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Osteoporosis is a common multifactorial disorder of reduced
bone mass. The disorder in its most common form is general-
ized, affecting the elderly, both sexes, and all racial groups.
Multiple environmental factors are involved in the pathogen-
esis. Genes also play a major role as reflected by heritability
of many components of bone strength. Quantitative pheno-
types in bone strength in the normal population do not con-
form to a monogenetic mode of inheritance. The common form
of osteoporosis is generally considered to be a polygenic dis-
order arising from the interaction of common polymorphic
alleles at quantitative trait loci, with multiple environmental
factors. Finding the susceptibility genes underlying osteopo-
rosis requires identifying specific alleles that coinherit with

key heritable phenotypes in bone strength. Because of the
close correspondence among mammalian genomes, identifi-
cation of the genes underlying bone strength in mammals
such as the mouse is likely to be of major assistance in human
studies. Identification of susceptibility genes for osteoporosis
is one of several important approaches toward the long-term
goal of understanding the molecular biology of the normal
variation in bone strength and how it may be modified to
prevent osteoporosis. As with all genetic studies in humans,
these scientific advances will need to be made in an environ-
ment of legal and ethical safeguards that are acceptable to the
general public. (Endocrine Reviews 23: 303–326, 2002)

I. Introduction
II. Osteoporosis

A. Normal variation in bone mass and structure
B. Definition of osteoporosis
C. Diagnosis of osteoporosis
D. Phenotypes predicting fracture risk
E. Bone strength and physical activity
F. Fragility fractures

III. Heritability
A. Estimation of heritability
B. Heritability of bone mass
C. Heritability of bone size and structure
D. Heritability of bone loss
E. Heritability of bone turnover
F. Heritability of fracture
G. Heritability of falls

IV. Locating the Susceptibility Genes
A. Candidate gene approach
B. Candidate gene association studies with BMD
C. Family-based association approach: the transmis-

sion disequilibrium test
D. Linkage approach
E. Family studies
F. Genome scans in sibling pairs

V. Identification of the Susceptibility Genes
VI. Animal Studies
VII. Bioethics

I. Introduction

OSTEOPOROSIS IS A common multifactorial disorder of
reduced bone mass manifesting clinically as fragility

fracture. Fracture arises as a stochastic event from minor
trauma acting on a skeleton that has reduced bone strength
(1) (Fig. 1). The pathogenesis of fragility fracture almost
always involves trauma and is not necessarily associated
with reduced bone mass. Thus, fragility fracture should nei-
ther be used synonymously nor interchangeably as a phe-
notype for osteoporosis.

Osteoporosis in its most common form is generalized,
affecting the elderly, both sexes, and all racial groups. Mul-
tiple environmental risk factors are involved in the patho-
genesis. Genetic risk factors, however, also play a major role
as reflected by the high heritability of many components of
bone strength. Although there are a small number of cyto-
genetic (2, 3) and monogenetic diseases causing osteoporosis
(4–9), quantitative traits in bone strength in the normal pop-
ulation do not conform to a monogenetic mode of inheri-
tance. Thus, the common form of osteoporosis is generally
considered to be polygenic, arising from the interaction of
common polymorphic alleles at quantitative trait loci (QTL)
with multiple environmental factors. Finding the genes un-
derlying osteoporosis typically requires identification of its
key heritable phenotypes and demonstrating in family and
population studies that these phenotypes are coinherited
with specific alleles. With progress in developing statistical
methods to detect QTL and biochemical techniques to iden-
tify and map abundant polymorphisms throughout the ge-
nome (10, 11), studies to identify the susceptibility genes for
osteoporosis are timely. The recent publication of the initial
sequencing and analysis of the human genome (12, 13) has
added a strong impetus to such studies. The sequence pro-
vides a very large number of new polymorphisms, particu-

Abbreviations: BMC, Bone mineral content; BMD, bone mineral den-
sity; Chr, chomosome; COL1A1, collagen type 1 � 1; COL1A2, collagen
type 2 � 1; DXA, dual x-ray absorpiometry; Dz, dizygotic; ER, estrogen
receptor; IBD, identity by descent; LRP5, lipoprotein acceptor-related
protein; Mz, monozygotic; QTL, quantitative trait loci; RI, recombinant
inbred; SAM, senescence-accelerated mice; SNP, single-nucleotide poly-
morphism; TDT, transmission disequilibrium test; VDR, vitamin D
receptor.
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larly in the form of single-nucleotide polymorphisms (SNPs)
(14) that are central for identification of QTL. Because of the
close correspondence among mammalian genomes, it is
hoped that identification of the genes underlying bone
strength in mammals such as the mouse (15) will be of major
assistance in human studies. The identification of suscepti-
bility genes for osteoporosis is expected to be a major con-
tributing factor toward the long-term goal of understanding
the molecular biology of the normal variation in bone
strength and how it may be modified to prevent osteoporotic
fractures. As with all genetic studies in humans, these sci-
entific advances will need to be made in an environment of
legal and ethical safeguards that are acceptable to the general
public (16).

II. Osteoporosis

A. Normal variation in bone mass and structure

Bone mass and skeletal proportions exhibit a wide range
in the normal population (Fig. 2). This variation is further
magnified by differences due to age, sex, and race. Skeletal
size and mass increase into adolescence. With closure of the
epiphyses, the skeleton achieves adult size, although further

accumulation of bone mineral continues for several years
thereafter. The range in peak bone mineral density and con-
tent at the femoral neck in white women measured by dual
x-ray densitometry is 50% and 60% of the mean, respectively
(Normal White Population Database, DPX-IQ Reference
Manual, Documentation Version 5/96, Lunar Corp., Madi-
son, WI). After the third decade, bone mass is steadily lost
until the end of life. About 22% of the bone mineral density
is lost at the femoral neck in white women from age 30 to age
80 yr (Normal White Population Database, DPX-IQ Refer-
ence Manual, Documentation Version 5/96, Lunar Corp.,
Madison, WI) (17). The main determinants of bone mass in
the elderly, who are at greatest risk of osteoporosis, are peak
bone mass and the rate of age-related bone loss (18). At all
ages, the variance remains relatively stable (19). Further-
more, bone mass among different skeletal sites is highly
correlated (20, 21). Age-related bone loss is accompanied by
deterioration in bone architecture (22, 23) and an overall
expansion of the skeleton (24). Men on average have larger
skeletons and have more bone mass at all ages than women
(Fig. 2). American blacks have more bone mass than Amer-
ican and European whites (25, 26), who in turn have more
bone mass than Asians (27, 28). Common polymorphisms
probably underlie much of the normal variation in bone mass
and structure. Thus, bone mass and structure phenotypes are
key quantitative traits that are used for searching for the
susceptibility genes for osteoporosis.

B. Definition of osteoporosis

The term osteoporosis encompasses a number of disorders
of the skeleton, the essential feature of which is a reduced
amount of bone tissue in bone as an organ (29–31). The bone
mass deficit reduces bone strength, which in turn increases
fracture risk. When the disorder is severe, fractures result
from mild trauma and are frequently referred to as fragility
fractures. Osteoporosis is a complex disorder with a large
number of environmental risk factors including diet, life
style, and disease, often interacting in combinations (Table
1). In common forms of the disorder, the reduced bone mass
is generalized. Both cortical and cancellous bone are affected,
although not always equally. The bone deficit results from an

FIG. 1. Schema of the effect of environmental and genetic risk factors
on the interaction between bone strength and trauma that leads to
osteoporotic fracture.

