, A214V,
A242T, T2531, and D111Y), showing that they were re-
sistant to Dkk1 inhibition and had lower affinity for Dkk1
binding than wild-type LRPS (164).

Many common LRPS5 variants have been studied in
association studies, but the most likely functional candi-
dates are a valine to methionine variant in exon 9 at codon
667 (V667M) and an alanine to valine substitution at po-
sition 1330 (A1330V) in exon 18. Less functional work
has been done on these polymorphisms, but promoter-
reporter assays have indicated that different haplotypes
forthe V667M and A1330V polymorphisms differ in their
ability to activate reporter gene transcription, indicating
that they are also functional (165).

In conclusion, the data indicate that rare mutations in
the LRPS gene can have a major effect on BMD, whereas
more subtle polymorphisms seem also to regulate BMD
and have an effect on fracture risk in the normal popula-
tion, albeit with a smaller effect size.

12. MEF2C

The MADS box transcription enhancer factor 2,
polypeptide C (MEF2C) gene on chromosome 5q14
emerged as a possible candidate for BMD regulation by the

edrv.endojournals.org 643

GEFOS meta-analysis on the observation that a SNP sit-
uated 197 kb upstream of the gene was associated with
femoral neck BMD. MEF2C is a transcription factor that
has been primarily implicated in muscle function, al-
though recent studies indicate that it plays a key role in
regulation of SOST gene expression by interacting with
a conserved enhancer that is deleted in van Buchem
disease (166).

13. MEPE

The matrix extracellular phosphoglycoprotein (MEPE)
gene on chromosome 4q21 emerged as a candidate for reg-
ulation of spine BMD by the GEFOS meta-analysis, and in
this study, the P value was close to genome-wide signifi-
cant for hip BMD (96). The rs1471403 SNP, located 7 kb
3’ to MEPE, showed the strongest signal, but other genes
within the region that might also explain the association
include the integrin-binding sialoprotein (IBSP) gene
(42 kb distant from rs1471403) and the osteopontin
(OPN) gene (122 kb distant). All three genes are ex-
pressed in bone, and all exhibit a skeletal phenotype
when deleted. For example, mice with targeted inacti-
vation of MEPE have increased BMD (167), as do mice
with deletion of IBSP (168). Mice with deletion of OPN
are resistant to ovariectomy-induced bone loss (169).
Alleles at the rs1471403 SNP were associated with lev-
els of IBSP expression in osteoblasts, raising the possi-
bility that functional variants driving the association
might be situated in this gene, although further work
will be required to investigate this locus in more detail
and identify the causal variants.

14. MARK3

The MARK3 gene encodes microtubule affinity-regu-
lating kinase 3, a member of the AMP kinase superfamily
of proteins (170). The MARK3 gene on chromosome
14932 was found to be significantly associated with
total hip BMD in the deCODE GWAS (89), but just
failed to reach genome-wide significance in the GEFOS
meta-analysis (96). Members of this family have been
implicated in a wide variety of cellular processes, and
MARK3 is known to play a role in regulating the cell
cycle by phosphorylating the cdc25 protein. The mech-
anisms by which variations in this gene might affect
BMD are unknown.

15. MHC locus

Genetic variations at the MHC locus on chromosome
6 are known to be associated with a wide variety of au-
toimmune diseases. Rather surprisingly, the rs3130340
SNP at this locus was found to be significantly associated
with BMD and fracture in the deCODE GWAS (90), and the
association was confirmed in an extended sample of this
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study (89). However, this was not genome-wide signifi-
cant for BMD in the GEFOS meta-analysis (96). This
could indicate that the association is a spurious one due to
population stratification for which this locus is quite sen-
sitive, so its true contribution to BMD remains unclear.
The possible mechanism responsible for the association is
also unclear, except to note that there is a strong associ-
ation between disorders of the immune system and sus-
ceptibility to osteoporosis (171).

16. SOST

The SOST gene on chromosome 17g21 encodes
sclerostin, a protein that is produced almost exclusively by
osteocytes and which inhibits bone formation, probably
by preventing members of the Wxnt family binding to the
LRPS receptor (172). Inactivating mutations of SOST
cause the syndromes of sclerosteosis and van Buchem dis-
ease (Section VI), which makes the SOST gene an excellent
candidate for genetic regulation of BMD. Polymorphisms
of SOST were initially evaluated in relation to BMD in two
candidate gene studies. In one study, no association be-
tween SOST polymorphisms and BMD was found in peri-
menopausal women using a case-control design (173),
whereas in another study of older women, evidence of an
association with BMD was observed in men and women,
with effects that increased with age (174).

Three SNPs close to the SOST gene emerged as a
significant determinant of total hip BMD in the de-
CODE GWAS (89). The SOST locus was also associated
with BMD and fracture in a candidate gene meta-anal-
ysis reported by Richards et al. (129). The SOST locus
was associated with BMD in the GEFOS meta-analysis,
but the value did not reach genome-wide significance
(96). On the basis of current evidence, it seems likely
that polymorphic variation at the SOST locus does con-
tribute to the genetic regulation of BMD, but the mech-
anisms responsible for the association remain to be fully
explored.

17. SOX6

The SRY (sex-determining region Y)-box 6 (SOX6)
gene on chromosome 11p15 emerged as a candidate for
regulation for BMD as a result of the GEFOS meta-anal-
ysis. In this study a significant association was found be-
tween the rs7117858 SNP situated 297 kb upstream from
SOX6 and femoral neck BMD. The SOX6 gene encodes a
transcription factor that, together with its homolog
SOXS, plays an essential role in chondrocyte differentia-
tion and endochondral ossification. This raises the possi-
bility that variation in this gene might affect bone density
by playing a role in skeletal development.
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18. SP7

The SP7 gene encodes osterix, a transcription factor
that plays an essential role in osteoblast differentiation
(175). The SP7 gene on chromosome 12q13 emerged as a
candidate for regulation of BMD by the extended de-
CODE GWAS (89), and SNPs from this region were also
significant in the GEFOS meta-analysis (96). Further stud-
ies will now be required to investigate the mechanisms
underlying this association.

19. SPTBN1

The spectrin, B8, nonerythrocytic 1 (SPTBN1) gene on
chromosome 2p16 encodes a cytoskeletal protein. The
rs11898505 SNP, located within an intron of this gene,
was found to be significantly associated with spine BMD
in the GEFOS meta-analysis (96). This locus was also as-
sociated with fractures in the deCODE GWAS (90). The
functional role of this gene in bone remains unclear, al-
though targeted inactivation of the mouse homolog (em-
bryonic liver fodrin) resulted in mid-gestational death with
gastrointestinal, liver, neural, and heart defects, yielding a
phenotype that was similar to double knockout of SMAD3
and SMAD4, downstream mediators of TGF-f signaling.

20. STARD3NL

The STARD3 n-terminal like (STARD3NL) gene on
chromosome 7p14 encodes a cholesterol endosomal trans-
porter that emerged as a candidate for BMD regulation after
it was discovered that the rs1524058 approximately 81 kb
upstream of the gene was associated with spine BMD in the
GEFOS meta-analysis. The role that STARD3NL plays in
bone metabolism remains unclear at present.

21. TNFRSF11A

The TNFRSF11A gene on chromosome 18q21 encodes the
RANK, a member of the TNF superfamily of receptors. The
RANK receptor is expressed on osteoclasts and osteoclast
precursors and plays a critical role in regulating osteoclast
differentiation and function (5). The TNFRSF11A gene has
been the subject of several association studies. The first to be
performed was that of Choi et al. (177), who found a signif-
icant association between BMD and an alanine to valine
polymorphism at codon 192 of the RANK protein (A192V)
in 650 Korean postmenopausal women. In a second study,
Koh et al. (178) resequenced the gene, identified 25 SNPs,
and studied 11 of these in a cohort of about 500 Korean
postmenopausal women. Significant associations were re-
ported for two intronic SNPs in relation to BMD. In another
study of Chinese subjects, the A192V allele of RANK was
associated with hip BMD in men but not women (179). Def-
inite evidence for an association between RANK alleles
and BMD came from the deCODE GWAS, which found
an association between polymorphisms in the RANK
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gene and fracture (90), as well as with BMD (89). This
association has been confirmed by the GEFOS meta-analysis
(96). The mechanisms by which polymorphisms at the
TNFRSF11A locus regulate BMD remain to be investigated.

22. TNFRSF11B

The TNFRSF11B gene on chromosome 8 encodes OPG,
which is an endogenously produced inhibitor of bone resorp-
tion. OPG plays a critical role in bone metabolism and has
been the subject of several candidate gene association studies.
These have focused on polymorphisms in the gene promoter
and at codon 3, where the G1181C polymorphism intro-
duces a nonsynonymous amino acid change from lysine to
asparagine at codon 3 (L3K). One of the first association
studies of TNFRSF11B was by Langdahl er al. (180), who
found evidence of an association between the —163A/G,
—245T/G, and 1181C/G polymorphisms of TNFRSF11B
and vertebral fracture risk. Positive associations between
TNFRSF11B polymorphisms and BMD or fracture were
reported by some other groups (177, 181), whereas in a
study by Ueland er al. (182), no association between
TNFRSF11B alleles and BMD, ultrasound properties of
bone, or fracture was found. Large-scale confirmation
that TNFRSF11B is a true susceptibility gene for osteo-
porosis came from the observation that several SNPs at the
TNFRSF11B locus were significantly associated with
BMD in both the TwinsUK/Rotterdam GWAS and the
deCODE GWAS (88-90). In the deCODE GWAS,
TNFRSF11B alleles were also associated with an in-
creased risk of fractures (90). The TNFRSF11B gene was
also confirmed to be associated with BMD by the GEFOS
meta-analysis (96). The functional mechanisms by which
TNFRSF11B alleles predispose to osteoporosis are incom-
pletely understood, but in the TwinsUK/Rotterdam
GWAS (88), expression of the risk allele at the rs4355801
SNP was associated with reduced expression of
TNFRSF11B in lymphoblastoid cell lines. This would be
consistent with a model whereby the variants of
TNFRSF11B that are associated with osteoporosis result
in reduced gene expression, thereby increasing bone re-
sorption and bone loss. This does not, of course, exclude
the possibility that the L3K protein coding variant (or
other variants still to be discovered) may also play a role
in the pathogenesis of osteoporosis.