FIG. 2. Normal variation (mean and 2
SD) and change in BMD with age in
healthy men (black circle) and women
(open circle) (Normal Population Data-
base, DPX-IQ Reference Manual, Doc-
umentation Version 5/96, Lunar Corp.,
Madison, WI). Peak bone mass at hip
and spine for measurement on Lunar
machines is taken as the mean BMD
between age 20 and 40 yr, but this age
range varies with DXA machine man-
ufacturer.
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imbalance in the normal relationship between bone forma-
tion and bone resorption, causing too little bone to be formed,
too much removed, or both. The effect on cortical bone in-
cludes thinning of the cortex (20, 32) and increased intra-
cortical porosity (32, 33). In cancellous bone, the effect in-
cludes trabecular thinning (22, 23) and loss of trabecular
connectivity (34, 35). Although bone mass is the major com-
ponent of bone strength, other characteristics contribute to
strength and to fracture risk. These include structural ele-
ments that form the architecture and overall geometric shape
of the bone (36–39). In addition, bone quality, a characteristic
that cannot currently be measured in vivo, contributes to
strength. Indeed, in some conditions under which fracturing
is prominent, such as organ transplant (40), oral glucocorti-
costeroid treatment (41), and diabetes in elderly subjects (42),
deterioration in bone quality appears to be a major cause of
fractures because they may occur largely unrelated to
changes in bone mineral density. Furthermore, fragility frac-
tures occur in conditions of increased bone mass such as
fluoride treatment (43) and osteopetrosis (44). Therefore, al-
though fragility fracture is the clinical outcome of osteopo-
rosis, fragility fracture can neither be used synonymously
nor interchangeably as a phenotype for osteoporosis. Thus,

the genes underlying fragility fracture and those underlying
osteoporosis will not necessarily be the same.

C. Diagnosis of osteoporosis

An inevitable outcome of the reduced amount of miner-
alized bone is that osteoporosis is characterized by a decrease
both in bone mass and in bone mineral density. However,
these two parameters need to be distinguished. Noninvasive
diagnosis of osteoporosis currently relies heavily on mea-
surement of bone mineral content (BMC) and bone mineral
density (BMD) by imaging techniques (45). Dual x-ray ab-
sorptiometry (DXA), the most commonly available tech-
nique, assesses bone mass as BMC in grams of calcium phos-
phate within the area of bone that is scanned. Because bone
size varies among individuals, BMC is a function of skeletal
size. In an attempt to reduce the variance among individuals
due to the area of bone scanned, BMC is converted to an areal
density in grams per cm2 (BMD) by dividing BMC by the
projected scanned area. Quantitative computed tomography
(QCT), currently a less accessible technique, measures BMD
as a volume density, grams per cm3. In addition, QCT pro-
vides BMD of cortical and trabecular compartments sepa-
rately and, if resolution is sufficient, of the material density
of bone tissue (46). Because of the marked effect of age, sex,
and race on BMD, it is expressed for clinical purposes most
usefully as a Z score in sd units in relation to a healthy
population matched for sex and race (Fig. 2). However, be-
cause peak bone mass represents the skeleton at its maxi-
mum strength, BMD is also expressed in relation to peak
bone mass as a T score to assess fracture risk. The age of
achieving peak bone mass is taken as sometime between 20
and 40 yr but varies according to DXA machine manufac-
turer and skeletal site. Epidemiologically, osteoporosis in
white women is currently diagnosed as a T score on DXA of
less than �2.5 at any skeletal site, with a T score between �1.0
and �2.5 being referred to as osteopenia (47). It should be
stressed, however, that �2.5 is not only an arbitrary level but
is also sensitive to the skeletal site measured and the tech-
nique of measurement (21, 48). Furthermore, this threshold
does not necessarily apply to men (49) or to all races. Thus,
it should not be used in genetic studies as an absolute level
for the diagnosis of osteoporosis. Other techniques, includ-
ing bone biopsy, are unsuitable for measuring phenotypes
for genetic studies because of the invasive nature of the
procedure.

D. Phenotypes predicting fracture risk

Measurement of BMD by DXA predicts fracture risk (50),
particularly when it is made at the skeletal site of future
fracture (51). Although there are inherent inaccuracies in the
technique (52), it is widely used as a key phenotype in search-
ing for susceptibility genes for osteoporosis. The hip and
spine are commonly measured sites because of their high
incidence of osteoporotic fracture. For each sd decrease in T
score, the lifetime risk of fragility fracture about doubles (50).
However, skeletal structure also contributes independently
to fracture risk and can be obtained from radiographs (20),
QCT (53), and DXA images (54). Although phenotypes based

TABLE 1. Environmental risk factors for osteoporosis

Risk Factor Reference

Nutrition
Calcium 238–240
Vitamin D 239, 240
Vitamin C 241, 242
Protein 243, 244

Lifestyle
Physical activity 245, 246
Smoking 247–249
Alcohol 250

Pregnancy 251
Anorexia nervosa 252
Endocrine disorder

Estrogen deficiency 253, 254
Testosterone deficiency 255
Cushing’s syndrome 256, 257
Primary hyperparathyroidism 258, 259
Thyrotoxicosis 260
GH deficiency 261, 262

Malabsorption disorder
Gastrectomy 263, 264
Small bowel resection 265
Celiac disease 266, 267
Crohn’s disease 268, 269
Cystic fibrosis 270

Bone marrow disorder
Myeloma 271, 272
Mastocytosis 273

Inflammatory disease
Rheumatoid arthritis 274
Lupus erythematosis 275
AIDS 276

Depression 277
Drug

Corticosteroids 41, 278
Anticonvulsants 279
Immunosuppressants 280
Chemotherapy 281
T4 282
Heparin 283
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on direct measurements of biomechanical strength cannot be
made in humans, a variety of parameters related to bone
strength can be derived from structural variables (55, 56).
Deterioration in bone quality also leads to fracture. By def-
inition, this is not measurable except by destructive bio-
mechnical tests. New techniques using ultrasound (57, 58)
and magnetic resonance (59) may capture some quantitative
components of bone quality. Although not all studies agree,
fracture risk in elderly women may also be predicted from
bone turnover as assessed by biochemical markers (60). Thus,
key bone phenotypes involved in fracture risk relate not only
to bone mass but also to bone structure, bone loss, and
possibly to bone turnover. Because of the wide variety of key
phenotypes and because it is not known how the suscepti-
bility genes for osteoporosis affect the skeleton, measure-
ment of multiple skeletal phenotypes is essential. However,
it should also be appreciated that in addition to these skeletal
risk factors, the frequency of falls (61–63), the direction of
falling (63, 64), and the occurrence of previous fracture (61)
(65) are also risk factors for osteoporotic fractures.

E. Bone strength and physical activity

Bone strength cannot be directly measured in vivo in hu-
mans. However, it may be assessed indirectly from measur-
ing components of mass and the distribution of structure.
Such measures can be used as quantitative traits in searching
for the susceptibility genes for osteoporosis (66) and are of
particular interest at skeletal sites such as the hip and spine
where fragility fractures are common. The strength of bone
is normally maintained in balance with the amount of phys-
ical activity the skeleton is subject to through mechanisms
collectively known as the mechanostat (67). However, the
effectiveness of the mechanostat to achieve this balance may
also be under genetic influences. Muscle mass, an important
covariate of bone strength and an integral component of the
mechanostat, is a key phenotype and can be measured si-
multaneously with BMD by DXA and QCT.

F. Fragility fractures

Fragility fractures may affect any bone. However, they are
common at the vertebra (65, 68) and the upper end of the
femur (61, 69) (Fig. 3). The incidence of fracture rises steeply
with age after the age of 50, and hip fracture is higher in
women than men and lower in black than white Americans
(70, 71). Thus, fragility fracture incidence inversely tracks
bone mass. However, although bone mass predicts fracture
risk within discrete populations, it does not identify indi-
viduals who will fracture (50). This is explained in part by the
fact that other factors such as bone structure predict fracture
independent of bone mass (37). However, it is mainly due to
the fact that fracture itself is a complex disorder with multiple
underlying risk factors (72), many of which are unrelated to
bone strength. Fragility fracture, therefore, is a highly com-
plex phenotype in its own right, which should not be used
by itself to diagnose or to evaluate risk factors for osteopo-
rosis. As such, it is unlikely to be a useful phenotype in
searching for the genes underlying osteoporosis.

III. Heritability

A. Estimation of heritability

In multifactorial diseases, population variance in a quan-
titative phenotype is determined by the interaction of geno-
type with environment. An estimate of heritability takes into
account the population variance due to genetic and envi-
ronmental factors (73). Perhaps the easiest heritability to
appreciate is that calculated from studies in twins. Monozy-
gotic (Mz) twins have 100% of alleles in common, whereas
dizygotic (Dz) twins have on average only 50% of alleles in
common. Thus, any decreased variance in a phenotype in Mz
twins as compared with Dz twins reflects the underlying
genetic contribution. An assumption in this model is that the
degree to which Mz twins share a common environment is
the same as that for Dz twins. This is rarely the case and often
leads to overestimates of heritability. In some twins studies
(74, 75) heritabilities above unity have been achieved. These
may reflect violations of the assumptions that Mz and Dz
twins have similar contributions from their shared environ-
ments. The extent of similarity for the phenotype is measured
by the correlation between pairs of twins. An estimate of the
variance between twin pairs in relation to the variance

FIG. 3. Incidence of hip fracture in white (open square), Asian (�),
and black (black square) men (panel A) and white (open circle), Asian
(�), and black (black circle) women (panel B) (71, 339).
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among all twin pairs provides the intraclass correlation. It is
calculated as: (mean squares among pairs � mean squares
between pairs)/(mean squares among pairs � mean squares
between pairs). The heritability statistic is H2 � 2 � (rMz �
rDz) where rMz and rDz are the intraclass correlations for Mz
and Dz twins, respectively. H2 is an estimate of the propor-
tion of the variation in the phenotype that is genetically
determined. This model can be extended to estimate herita-
bility among first-degree relatives. In this case, H2 � 2 � r
is for first-degree relatives such as sib pairs or parent off-
spring pairs. In our studies in twins (76) and sib pairs (77),
the heritability estimates for bone mass phenotypes are very
similar.

B. Heritability of bone mass

Studies over the last 30 yr in healthy twins (74, 75, 78–80)
consistently demonstrate a large genetic contribution to bone
mass even into old age (Fig. 4). A number of family studies
using healthy parent-children pairs (81–86), healthy sister
pairs (87), and parent-children pairs in whom the parent had
osteoporosis (88–90) have corroborated the major role of
genes in determining bone mass. Furthermore, heritability of
bone mass can be detected during childhood even though the
skeleton is undergoing major changes in both skeletal size
and mass (78, 80, 91, 92).

Most studies have sampled white women, and not
enough studies have been done in men to establish
whether or not there are significant gender differences in
the heritability of certain bone phenotypes. It could be that
some of the sex differences in bone mass are accounted for
by gender-specific genes. In this regard, it is perhaps sig-
nificant that in inbred mice, of five QTL for bone mass,
only three were linked in both females and males, strongly
suggesting sex-specific loci (93).

C. Heritability of bone size and structure

Height and other anthropometric variables related to skel-
etal size have been known for many years to be highly her-
itable (94–96; see Table 2). In the early reports on the heri-
tability of bone mass, variables related to bone size and
structure such as forearm width (78) and phalangeal cortical
and medullary width (79) were shown to be as highly her-
itable as bone mass. More recent reports examining struc-
tural variables that are important in maintaining bone
strength at skeletal sites where osteoporotic fracture is com-
mon, highlight the strong heritability of bone structure at
both the hip (97, 98) and at the spine (99). Hip axis length
measured from DXA images (97) and femur axis length mea-
sured from radiographs (98) are both highly heritable and
predict risk for fracture at the hip.

D. Heritability of bone loss

In contrast to the extensive studies on heritability of bone
mass, few studies on heritability of bone loss have been
reported (100, 101). No evidence of a genetic component to
loss of BMD at the midshaft of the radius was found in 25 Mz
and 21 Dz elderly twin men followed over a 16-yr period
(100). Although the length of the study period was satisfac-

tory to detect rates of loss, the sample size was small, and the
skeletal site measured is not a site of osteoporotic fracture in
men. A genetic component to the change, but not loss, in
BMD at the spine and hip was found in 21 Mz and 19 Dz
twins measured over a 3-yr mean period (101). However, the
sample size was small, the period of study was relatively
short, ranging from only 1–5 yr, the subjects were a mixture
of men and premenopausal and postmenopausal women,
and the age range was wide, extending from 25–65 yr. Thus,
there are no current studies that powerfully address the
important question of whether the rate of bone loss is her-
itable at skeletal sites where osteoporotic fracture is common.

E. Heritability of bone turnover

Bone formation and resorption can be assessed from a
number of biochemical markers in blood and urine (102).
These vary with age (103), race (104), and disease (102) and
its treatment (105). Formation and resorption markers show
a strong correlation among themselves (103). These markers
do not measure bone mass or structure but in some circum-
stances may reflect bone gain (103) or bone loss (106, 107). In
elderly white women, they may also predict hip fracture (60).
Their relationship to bone strength is tenuous. Nevertheless,
a number of studies have reported that there is a heritable
component to bone turnover markers although with little
consistency in the turnover markers across studies and little
corroboration among markers within studies (108, 109).

F. Heritability of fracture

The heritability of fracture, as expected with such a com-
plex phenotype, is not strong. In a large prospective study of
white American women 65 yr of age or older, a history of hip
fracture in their mother doubled the risk of hip fracture (110).
The increased risk remained after adjusting for BMD, indi-
cating that factors other than bone mass are involved. In a
study of 2308 Mz and 5241 Dz male and female twins fol-
lowed prospectively in Finland, although the concordance in
the rate of fracture (111) was greater in Mz twins than Dz
twins, the magnitude of difference was small and osteopo-
rotic fracture was not strongly influenced by genes. When
these data were reanalyzed using a variance components
approach (112), genetic factors were estimated to account for,
at most, only about one third of the variance in the liability
to fracture. In a questionnaire study of white American
women older than 40 yr identified because they had partic-
ipated in any type of bone study, there was a significant
history, recalled by the proband, of a forearm fracture in their
mother and their sister. The heritability of forearm fracture
was calculated to be less than one third (113). Although there
appears to be a genetic component to fragility fracture, it
seems equally likely from these studies that the underlying
genes may not relate to bone strength but to the risk factors
for falls, which are also highly heritable (114, 115).

G. Heritability of falls

Trauma is an essential component in most fractures (Fig.
1). The most common source of trauma in the elderly is falls.
Most age-related osteoporotic fractures, particularly at the
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hip, result from simple falls from a standing height (61–63,
116, 117). Falls increase with age (118) and are more common
in women than men (116). Although the minority of falls
result in hip fracture, the majority of hip fractures result from
a fall. The incidence of hip fracture is greatly reduced if the
energy of the fall is attenuated by padding around the hip

(119, 120). The number of falls along with decreased bone
strength, age, and previous fracture are major predictors of
hip fracture (61, 63). Falls are a highly complex phenotype
with multiple environmental risk factors (62, 72, 116, 118,
121–123). Although falls also have a heritable component
(114, 115), the susceptibility genes for fracture resulting from

FIG. 4. Pair of elderly Mz twins showing striking similarity both in height, weight, and body dimensions and in vertebral shape, structure, and
mineral density. Sister A presented with backache, whereas sister B was asymptomatic.
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falls are unlikely to relate to the genes underlying bone
strength.