23. TNFSF11

The TNFSF11 gene on chromosome 13 encodes
RANKL, a member of the TNF superfamily that stimu-
lates bone resorption by activating RANK signaling. The
TNFSF11 gene has been studied as a candidate for regu-
lation of susceptibility to osteoporosis by Kim et al. (183)
in Korean postmenopausal women and by Hsu ez al. (179)
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in Chinese men and women. The study by Kim ez al. (183)
looked for evidence of an association between an intronic
polymorphism of RANKL (rs2277438) and BMD in 385
Korean postmenopausal women. No association was
found, but the rs2277438 SNP was reported to interact
with the G1181C polymorphism of TNFRSF11B to affect
BMD. The study by Hsu et al. (179) employed both a
case-control study design and a family-based design. The
case-control study involved about 1000 individuals, and
the family-based study involved 200 individuals. Equal
numbers of men and women were studied. The authors
reported a significant association with a SNP (rs9594782)
in the RANKL promoter and the likelihood of having low
BMD (odds ratio, 2.1), but no association with BMD was
found with the intronic polymorphism studied by Kim
et al. (183). Confirmation that RANKL is a true sus-
ceptibility gene for osteoporosis came from the de-
CODE GWAS, which showed that several polymor-
phisms in TNFSF11 were associated with lumbar spine
BMD (89, 90). This association was subsequently con-
firmed to be present in the GEFOS meta-analysis (96).
As is the case with RANK, the functional mechanisms
by which polymorphisms of RANKL regulate BMD re-
mains to be investigated.

24. ZBTB40

The ZBTB40 gene on chromosome 1 was identified as
acandidate for regulation of BMD by the deCODE GWAS
(89, 90), and this association was confirmed to be present
in the GEFOS meta-analysis (96) where two SNPs
(rs7524102 and rs6696981) were found to be associated
with hip and spine BMD. The gene is situated on chro-
mosome 1p36 in a region previously implicated in the
genetic regulation of BMD by linkage analysis in families
(184, 185). However, the most strongly associated SNP
identified in the deCODE GWAS was situated in a linkage
disequilibrium block that does not contain other known
genes. The ZBTB40 gene encodes a protein of unknown
function, which contains a zinc finger domain that likely
confers the protein with DNA binding propertiesand a BT
domain that is involved in protein-protein interactions.
Many proteins with both of these domains act as tran-
scription factors, and a similar function for ZBTB40
seems likely. The ZBTB40 mRNA is expressed in bone,
but its function is as yet unknown.

B. Loci and genes with significant evidence for
association with quantitative ultrasound

The loci and genes that have attained genome-wide sig-
nificant evidence for association with ultrasound proper-
ties of bone are discussed below in alphabetical order.
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1. FAM3C

An intronic polymorphism (rs7776725) in the FAM3C
gene on chromosome 7q31 was identified as a significant
determinant of ultrasound properties of bone (speed-of-
sound) at the distal radius and tibia by the GWAS per-
formed by Cho er al. (93) in Korean subjects. The FAM3C
gene is widely expressed and belongs to a family of cyto-
kine-like proteins comprising FAM3A, FAM3B, FAM3C,
and FAM3D. These proteins were discovered by a ho-
mology search for four helix bundle motifs that are
found in cytokines such as IL-2, IL-3, and IL-4, eryth-
ropoietin, and granulocyte-macrophage colony-sti-
mulating factor. The FAM3C gene is known to be
expressed by osteoblasts, but its role in regulating bone
metabolism is as yet unclear.

2. SFRP4

A locus on 7p14.1 was identified as a predictor of
ultrasound properties of bone (speed-of-sound) at the
distal radius by a GWAS performed by Cho et al. (93)
in Korean subjects. The association was strongest with
the rs1721400 SNP (93). The most obvious candidate
gene within this locus is secreted frizzled related protein 4
(SRFP4) an antagonist of Wnt signaling. The SFRP4
gene was previously implicated in the genetic regulation
of bone mass by the study of Nakanishi et al. (186), who
found that the mouse homolog lay within a QTL for
regulation of peak bone mass in a cross of SAMP2 and
SAMP6 mice. Moreover, levels of mRNA expression for
Sfrp4 were 40-fold higher in the SAMP6 parental strain
than in the congenic strain carrying a 15-cM interval
derived from the SAMP2 strain. This, taken together
with the observation that Sfrp4 inhibited proliferation
of MC3T3 osteoblast-like cells, led the authors to spec-
ulate that the cause of the low BMD in SAMP6 mice was
overexpression of Sfrp4, which inhibited bone forma-
tion by inhibiting Wnt signaling. It should be noted,
however, that other genes are also present in the 7p14.1
interval, including TXNDC3 and EPDRI1, although
neither seems a strong candidate. The TXNDC2 gene
encodes a thioredoxin-containing protein involved in
sperm maturation, which is specifically expressed in the
testis. The EPDR1 gene encodes ependymin-related pro-
tein 1, a transmembrane protein that is thought to be
involved in cell adhesion but has no known role in bone
metabolism.