IV. Locating the Susceptibility Genes

A. Candidate gene approach

For phenotypes with a substantial genetic contribution to
phenotypic variability, studies to identify the genetic loci
influencing the phenotypes are more likely to be eventually
successful. However, high heritability does not ensure large
individual gene effects. Thus, the power to detect a QTL
contributing to a multifactorial phenotype is directly pro-
portional to the magnitude of the specific effects of the QTL.
For example, regardless of the average heritability of the
phenotype, there is greater power to detect a QTL accounting
for 50% of the phenotype variance as compared with a QTL
explaining only 5% of the overall variation of the phenotype.
There are several experimental approaches that can be em-
ployed to identify genetic loci contributing to the risk for
osteoporosis. One of the most commonly employed exper-
imental designs is that of candidate gene analysis, which
seeks to test the association between a particular genetic
variant (i.e., allele) and a specific phenotype. Many of these
candidate gene studies use population-based association
methods. As applied to the study of osteoporosis, two sam-
ples are collected: a group of osteoporotic patients and a
control group of nonosteoporotic subjects. The allele fre-
quencies at a polymorphism within or near the candidate
gene are then compared in the two groups. Ideally, the two
groups should be matched so that they differ only in their
disease status. In theory, evidence of differences in allele
frequencies within the two populations (association) may be
the result of linkage disequilibrium with the candidate gene
or possibly with another gene in close proximity; however,
in practice, the candidate gene is thought likely to be caus-
ative for disease.

Because of its simplicity, the population-based association
study of candidate genes has been widely used and perhaps
abused. There are a number of major problems with this
approach. The first is the choice of candidate gene. A large
number and variety of proteins are involved in skeletal bi-

ology, and their genes are all potential candidates. Thus, the
number of candidates is large (124) and multiplies daily with
the application of new technologies to bone such as gene
expression microarray analysis. Second, analysis of each can-
didate in isolation of the others is difficult to interpret sta-
tistically (10, 125, 126). Third, association studies often use
simple polymorphisms in introns with doubtful biological
effect. Fourth, studies in multiple populations are required.
Fifth, there is no chance of finding genes outside those hy-
pothesized. Sixth, spurious associations are common due to
racial admixture and to the failure to use polymorphisms in
genes known not to be involved in bone biology as a negative
control (127, 128). Finally, disequilibrium appears to exist in
blocks separated by regions of excess recombination (129–
131), suggesting that complete characterization of the bound-
aries of linkage disequilibrium is essential for the accurate
interpretation of results that could lead to erroneous inter-
pretation of apparent linkage disequilibrium with candidate
genes. About 20 candidate genes have been shown to be
associated with BMD (Table 3). None, however, have been
replicated over all populations. Unfortunately, meta-analysis
(132) does not overcome this lack of consistency because it
fails to take into account the many unpublished negative
studies and also results in the problem of racial admixture.
Another common disturbing feature of the candidate gene
approach is that in studies that fail to detect the original
association such as with BMD, other associations, some quite
unrelated to BMD, emerge and when the polymorphism is
examined in other disorders, new associations emerge. The
vitamin D receptor (VDR), a candidate gene that has been
extensively studied in relation to BMD, has been reported to
be associated with phenotypes as diverse as body size (133),
height (134), infant growth (135), age at menarche (136),
muscle strength (137), calcium absorption (138), calcium in-
take (139), urinary calcium excretion (140), blood lead levels
(141), blood pressure (142), primary hyperparathyroidism
(143), type 1 diabetes mellitus (144), severity of hyperpara-
thyroidism in renal failure (145), calcium rickets (146), cal-
cified aortic valve stenosis (147), multiple sclerosis (148),
thyrotoxicosis (149), intervertebral disc degeneration (150),
osteoarthritis (151), biliary cirrhosis (152), breast cancer (153),
rheumatoid arthritis (154), benign prostatic hyperplasia and
prostatic cancer (155), and tuberculosis (156).

B. Candidate gene association studies with BMD

Over the last decade a large number of association studies
have been performed with candidate genes (see Table 3). The
first candidate gene was examined by its product, �2HS-
glycoprotein, a major protein in bone matrix. Since then,
candidate gene products have ranged from structural pro-
teins to regulatory proteins to factors apparently unrelated to
bone (Table 3).

�2HS-glycoprotein is present in bone matrix and was the
first candidate gene shown to be associated with BMD (157,
158). It is preferentially concentrated in bone matrix (159) and
functions as an immunoregulator (160).

The VDR is largely responsible for the broad range of
actions of 1,25-(OH)2 vitamin D including its effect on cal-

TABLE 2. Heritability (H2) estimates

Phenotype Sibling
pairs (n) H2

Lumbar spine BMD 425 0.89
Femoral neck BMD 425 0.77
Pelvic axis length 309 0.83
Femoral neck axis length 309 0.81
Femoral head width 309 0.75
Femoral calcar width 309 0.68
Femoral medulla width 302 0.63
Femoral neck width 309 0.61
Femoral shaft width 302 0.58
Lumbar vertebral middle height 206 0.83
Lumbar vertebral posterior height 206 0.66
Lumbar vertebral anterior height 206 0.68
Lumbar vertebral upper width 206 0.72
Lumbar vertebral lower width 206 0.61

See text for BMD (77, 284) and structural phenotypes in white
sister pairs (98, 99).
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cium transport and homeostasis and bone resorption (161).
Mutations in the gene result in vitamin D-resistant rickets
(162). Polymorphisms in the introns of VDR were initially
said to account for about 80% of the variability in bone mass
in twins (163). Subsequent studies, however, were unable to
confirm linkage in twin samples (76, 164), and the original
observation of linkage was retracted because of genotyping
errors (165). Despite these negative linkage studies, VDR
polymorphisms have been extensively studied in association
studies. More than 50 association studies have been pub-
lished, none of which show a consistent association with
BMD and many showing associations with various nonskel-
etal phenotypes. In two large sib pair studies, no evidence of
linkage with the VDR locus at 12q12–14 was found (87, 166).

The estrogen receptors (ERs) are responsible, in large part,
for the broad range of actions of estrogenic steroids on target
tissues including those in skeletal tissues. There are two ER
genes, ER1 and ER2. ER� (167) and ER� (168) have a wide
tissue distribution. Estrogen is essential for closure of the
bone epiphyses in adolescent girls (169) and for maintaining
bone mass in women (170). In men, mutations in the ER result
in prolonged skeletal growth and osteoporosis (7). Polymor-
phisms in the ER1 (171–174) have been most extensively
studied, but more recently ER2 (175) has also been examined.
There is no consistent association between ER1 or ER2 poly-
morphisms and phenotypes of bone mass across studies. In

a large sib pair study, no evidence of linkage with the ER1
locus and ER2 locus was evident (87).

Collagen type 1 � I (COL1A1) along with collagen type 1
� 2 (COL1A2) make up bone collagen, which is the main
structural protein in the skeleton. Mutations in COL1A1 and
COL1A2 cause a dominant monogenetic osteoporotic dis-
ease, osteogenesis imperfecta (4). Polymorphisms outside the
coding region but in an SP1 binding site in COL1A1 were
reported to account for part of the variance in BMD in the
normal population and to be associated with fragility frac-
ture (176, 177). Subsequent studies have not replicated an
association between COL1A1 polymorphisms with pheno-
types of bone mass (178, 179). No association was found with
polymorphisms in COL1A2 (179). In a large sib pair study,
no evidence of linkage of BMD with the COL1A1 locus was
evident (87).

At least another 16 candidate genes have been examined
for association with BMD (Tables 3 and 4). They have been
selected because their products are known either to be in-
volved in some aspect of the metabolism or structure of bone.
In addition, association studies have also been performed
with bone phenotypes whose heritability has not been clearly
established such as bone loss and vertebral fracture. “Non-
candidate” genes have also been studied including HLA
DRB1 (180) and apolipoprotein E (181–183) because of their
known associations with other diseases.