C. Other candidate genes for susceptibility
to osteoporosis

Candidate genes that have been investigated in large-
scale studies, but which have not as yet attained
genome-wide significant evidence for association
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with osteoporosis, are discussed below in alphabetical
order.

1. COL1A1

Type I collagen is the major protein of bone and is a
heterotrimer consisting of a 1(1) and « 1(2) protein chains
that are encoded by the COL1AT and COL1A2 genes,
respectively. Polymorphisms of the COL1AT gene have
been studied extensively in relation to BMD and osteopo-
rotic fracture. Most research has focused on a G/T poly-
morphism within intron 1 of the COL1A1 gene that
affects a binding site for the transcription factor Sp1 (187).
The “T” allele of this polymorphism has been associated
with BMD and/or osteoporotic fractures in several studies
(188-198), but negative results have also been reported
(199-202). Nonetheless, a retrospective meta-analysis
of published studies showed that the COL1A1 Spl
polymorphism was significantly associated with osteo-
porotic fractures (203) and bone density (204, 205)
with evidence of an allele dose effect. In the GENOMOS
study of 20,786 subjects, COL1A1 Sp1 alleles were
found to be associated with spine and hip BMD with a
recessive model of inheritance and to be associated with
vertebral fractures in women with evidence of an allele
dose effect (130).

The population prevalence of the COL1A1 Sp1 poly-
morphism differs markedly in different ethnic groups. The
osteoporosis associated “T” allele is relatively common in
Caucasians, but it is rare in the African subcontinent and
seems to be virtually absent from Asian populations (206 —
208). This has led to the suggestion that differences in
population prevalence of COL1A1 Sp1 alleles might con-
tribute to ethnic differences in fracture risk (206), but this
remains speculative.

Extensive studies have been performed on the molec-
ular mechanism by which the Sp1 polymorphism pre-
disposes to osteoporosis (209-212). These serve as an
example of what is necessary to try to understand the mo-
lecular mechanisms underlying the observed associa-
tions of subtle effect. The osteoporosis-associated
COL1A1“T”-allele has higher affinity for Sp1 protein
binding than the wild-type “G” allele and that allele-spe-
cific transcription from the “T” allele has been found to be
3-fold higher than the “G” allele in heterozygotes. In keep-
ing with this, cultured osteoblasts from subjects who are
heterozygous for the G/T polymorphism produce in-
creased amounts of collagen a 1 protein relative to « 2 in
vitro, compared with “GG” homozygotes, and also ex-
press increased amounts of COLTIAT mRNA relative to
COL1A2 mRNA. Biomechanical studies have shown that
bone cores from G/T heterozygotes have significantly
reduced bone strength ex vivo than those from GG ho-
mozygotes and also are less well mineralized (210, 211).
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Corresponding with this, studies in vitro have also
shown evidence of defective mineralization in bone
cores cultured from Sp1 G/T heterozygotes compared
with G/G homozygotes (209,210). Overall, the data are
consistent with a model whereby the “T” allele of the
COL1A1 Sp1 polymorphism increases COL1A1 gene
transcription, which leads to increased collagen a 1 pro-
tein production, an abnormal ratio of a 1 to a 2 protein
chains, a subtle defect in bone mineralization, and re-
duced bone strength, which might lead to an increased
risk of fracture.

Polymorphisms have also been described in the pro-
moter region of the COL1A1 gene that are in linkage
disequilibrium with the Sp1 polymorphism, including an
insertion/deletion polymorphism in a polythymidine tract
at position —1663 (—1663indelT) and a G/T polymor-
phism at position —1997 (=1997G/T). The —1997G/T
polymorphism was found to be associated with BMD in
Spanish postmenopausal women and to interact with the
Sp1 polymorphism in regulating BMD (213). Similar find-
ings were reported by another group of women from the
United States (197). The largest study of these polymor-
phisms is that of Stewart et al. (214), who reported that
haplotypes defined by all three polymorphisms regulated
spine and hip BMD in women from the United Kingdom
with effects that were stronger than those of the individual
SNP. In keeping with this, haplotypes defined by the
promoter and intron 1 polymorphisms were found to be
associated with bone strength as assessed by biome-
chanical testing ex vivo, and a specific haplotype com-
prising the rare allele at each of the three sites was found
to be enriched in a small study of patients with hip
fracture (209). There is good evidence that the promo-
ter polymorphisms are functional. The —1663indelT
polymorphism is situated at a binding site for the
transcription factor nuclear matrix protein 4, and pro-
moter-reporter assays show that different promoter
haplotypes differed in their ability to regulate reporter
gene expression with high levels of transcription asso-
ciated with the —1997G-1663delT haplotype (212,
215). In another study, all three polymorphisms inter-
acted to regulate COL1A1 transcription, and the
—1663indelT polymorphism was found to be close to a
binding site for osterix, a transcription factor encoded
by the SP7 gene (212). This is an established candidate
gene for BMD regulation (see section X,A,18), which
plays a critical role in osteoblast differentiation (175).