TABLE 3. Association studies with candidate genes and BMD

Candidate gene Protein Chromosome References

AHSG �2HS-glycoprotein 3q27 157, 158
VDR VDR 12q12–q14 76a, 163, 164a, 165
ESR1 ER 1 (�) 6q25.1 171, 172, 173a, 174a

ESR2 ER 2 (�) 14q23 175
COL1A1 Collagen, type 1, � 1 17q21.3–q22.1 176, 177, 178a, 179a

COL1A2 Collagen, type 1, � 2 7q22.1 179a

IL6 IL-6 7p21 185, 285, 286a

TGFB1 TGF� 19q13.2 287, 288, 289
CALCR Calcitonin receptor 7q21.3 290, 291
IGFI IGF-1 12q22–q23 292, 293a, 294a

BGLAP Bone �-carboxyglutamide protein (osteocalcin) 1q25–q31 295, 296
MTHFR Methylenetetrahydrofolate reductase 1p36.3 297
IL1RN IL-1� receptor antagonist 2q14.2 298, 299, 300a

TNFRGF5 TNF receptor superfamily/1� 1p36.3–p36.2 301
CASR Calcium-sensing receptor 3q21–q24 302
CYP19 Aromatase (cytochrome P450) 15q21.1 303
P57, KIP2 Cyclin-dependent kinase inhibitor 1c 11p15.5 304
HLA DRB1 Major histocompatibility complex, class 11, DR �1 6p21.3 180
APOE Apolipoprotein E 19q13.2 181, 182a, 183a

a No association.

TABLE 4. Results of sibling pair linkage analysis of markers close or within candidate genes with BMD (184)

Candidate gene Protein Chromosome Marker
LOD score

Hip BMD Spine BMD

PTHR1 Parathyroid hormone receptor 1 3p22–p21.1 D3S3559 1.5 1.3
D3S1289 2.7 0.3

EGF Epidermal growth factor 4q25 D4S430 1.3 0.4
D4S429 1.8 0.2

IL4 IL-4 5q31.3 D5S2057 1.1 0.0
D5S2017 1.2 0.3

IL6 IL-6 7p21 D7S503 0.6 1.2
COL2A1/ Collagen, type II, � 1/VDR 12q13.11–q13.2 D12S1586 1.0 0.7
VDR 12q12–q14 D12S83 0.0 1.7
COL1A1 Collagen, type 1, � 1 17q21.3–q22.1 D17S807 1.7 0.5
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Candidate genes may also be used to test whether they
behave as QTL (Table 4). Multiple microsatellite polymor-
phisms located within or in close proximity to 23 candidate
genes were examined for linkage in families identified with
a member having a BMD T score less than 2.5 (184). Sug-
gestive linkage was found for BMD at hip and spine with
PTH receptor 1, and moderate evidence was found for link-
age with seven of the other candidate genes (Table 4). Using
a similar approach, BMD at the radius was shown to be
linked with a microsatellite close to the IL-6 locus but not to
microsatellites close either to the IL-6 receptor, calcium-sens-
ing receptor, or the matrix gla protein loci (185). In the same
population, a later study found that a microsatellite close to
the TNF� gene also showed significant linkage with radial
BMD (186). In neither of these latter two publications, how-
ever, was the designation of the markers provided. The use
of microsatellite markers overcomes the problems of low
numbers of alleles at the locus, and the simultaneous use of
multiple candidate genes in one study increases the breadth
of the study. However, the problem of selecting candidate
genes remains. Candidate genes cannot be distinguished
from genes in linkage disequilibrium, the expense of the
linkage studies is high compared with that of association
studies, and the need for multiple comparisons decreases
power for detecting linkage.

C. Family-based association approach: the transmission
disequilibrium test

To avoid the pitfalls of population-based association stud-
ies, a family-based association test, the transmission disequi-
librium test or TDT (126, 187, 188) was developed. The pri-
mary advantage of the TDT is that it avoids the necessity of
collecting a matched control sample. As originally proposed,
the TDT analyzes a nuclear trio consisting of an affected
individual and his/her parents (Fig. 5). These three individ-
uals are genotyped at the polymorphism in or near the can-
didate gene. The alleles transmitted by the genotyped par-
ents to the affected offspring are the “affected” sample, and
the alleles not transmitted from these two parents are then

used as “control” alleles. Through the use of such a within-
family design, the control sample of alleles is perfectly
matched to the affected sample of alleles, because they are
transmitted from the same two parents. Thus, spurious as-
sociation results due to population stratification are avoided.
When the TDT is performed with one affected offspring from
each family, it is a valid test of linkage and association (link-
age disequilibrium), because affected individuals are unre-
lated and provide independent meiotic information toward
the test of association. Application of the TDT with multiple
affected siblings remains a test of linkage, but due to the lack
of independent meiotic data from siblings, it is no longer a
valid test of association (126).

Recently, a series of novel methodological extensions of
the TDT have been proposed that allow data from affected
and unaffected siblings to be used in family-based associa-
tion tests (189–191). Results from the sibling-based tests can
be combined with those from the traditional TDT to extract
greater power to detect linkage disequilibrium. In general,
for families of equal sibship size, the sib-TDT is less powerful
than the conventional TDT, in part because unaffected sib-
lings may inherit the disease susceptibility allele, but due to
reduced penetrance or multilocus effects, may not have the
disorder. Other recent modifications of the TDT have al-
lowed the inclusion of data from extended pedigrees while
still testing for linkage disequilibrium, even in the presence
of population substructure (192).

Further extensions of the TDT methodology have been
developed to enable the investigator to utilize family-based
disequilibrium methods to analyze quantitative phenotypes
(193). A series of quantitative TDT methods have been pro-
posed depending on the type of ascertainment employed in
the collection of the proband. Subsequently, additional mod-
ifications of the quantitative TDT have been developed pro-
viding greater flexibility if parental DNA is not available
(194, 195) or if data are available from multiple generations
(196).

The testing of candidate genes using the TDT or other
association methodologies has not proven, to date, to pro-
vide consistent results across populations. However, as dem-
onstrated in Crohn’s disease (129), a multifactorial disorder,
the application of the TDT approach in chromosomal regions
previously identified to be in linkage to the disease pheno-
type can be a powerful means to narrow, and potentially
identify, disease susceptibility loci.

D. Linkage approach

Few genes influencing complex traits have been identified
by the study of candidate genes alone. Therefore, researchers
in the field of osteoporosis have used other experimental
designs to identify genes contributing to the risk of osteo-
porosis. To improve the likelihood that a gene influencing
osteoporosis might be identified, investigators search the
genome, testing polymorphic markers evenly spaced on all
chromosomes. A strength of the genome-wide approach is
that it may allow susceptibility genes to be identified that are
not candidates based on the current understanding of the
pathophysiology of osteoporosis.

Identification of the genes contributing to polygenic traits

FIG. 5. Schema of the TDT. A, TDT trio: The individual (II: 1) is
affected with osteoporosis. His father (I: 1) is heterozygous at the
marker and transmits allele 2 but not allele 1 to his affected son. This
result provides the data for the TDT and would be tabulated in a table
such as that shown in panel B. The mother (I: 2) is homozygous and
can only transmit to her affected son allele 1 and, therefore, does not
provide information toward the TDT. B, Hypothetic data from 100
trios. When considering informative transmissions from a parent
heterozygous at a marker (genotype 1/2), allele 2 was preferentially
transmitted to the affected offspring in 90 of 100 meioses. If no as-
sociation exists, the expectation is that the two alleles will be equally
transmitted. If association exists, there would be an excess of one of
the two alleles transmitted to affected offspring.
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can be extremely complex, even for a phenotype such as
BMD with substantial heritability. Therefore, several types of
genetic studies have been employed to dissect the genetic
contribution to BMD. One technique has been the identifi-
cation of families with extreme BMD phenotypes. The ra-
tionale for such studies is that genes with a substantial con-
tribution to BMD are more likely to be segregating in families
with extreme BMD measurements. This strategy has been
employed to identify families with either abnormally high or
low BMD. An advantage of this approach is that statistical
tests of linkage can be employed that model the genetic
contribution to BMD as a single gene effect. Such studies
typically employ parametric linkage analyses [i.e., computer
package: FASTLINK (197); VITESEE (198)], the most pow-
erful study design for identification of genetic loci contrib-
uting to extreme BMD phenotypes. Unfortunately, there are
several limitations to this particular experimental design.
First, and perhaps most importantly, the genes found to
contribute to the extreme BMD phenotypes observed in these
unusual pedigrees may not contribute substantially to the
normal variation in BMD phenotype observed in the general
population. A second limitation of the identification of ex-
treme pedigrees is their rarity in the population, which
makes the identification of such families very expensive. A
third limitation is the likely faulty assumption that families
with low bone mass, but within the normal range, are seg-
regating as a single-gene disorder, whereas the phenotype is
due to more than one gene as would occur in a multifactorial
disorder.

An alternative to the identification of pedigrees with ex-
treme phenotype is the ascertainment of families with mem-
bers having BMD within the normal range. In such pedi-
grees, BMD is inherited in a complex, non-Mendelian
fashion, with multiple genes and environmental factors con-
tributing to the phenotype. As a result, a particular model for
BMD inheritance may be difficult to specify. In addition, the
time and effort required to correctly specify more complex
penetrance-based linkage models may outweigh the slight
advantage those approaches may have over some pen-
etrance-free linkage approaches (199). Such model-free non-
parametric linkage analyses typically involve studying a
large number of related subjects thought to be segregating for
genes that influence BMD.

All statistical tests of linkage using nonparametric meth-
ods are based on “identity by descent” (IBD) marker allele
sharing (Fig. 6). Alleles are IBD if siblings inherit the same
marker allele from the same parent. If the marker being tested
is in close physical proximity to a gene influencing the phe-
notype, then siblings with similar phenotypic values would
be expected to share marker alleles IBD. Conversely, siblings
with dissimilar phenotypes would be expected to share
fewer marker alleles IBD near the gene influencing the phe-
notype. An advantage of quantitative linkage methods as
employed here is that no arbitrary cutoff for “high” or “low”
phenotypic values is necessary; therefore, all sibling pairs are
included in the analysis [i.e., computer package: Mapmaker/
Sibs (200)].

More recently, nonparametric linkage methods, which al-
low the inclusion of more extended pedigrees beyond simply
sibling pairs in the genetic analysis, have been developed.

These methods typically rely on variance component-based
approaches [i.e., computer package: SOLAR (201)]. An im-
portant advantage of these techniques is the ability to include
data from large numbers of informative individuals within
a pedigree and estimate the genetic contribution from a par-
ticular chromosomal region as well as the residual genetic
variance.

Linkage analyses for complex diseases are commonly per-
formed using affected sibling pairs or other types of affected
relative pairs. In the case of osteoporosis, these might be
relatives diagnosed with osteoporosis. Rather than employ-
ing a quantitative phenotype such as BMD, these studies
classify individuals as “affected” or “unaffected.” Tests of
linkage are still based on the sharing of marker alleles iden-
tical by descent; however, in this type of analysis, because
both relatives are affected (i.e., not discordant), linkage tests
only for increased sharing of marker alleles. The use of a
dichotomous rather than quantitative phenotype is a less
powerful approach for gene mapping.

E. Family studies

A family with high bone mass has been reported in which
high BMD segregates as an autosomal dominant phenotype
(202). The proband was identified on radiographs taken after
a car accident. Affected individuals have spine BMD greater
than 3 sd above the mean and are perfectly healthy (203) with
no evidence of the sequelae of a sclerosing bone dysplasia
(204). Using a genome screen approach, linkage to chromo-
some (Chr) 11q12-l3 was identified, and further fine mapping
and sequencing identified the responsible gene as low-
density lipoprotein receptor-related protein 5 (LRP5) (205)
This is the same gene responsible for the Mendelian disorder
autosomal recessive osteoporosis-pseudoglioma syndrome
(9). The high-bone mass syndrome results from a mutation
causing gain of function whereas the osteoporosis-pseu-
doglioma syndrome results from a mutation causing loss of
function. There is a dosage effect for Lrp5 function because
heterozygous carriers of osteoporosis-pseudoglioma syn-
drome have reduced bone mass (9). Lrp5 is involved in Wnt
signal transduction (206, 207) and, as such, Lrp5 represents

FIG. 6. Schema of IBD. In each nuclear family, the genotype for a
marker with four alleles is shown. In the left panel, the two siblings
have both inherited allele 1. However, the brother inherited this allele
1 from his mother while his sister inherited this allele 1 from her
father. Therefore, they have no alleles IBD (IBD � 0). In the middle
panel, both siblings inherited the 1 allele from the father (IBD � 1).
In the right panel, both siblings inherited the 2 allele from their father
and the 3 allele from their mother (IBD � 2).
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a new regulatory pathway in osteoblast function and bone
mass regulation.

Low-bone mass families ascertained through a proband
with low BMD (Z score � �2.0 or radiographic evidence of
osteoporotic fracture) consisted of seven families comprising
149 members who had parametric linkage analysis per-
formed to evaluate three candidate genes: COL1A1,
COL1A2, and the VDR. Linkage to all three candidate genes
was excluded with LOD scores below �2.0 (208). Subse-
quently, parametric and nonparametric linkage analysis was
performed in these seven families using data from a genome
screen (209). The maximum parametric LOD score was ob-
tained on Chr 11q. Nonparametric linkage analysis using 74
independent sibling pairs derived from these same families
supported linkage to Chr lp36 (LOD � 2.29), Chr 2p23–24
(LOD � 2.25), and Chr 4q (LOD � 2.28).

An independent sample of eight families has been ascer-
tained through a proband under the age of 35 yr with a
history of two or more crush fractures and a spinal BMD at
least 2.5 sd below the mean for age and sex, i.e., severe
early-onset osteoporosis (210). Segregation analyses per-
formed in this sample suggest a major gene of codominant
inheritance for spinal BMD. Linkage studies have not been
reported in these families. Whether the gene in these rare
families will be relevant to the common form of osteoporosis
or BMD in the general population is uncertain. In contrast,
segregation analyses performed in healthy nuclear families
rejected the hypothesis of a single major gene and, instead,
supported a polygenic model underlying BMD (86).

F. Genome scans in sibling pairs

BMD. A study in 374 healthy premenopausal white and black
sister pairs reported linkage of femoral neck BMD to Chr
11q12–13 (211). This region harbors the LRP5 gene respon-
sible for autosomal high bone mass trait (205) and the au-
tosomal recessive osteoporosis-pseudoganglioma syndrome
(9) and the TCIRG1 subunit of the vacuolar proton pump
responsible for a subset of autosomal recessive osteopetrosis
(212), suggesting that the same locus may also regulate BMD
in the normal population. However, a subsequent analysis of
this region in 464 white and 131 black sister pairs weakened
the evidence of linkage (87), and analysis in a sample ascer-
tained through a low bone mass proband did not support
linkage to 11q12–13 (213).

A 10-cM autosomal genome screen identified six possible
QTL (LOD �1.85) in 429 white premenopausal sister pairs
(Table 5 and Ref. 87). The linkages on Chr 1, 5, 6, and 22 were
at or near a marker locus and were reexamined in an ex-

panded sample of 595 sister pairs. The initial genome screen
in 429 sibling pairs had a LOD score of 3.11 at Chr 1q, which
increased to 3.86 when the 595 sister pairs were included.
This is not the same region of linkage reported on Chr 1 in
a genome screen employing pedigrees ascertained on the
basis of an osteoporotic proband (209). With the addition of
sibling pairs, linkage to Chr 5p also increased from 1.9 to 2.2,
linkage to Chr 6p was not substantially increased, and link-
age to Chr 22 decreased. These results provide substantial
evidence that genetic loci influencing BMD can be detected.