In summary, the studies that have been performed to
date show that common allelic variants in intron 1 and
the 5’ flank of the COL1A1 gene might be associated
with BMD and susceptibility to vertebral fractures, al-
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though the effects are modest and the associations re-
ported so far fall somewhere short of genome-wide
significance.

2. TGFB1

TGFB1 encoded by the TGFB1 gene is thought to act as
a coupling factor between bone resorption and bone for-
mation. A large number of studies have been performed on
possible associations between polymorphisms in TGFB1
and osteoporosis-related phenotypes. A rare C-deletion
polymorphism in intron 4 of TGFB1 has been associated
with low BMD, increased bone turnover, and osteopo-
rotic fracture in one study from Denmark (216), and very
similar results were recently reported in another study
from Italy (217). Although this polymorphism is close to
the splice junction, it does not affect the splice acceptor
site, and the functional effects on TGFB1 function (if any)
are unknown. Another polymorphism of the TGFB1 cod-
ing region has been described that causes a leucine-proline
substitution in the signal peptide region of TGFB1 at
amino acid 10. The C allele of the codon 10 poly-
morphism has been associated with high BMD and a
reduced frequency of osteoporotic fractures in two Jap-
anese populations (218), with BMD in Japanese ado-
lescents (219), and with reduced rates of bone loss and
improved response to treatment with alfacalcidol, an
active metabolite of vitamin D (220). This polymor-
phism is associated with raised circulating levels of
TGEFpB1, suggesting that it may influence protein secre-
tion or stability. However, two promoter polymor-
phisms of TGFB1 have been described that are also
associated with circulating TGFB1 levels (221).

Large-scale studies have not shown evidence of a con-
vincing association between TGFB1 polymorphisms and
osteoporosis-related phenotypes. The largest individual
study is that of McGuigan et al. (222), who performed a
comprehensive analysis of common polymorphisms in re-
lation to BMD, bone loss, biochemical markers of bone
turnover, and fracture in about 3000 Caucasian women.
This study showed strong linkage disequilibrium between
the polymorphisms, but no convincing association be-
tween BMD, bone loss, or fracture. Langdahl et al. (223)
found no association between TGFB1 polymorphisms
and BMD or fracture in the GENOMOS study, which was
aprospective meta-analysis involving more than 28,000
individuals. TGFB1 did not emerge as a candidate gene
for BMD regulation in the candidate gene meta-analysis
performed by Richards et al. (129) from the GEFOS
consortium. In view of this, it seems unlikely that com-
mon polymorphisms of TGFB1 contribute substantially
to the genetic regulation of BMD or fracture.
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3. TGFB3

The TGFB3 gene was identified as a possible regulator
of susceptibility to osteoporosis in a GWAS performed by
Xiong et al. (92). Although no individual SNP reached
genome-wide significance, a haplotype of five SNPs con-
taining the rs17131547 SNP was found to exceed the
threshold for genome-wide significance (P = 3.47 X
10~%). However, replication analysis in other populations
did not attain genome-wide significance for this SNP. The
TGFB3 gene encodes TGFB3, a member of the BMP su-
perfamily that is strongly expressed in the palate. In keep-
ing with this, mice with deletion of TGFB3 have been
reported to have abnormal lung development and a cleft
palate (224). The mechanisms by which TGFB3 might
regulate bone density are unclear.

4. VDR

The active metabolites of vitamin D play an impor-
tant role in regulating bone cell function and mainte-
nance of serum calcium homeostasis by binding to the
vitamin D receptor (VDR), which regulates expression
of various response genes. The VDR gene has been ex-
tensively studied as a potential candidate for regulating
genetic susceptibility to osteoporosis. The first study
was that of Morrison et al. (225), who found an asso-
ciation between polymorphisms affecting the 3’ region
of VDR and circulating osteocalcin levels. In a subse-
quent study, the same group reported a significant as-
sociation between a Bsml polymorphism in intron 8 of
VDR and BMD in a twin study and a population-based
study, but this association was later found to be much
weaker than originally reported due to genotyping
errors (226).

A large number of association studies between VDR
alleles and BMD and/or fracture were subsequently per-
formed, but the results were conflicting, probably because
none of the studies was adequately powered. A large-scale
meta-analysis of VDR alleles in relation to BMD and frac-
ture performed by the GENOMOS consortium involving
26,000 subjects failed to demonstrate any association be-
tween the Bsml, Apal, and Taql 3'polymorphisms in re-
lation to BMD or fracture. In addition, the candidate gene
meta-analysis of the GEFOS dataset from 19,000 subjects
showed no significant association between common VDR
alleles on BMD or fracture (129). A common polymor-
phism has been described in exon 2 of the VDR gene that
is a T-C transition, within exon 2 recognized by the Fokl
restriction enzyme (227, 228). This transition introduces
an alternative translational start codon that results in a
shorter isoform of the VDR gene (227). Association stud-
ies between this polymorphism, BMD, and fracture have
yielded conflicting results, and in the GENOMOS study of
26,000 subjects no evidence for an association between

Endocrine Reviews, October 2010, 31(5):629-662

this SNP and either BMD or fracture was found. Another
common G/A polymorphism affecting a binding site for
the transcription factor Cdx2 in the VDR promoter was
found to be associated with BMD in a cohort of 261 Jap-
anese women, with lower bone mass in carriers of the “A”
allele (229). This observation was confirmed in a large
Dutch study and included a protective effect on fracture
risk that is in line with the association with BMD reported
by Fang et al. (230). An association between the Cdx2
polymorphism and BMD and fracture was also found in
the GENOMOS study, although the P value did not
reach genome-wide significance, and the effect sizes
were modest (231).

A comprehensive single study of genetic variation
across the VDR gene in relation to osteoporosis-related
phenotypes was conducted by Fang et al. (232), who con-
ducted a large-scale study of haplotype tagging of VDR in
6418 participants of the Rotterdam study. Although some
effects on BMD and fracture risk were detected, this was
on the basis of subgroup analysis, and the effect size was
modest.

It has been suggested that the relation between VDR
polymorphisms and BMD may be modified by environ-
mental factors such as dietary calcium intake (233, 234)
and vitamin D status (235), but this has not been investi-
gated in properly powered studies. Intestinal calcium
absorption has been associated with the BsmI VDR poly-
morphism in some studies (236, 237), but the mechanism
by which this occurs is unclear, and no association has
been found between genotype and mucosal VDR density
(228, 238). A positive association between the FokI poly-
morphism and intestinal calcium absorption was reported
in two studies (239, 240), but another study yielded neg-
ative results (241). The largest study of VDR alleles in
relation to nutrient intake was that of Macdonald et al.
(242), who in a population study of about 3000 British
women found no association between VDR alleles and
BMD. In this study, no evidence of an interaction between
VDR alleles, dietary calcium intake, serum 25-hydroxy-
vitamin D levels, and BMD was observed (242). The only
positive finding in this study was a weak association
between the Cdx2 polymorphisms and bone loss, al-
though this was not significant after correction for mul-
tiple testing.

Many investigators have conducted functional analyses
of individual VDR polymorphisms and haplotypes. Re-
porter gene constructs prepared from the 3’ region of the
VDR gene in different individuals have shown evidence of
haplotype-specific differences in gene transcription, rais-
ing the possibility that polymorphisms in this region may
be involved in regulating mRNA stability (243). In sup-
port of this view, cell lines that were heterozygous for the

20 Iudy 60 U0 1s9nB AQ LG/ $SEZ/629/G/1E/RI0IE/AIPS/WO00"ANO"0ILISPEOE//:SARY W) PAPEOUMOQ



Endocrine Reviews, October 2010, 31(5):629-662

Tagql polymorphism showed differences in allele-specific
transcription of the VDR gene (244). In this study, how-
ever, transcripts from the “t” allele were 30% more abun-
dant than the “T,” which is the opposite from the result
expected on the basis of Morrison’s results (226). In an-
other study, evidence of differences in allele-specific tran-
scription were observed in relation to 3’ VDR haplotypes
in bone samples from male subjects in the MrOS study
(245). Specifically, carriage of haplotype 1 (baT) was as-
sociated with increased VDR mRNA abundance, and this
haplotype was also associated with an increased risk of
fracture in men. In a comprehensive analysis of several cell
lines, Fang ef al. (232) also demonstrated that the baT
(haplotype 1) variants were associated with decreased
VDR mRNA level. Other in vitro studies have shown no
differences in allele-specific transcription, mRNA stabil-
ity, or ligand binding in relation to the Bsml poly-
morphism (246-248). Studies in vitro have shown that
different VDR FoklI alleles differ in their ability to drive
reporter gene expression (227, 249), and the polymorphic
variant lacking three amino acids (“F”) has also been
found to interact with human basal transcription factor
IIB more efficiently than the longer isoform (“f”). Finally,
peripheral blood mononuclear cells from “FF” individuals
were also found to be more sensitive to the growth in-
hibitory effects of calcitriol than peripheral blood
mononuclear cells from “Ff” and “ff” individuals (250).
Contrasting with these results, however, Gross et al. (228)
found no evidence of functional differences between Fokl
alleles in terms of ligand binding, DNA binding, or trans-
activation activity. There is good evidence that the Cdx2
polymorphism within the promoter of the VDR gene is
functional. Arai et al. (229) noted that the G allele had
reduced affinity for CDx2 protein binding and also had a
70% reduced ability to drive reporter gene expression
compared with the A allele.