A genome wide screen for linkage to BMD in 153 Asian sib
pairs who were originally identified as sibling pairs for ex-
treme blood pressure values showed that proximal forearm
BMD had a LOD score of 2.15 over a more than 50-cM large
region on Chr 2 (214). This region includes a region previ-
ously identified in families ascertained through an individ-
ual with low BMD (209).

Structure. In the sister pair sample used to detect linkage of
BMD to Chr 1, 5, 6, and 11 reported for linkage to BMD, seven
QTL were found for various measures of structure at the
proximal femur (Table 6 and Ref. 98). Two chromosomal
regions were identified with significant LOD scores (�3.6)
for at least one femoral structure phenotype. The maximum
LOD score of 4.3 was obtained for femoral neck axis length
on Chr 5q. Evidence of linkage to Chr 4q was found with both
femoral neck axis length (LOD � 3.9) and midshaft width
(LOD � 3.5). Significant linkage was found to Chr 17q with
femoral head width (LOD � 3.6). Chromosome 3q showed
linkage with pelvic axis length (LOD � 3.1), midshaft fem-
oral width (LOD � 2.8), and femoral head width (LOD � 2.3).
Chromosome 19p showed linkage with femoral neck axis
length (LOD � 2.8) and femoral head width (LOD � 2.8).

V. Identification of the Susceptibility Genes

Genome wide linkage scans at about a 10-cM marker den-
sity have already provided evidence that there are several
regions that harbor genes affecting both peak bone mass and
femoral structure. As these studies expand and progress,
they will confirm or refute the initial results, and they may
also identify new regions for study. Once these data are firm,
the next step is to “fine map” these regions. However, the
regions are very large, encompassing 30–50 cM of genomic
DNA and containing between 20–70 megabases of DNA,
with several hundred genes. Furthermore, because the fol-
low-up studies require substantial resources, the regions

TABLE 5. Linkage of BMD using a genome screen in pairs of
sisters (211)

Chromosome Phenotype Marker LOD score

1q21–23 Lumbar spine D1S484 3.11
5q33–35 Femoral neck D5S422 1.87
6p11–12 Lumbar spine D6S257 1.94
11q-12–13 Lumbar spine D11S987 1.97
14q31–34 Femoral trochanter D14S78 1.99
22q12–13 Lumbar spine D22S423 2.13

The chromosome locations identified on the genome screen do not
harbor any of the candidate genes itemized in Tables 3 and 4.

TABLE 6. Linkage of bone structure using a genome screen in
pairs of sisters (98)

Chromosome Phenotype Marker LOD score

5q11–12 Femoral neck axis length D5S647 4.3
4q11–12 Femoral neck axis length D4S428 3.9
4q12–13 Femoral shaft width D4S392 3.5
17q21–23 Femoral head width D17S791 3.6
3q22–24 Pelvic axis length D3S1569 3.1
3q11 Femoral shaft width D3S1271 2.8
19p13 Femoral neck axis length D19S226 2.8
19p13 Femoral head width D19S226 2.8
9q22–23 Femoral neck width D9S157 2.4
7q31–32 Femoral head width D7S2502 2.3
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must be prioritized for fine mapping. Criteria for prioritiza-
tion include the strength of the initial linkage data, the con-
sistency of linkage across populations, and studies in animal
models that support linkage of the phenotypes in syntenic
regions (Tables 7 and 8).

The goal of fine mapping is to limit the region containing
the gene of interest to as small a region as possible. Unlike
fine mapping for Mendelian disorders, fine mapping for
complex traits is not recombination based. Thus, it is not
possible to limit the region of interest to less than 1 or 2
megabases of genomic DNA before examining the region for
candidate genes. Currently, data to guide the investigator as
to how many polymorphic genetic markers should be used
to fine map a complex trait locus are limited. The efficiency
of a multistage approach was explored recently in a data set
obtained from patients with multiple sclerosis (215). The
results suggested that increasing the marker density to a
2.5–5 cM efficiently extracted additional IBD information.
However, increasing the marker density to less than 2 cM
between markers did not substantially improve the resolu-
tion of fine mapping, because of confounding effects of
marker order and genotyping errors. Thus, in the absence of
more comprehensive data, a multistage approach is reason-
able. After the initial genome scan, generally at a 10-cM
marker density, follow-up genotyping is performed at about
5-cM intervals using highly polymorphic microsatellite re-
peat markers. After analysis of the resulting data with some
narrowing of the interval, further genotyping at 2-cM inter-
vals over a somewhat smaller distance is performed. This
approach requires that the markers are highly polymorphic.

Genotyping with SNPs requires a higher density map be-
cause they are less polymorphic than microsatellite markers.
Our simulation studies suggest that follow-up genotyping is
more accurate if performed on a sample size that is larger
than the sample used in the original genome screen. Once the
candidate region is limited to the smallest amount of DNA
possible, subsequent efforts are directed toward identifying
candidate genes within the linkage interval. The first step in
the process is to examine databases, such as OMIM (http://
www3.ncbi.nlm.nih.gov:80/Omim) and Unigene (http://
www.ncbi.nlm.nih.gov/UniGene/index.html), for known
genes that may be excellent candidate genes. Although the
number of known genes is rapidly expanding, investigators
still have to identify unknown genes from raw genomic
sequence to identify the susceptibility genes for osteoporosis.
A rough draft sequence of the human genome is now avail-
able (12, 13), and a finished sequence will be available in the
near future. However, having the complete sequence does
not mean that all of the coding sequences have been iden-
tified. In fact, it will take much longer to identify all the genes,
and much of this work will need to be done by individual
investigators. Currently, there are several methods to iden-
tify novel genes in a candidate interval. These include using
the expressed sequence tag databases; exon prediction pro-
grams such as GRAIL (http://compbio.ornl.gov/Grail-1.3/)
and GENSCAN (http://CCR-081.mit.edu/GENSCAN.html);
and sequence comparison programs such as PIPmaker (http://
bio.cse.psu.edu), which identify exons by comparing sequence
between two or more species. However, all of these informatic
approaches require laboratory follow-up studies to fully assess

TABLE 7. QTL for BMD in mice from four different laboratories (223–226)

Chromosome Marker Map position Method and skeletal site Human syntenic region

1 Mit14 81.6 pQCT; femur, L5 1q21–q31 (228)
1 Mit15 87.9 pQCT; femur 1q21–q31 (224)
2 Mit456 86.3 pQCT; femur 20q11 (228)
2 Ncvs42 87.0 DXA; total body 20q11–q12 (223)
2 Mit464 9.5 DXA; spine 10p13–p11; 2q14; 9q34 (226)
3 Mit23 4.6 pQCT; femur 1q24–q32; 8q12–q22 (224)
4 Mit51 82.7 pQCT; femur, L5 1p36 (228)
4 Mit124 57.4 pQCT; femur, L5 13q14–q21 (228)
5 Mit112 42.0 pQCT; femur 4p14–p12; 4q11–q13 (224)
6 Mit150 51.0 pQCT; femur 3p26–p25; 3q21–q24; 19q13; 10q11 (228)
7 Mit332 65.6 pQCT; L5 10q25–q26 (228)
7 Mit234 44.0 DXA; total body 15q24–q26; 11q13–q21 (223)
7 Mit210 11.0 DXA; spine 19q12–q13 (226)
9 Mit196 48.0 pQCT; L5 6q12–q16; 15q24 (228)