In summary, the studies that have been performed to
date do not support the hypothesis that allelic variation
at the VDR locus plays a major role in regulating bone
mass or osteoporotic fracture. There is evidence that
some of the polymorphisms described have functional
effects, at least in vitro. For the Cdx2 polymorphism
there is also, evidence to suggest that there may be an
association with vertebral fracture risk, albeit modest.

XI. Gene-Gene Interactions

Several investigators have studied the relationship be-
tween combinations of candidate gene polymorphisms
and BMD, although all of these studies were underpow-
ered given what we now know about the strength of effects
seen for common polymorphisms and osteoporosis-
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related phenotypes. Willing et al. (145) looked at the in-
teraction between VDR and ESRI polymorphisms in
predicting BMD in a series of 171 postmenopausal women
and found that individuals with a combination of ESR1
Pyull “PP” and VDR “bb” genotypes had very high av-
erage BMD values at all skeletal sites examined. Another
study by Gennari e al. (143) in a population of postmeno-
pausal Italian women showed that the combination of
VDR and ESR1 genotypes identified subgroups of indi-
viduals with very high and very low BMD. However,
Vandevyver et al. (142) found no significant interaction
between VDR and ESR1 genotypes in predicting BMD in
Belgian postmenopausal women.

Somewhat larger studies of candidate gene-gene inter-
actions have been performed in the Rotterdam study. For
example, Uitterlinden ez al. (251) reported that VDR hap-
lotypes and the COL1A1 Sp1 polymorphism interacted to
regulate susceptibility to fracture in 1004 women from
this study. Carriers of the highest risk alleles for both genes
had a 4.4-fold increase in fracture risk compared with the
reference group. In another analysis of the Rotterdam
population, Rivadeneira et al. (252) reported that alleles
of ESR1, ESR2, and IGF-I all interacted to regulate sus-
ceptibility to osteoporotic fracture and other phenotypes,
including BMD and aspects of femoral neck structure in
6363 subjects. The authors reported a significant interac-
tion between these three genes and the phenotype studies
in women, which persisted after correction for multiple
testing, but no effects were observed in men.

The effects of combining information from several al-
leles that have been significantly associated with BMD in
GWAS analysis have been explored in two studies. In the
TwinsUK/Rotterdam GWAS (88), information from risk
alleles at the TNFRSF11B and LRPS loci was combined to
enhance prediction of those with fractures and to identify
subgroups of subjects with very low or high BMD. A sim-
ilar but more extensive analysis was done using the loci
discovered in the GEFOS meta-analysis (96), where the
combined effects of 20 risk alleles for BMD were investi-
gated in one study sample where detailed phenotyping for
both BMD and fracture were available (the Rotterdam
Study). This resulted in the identification of subgroups of
subjects (the bottom and top 5% of the population, re-
spectively) with very low BMD (who carry many risk al-
leles) and those with high BMD (who carry few risk alleles)
with a difference in BMD of up to 0.5 sp (for femoral neck
BMD) and 0.7 sp (for lumbar spine BMD). Similarly, in-
creased risk for fractures was observed for those subjects
carrying more than 20 BMD-decreasing risk alleles, with
odds ratios of 2 and 4 for nonvertebral and vertebral frac-
tures, respectively.
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XIl. Genetic Determinants of
Treatment Response

Uncovering the genetic determinants of response to thera-
peutic agents is a subject of increasing interest because it
raises the prospect of being able to predict individual re-
sponses to drug treatment on the basis of genetic profiling
(253). Several investigators have looked at associations be-
tween candidate gene polymorphisms and the response of
BMD to antiosteoporotic treatments. Yet, given the modest
effect we now know all of the polymorphisms exert, these
studies should be interpreted with great caution because they
are underpowered.

A. Calcium and vitamin D

The relationship between VDR alleles and bone loss was
studied in 229 women who had participated in a controlled
trial of calcium supplements in the prevention of postmeno-
pausal bone loss (233). The calcium-supplemented group
showed no relationship between VDR genotype and bone
loss, whereas in the placebo group, bone loss was signifi-
cantly greater in the BB group when compared with the other
genotype groups. Graafmans et al. (235) studied the response
to vitamin D supplementation in a series of 81 postmeno-
pausal Dutch women who had taken part in a placebo-
controlled trial of vitamin D supplementation on BMD
and fracture incidence. These workers observed that the
2-yr change of BMD values in the vitamin D group relative
to the placebo group was significantly higher in the “BB”
and “Bb” genotypes when compared with the “bb” ge-
notype group. This study is of interest in relation to an-
other study by the same group that showed that the “bb”
genotype also had low BMD in a population-based study.
Yamada et al. (220) studied the relationship between the
response of BMD to 1-a-hydroxyvitamin D in relation to
a signal peptide polymorphism of the TGFB1 gene. This
study comprised 363 postmenopausal women who were
treated with 1-a-hydroxyvitamin D (n = 117) or hormone
replacement therapy (HRT) (n = 116) or who were un-
treated (n = 130). Individuals with the high BMD-asso-
ciated “CC” genotype responded significantly better to
vitamin D treatment than the other genotype groups. The
same trend was observed in the HRT group, but the dif-
ferences were not significant.

B. Hormone replacement therapy

Some information is available on the relationship between
candidate gene polymorphisms and response to HRT. Ong-
phiphadhanakul ez al. (254) studied the relationship between
ESR1 polymorphisms and 1-yr response to HRT treatment
in 124 postmenopausal Thai women. Individuals with the
“pp” genotype at the ESR1 Pvull site were found to respond
less well to HRT (+2.3% increase in BMD) than the other
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genotype groups (+6—-7% increase in BMD). In a similar but
larger study of 248 Korean women, however, Han et al.
(255) found no association between Xbal or Pvull polymor-
phisms and 1-yr response of BMD to HRT. Salmén ez al.
(144) similarly found no association between ESR1 geno-
type and response to HRT in a study of 145 Finnish women.
Taken together, these data do not support the view that these
ESR1 polymorphisms consistently predict response to HRT.
Other candidate genes have also been studied in relation to
HRT response. They include TGFB1 (discussed above) and
APOE, which was analyzed by Heikkinen ez al. 256) in
a study of 232 women who were treated with HRT and
followed up after a S-yr period. No association was
observed in this study between APOE genotype and
HRT responsiveness.

C. Bisphosphonates

Marcetal. (257) looked at the relationship between VDR
genotype and response to bisphosphonate therapy in a small
series of 24 postmenopausal women undergoing treatment
with etidronate. The mean change in BMD over a 2-yr period
was significantly greater in the BB vs. bb group with inter-
mediate values in the heterozygotes. In another study,
Qureshi et al. (258) looked at the association between
COL1A1 genotype and the response to treatment in a series
of 48 early postmenopausal women who took part in a ran-
domized controlled trial of etidronate in the prevention of
postmenopausal bone loss. Although no difference was ob-
served in response of spine BMD to etidronate treatment,
those with the “s” allele responded significantly less well at
the femoral neck when compared with “SS” homozygotes.
These preliminary data are of some interest but need to be
extended to much larger groups of patients.

XIll. Future Prospects and Clinical Implications

Studies on the genetic basis of osteoporosis have potential
implications for clinical practice. Mapping and identifi-
cation of genes that regulate BMD offer the prospect of
identifying novel molecules that can serve as targets for
drug design in the search for new treatments for bone
diseases. Thisis exemplified by the studies of rare inherited
bone diseases such as high bone mass syndrome, osteo-
porosis-pseudoglioma syndrome, and sclerosteosis that
led to the identification of Wnt, LRPS, and SOST as key
regulators of bone mass and bone turnover. The GWAS
provide proof-of-concept that genetic studies of common
complex diseases like osteoporosis can also bear fruit in
identifying key regulatory pathways such as RANK,
RANKL, OPG, LRPS, and osterix. Although these genes
were already known to be involved in bone metabolism,
many others were not and could represent potentially
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novel mediators of bone mass and bone turnover. Al-
though the effect of the identified variants is small, it could be
that these genes identified or their downstream signaling
pathways might play major roles in bone metabolism, as has
been demonstrated for genes such as TNFRSF11A,
TNFRSF11B, LRPS, and osterix. Accordingly, these path-
ways might form a focus for the design of new antiosteopo-
rosis drugs that could be used in the prevention and treatment
of osteoporosis and other bone diseases. Another potential
application of osteoporosis genetics is in the field of diag-
nostics. Recent studies have shown that subgroups of pa-
tients with low and high BMD can be identified by combining
the effects of risk alleles (88, 96). Despite this, the genetic
markers for BMD and osteoporotic fractures lack the nec-
essary sensitivity and specificity to be clinically useful, and it
is clear that further studies are required to identify the many
additional alleles that explain the heritability of BMD. Stud-
ies in other disease areas indicate that rare alleles of large
effect may contribute significantly to the phenotype in com-
mon diseases (259, 260). Although this may be the case for
osteoporosis, rare alleles with large effects on BMD that are
distinct from the variants that cause monogenic bone disease
remain to be identified. In addition, other types of ge-
netic variation such as CNVs and variants in methyl-
ation pattern may play a role in regulating susceptibility
to osteoporosis. In this regard, a CNV affecting the
UGT2B17 gene on chromosome 4q13.2 was reported
to be associated with osteoporotic fracture and BMD
(261), but this remains to be replicated in other studies.
This is clearly an interesting area for further research,
but further large-scale, well-designed studies most
likely involving large consortia will be necessary to ad-
dress the role of CNVs and methylation patents in the
pathogenesis of osteoporosis.

Note Added in Proof

Since submission of this manuscript, Kung et al. (262)
reported that SNP at the Jagged 1 locus were significantly
associated with lumbar spine BMD, following a GWAS
study in a discovery cohort of 800 southern Chinese
women, with replication in a further 18,098 subjects of
European and Asian descent.
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