11 Mit242 31.0 pQCT; femur 5q31–q32; 17p12–p11 (228)
11 Mit90 42.0 CTI; femur 17p-pter; 17q-qter (225)
11 Mit284 52.0 DXA; spine 17q21–q22 (226)
12 Mit215 2.0 pQCT; femur 2p25–p22 (228)
13 Mit266 16.0 pQCT; femur 6p25–p21 (228)
13 Mit135 10.0 CTI; femur 7p15–p13; 6p22; 9q22 (225)
13 Mit16 10.0 pQCT; femur 7p15–p13; 6p22; 9q22 (224)
13 Mit13 35.0 pQCT; femur, L5 5pq22–q35 (228)
13 Mit20 22.0 DXA; spine 6p24–22 (226)
14 Mit160 40.0 pQCT; femur, L5 13q14–q21 (228)
14 Ptprg 2.0 DXA; total body 3p14; 10q21–q24; 8p23 (223) 15

Mit29 pQCT femur 42.8 8q24; 22q12–q13 (224)
16 Mit12 27.6 pQCT; femur 3q13–q29 (228)
16 Mit39 29.1 DXA; spine 3q13–q29 (226)
18 Mit36 24.0 pQCT; femur, L5 5q21–q33 (228)

Map position given in centimorgans; human syntenic regions � 3 cM of published best marker. CTI, Cortical thickness index.
[Courtesy of Dr. Wesley Beamer.]
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the transcriptional content of the candidate region. Importantly,
none of the computer programs are entirely sensitive for exon
detection, and they can also falsely predict exons. Therefore, it
is critical to combine informatic approaches with laboratory
approaches to ensure that all exons for a new gene are identified
and to ensure that predicted exons are true exons. Despite the
continued need for follow-up laboratory experiments, these
programs are already adequate to allow successful identifica-
tion genes from the candidate regions and are extremely useful
in positional cloning studies. It is anticipated that these pro-
grams will be substantially improved over time.

Normal genetic variation in complex traits, such as peak
BMD, is generally not due to deleterious mutations but to
common polymorphisms resulting in more subtle changes
in gene function or expression. The large number of genes
and the intensity with which each gene must be examined
for sequence variation mandates that a logical strategy for
ranking candidates is pursued rather than examining in
sequence every gene that lies within the region of interest.
However, there are pitfalls in ranking candidate genes.
First, ranking genes is based largely on current models of
the pathophysiology of osteoporosis, which are incom-
plete. Second, rankings are based on knowledge of the
function of the genes, which is also incomplete. An ex-

ample of the former is the PHEX gene, which is a member
of the neutral endopeptidase family and is responsible for
X-linked hypophosphatemic rickets (216). Before demon-
strating that PHEX mutations were responsible for XLH,
investigators had never considered that an enzyme defect
could be responsible for the disease. Therefore, the goal of
ranking genes should be to analyze genes in a systematic
fashion from the most likely to least likely, rather than
exclude genes based on current notions of pathophysiol-
ogy. Indeed, one of the strengths of positional cloning
studies is the potential to dramatically alter the field by
identifying genes that were not previously known to be
involved in the pathophysiology of osteoporosis. Thus, it
is reasonable to initially study genes that are expressed in
bone and genes that by virtue of homology have a high
likelihood of being involved in the pathophysiology of
osteoporosis. However, subsequent studies may need to
examine candidate genes that are not obviously related to
the pathophysiology of osteoporosis.

Once the candidate genes in a fine mapped region are
identified and ranked, the next task is to identify poly-
morphisms in these genes. This can be done by searching the
SNP databases, such as the NCBI SNP database (http://
www.ncbi.nlm.nih.gov/SNP) and the HGBASE (Human

TABLE 8. Skeletal phenotypes in knockout and transgenic mice

Candidate gene Protein Human chromosome Manipulation Phenotype

Tnfrgf1 1b Osteoprotegerin 8q24*a Knockout Osteoporosis (305)
Tgfb2 TGF�2 1q41 Targeted overexpression Osteoporosis (306)
K1 Klotho 13q12 Knockout Osteoporosis (307)
Abl1 v-able Abelson murine leukemia

viral oncogene homolog 1
9q34.1* Knockout Osteoporosis (308)

Col1a1 Collagen type 1, �1 17q21.3–q22.1* Mutation Osteopenia, fractures (309)
Col1a1 Collagen type 1, �1 17q21.3–q22.1* Knockout (�/�) Bone fragility (310)
Col1a1 Collagen type 1, �1 17q21.3–q22.1* Knock-in mutation Osteopenia, fractures (311)
Col1a2 Collagen type 1, �2 7q22.1 Mutation Osteopenia, fractures (312)
Lrp5 Low density lipoprotein receptor-

related protein 5
11q13.4 Knockout Osteoporosis (313)

Tgfb1 TGF�1 19q13.2* Knockout Osteopenia (314)
Nos3 Nitric oxide synthase 3 7q36 Knockout Osteopenia (315)
Sparc Osteonectin 5q31.3–q32* Knockout Osteopenia (316)
Bgn Biglycan Xq28 Knockout Osteopenia (317)
Mmp 14 Matrix metalloproteinase 1414q11–q12 Knockout Osteopenia (318)
Igf1 IGF 112q22–q23 Targeted overexpression Increased bone mass (319)
Tgfbr2 TGF� receptor II 3p22 Targeted truncation Increased bone mass (320)
Vdr Vitamin D receptor 12q12–q14 Targeted overexpression Increased bone mass (321)
Lep/Lepr Leptin/leptin receptor 7q31.3/1p31* Knockout Increased bone mass (322)
Gsn Gelsolin 9q33 Knockout Increased bone mass (323)
Fosl 1 FOS-like antigen 1 11q13* Overexpression Osteosclerosis (324)
Fosb �FosB 19p13.2–p12 Overexpression Osteosclerosis (325)
Traf6 TNF receptor-associated factor 6 11pter-p15.5 Knockout Osteopetrosis (326, 327)
Ctsk Cathepsin K 1q21* Knockout Osteopetrosis (328)
Itgb3 Integrin, �3 17q21.32* Knockout Osteopetrosis (329)
Fos v-fos FBJ murine osteosarcoma viral

oncogene homolog
14q24.3 Knockout Osteopetrosis (330)

Tnfrgfl 1a RANK 18q22.1 Knockout Osteopetrosis (331)
TcirgI T cell immune regulator 1 11q13.4–q13.5* Knockout Osteopetrosis (212, 332)
Nfkb1/2 Nuclear factor of � light polypeptide

gene enhancer in B cells 1/2
4q24/10q24* Double knockout Osteopetrosis (333)

Src v-src avian sarcoma viral oncogene 20q12–q13* Knockout Osteopetrosis (334)
Csf1 Colony stimulating factor 1 1p21–p13 Mutation Osteopetrosis (335)
Sfpi 1 Spleen focus forming viral (SFVN)

proviral integration oncogene SPI-1
11p11.2 Knockout Osteopetrosis (336)

Tnfrsfl 1b Osteoprotegerin 8q24* Overexpression Osteopetrosis (337)

Mutation in CA2 (Carbonic anhydrase II) 8q22* in humans produces osteopetrosis (338), but no knockout has been produced in mice.
a Asterisks indicate genes in a region of linkage to BMD in mice.
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Genic Bi-Allelic Sequences, http://hgbase.interactiva.de/)
for known polymorphisms, focusing on polymorphisms that
are likely to have functional significance such as those that
result in amino acid changes. Although these databases cur-
rently have limitations, they are expanding rapidly and are
already very useful. Finally, once the polymorphisms are
identified, DNA from the subjects can be genotyped using
a variety of different methods and the results analyzed
(217, 218).

VI. Animal Studies

In searching for the susceptibility genes for osteoporosis,
complementary studies in animals are essential. Not only do
they allow breeding strategies that cannot be performed in
humans, but they also provide important bone strength phe-
notypes that cannot be measured in vivo in humans. Two
animal models, the mouse (219) and the baboon (220), have
been used for identifying genes underlying bone strength.
More recently, the rat has been used (221).

The most intensively studied animal model is the mouse.
It is ideally suited for genetic analysis because of its short
generation time and its ability to produce large litters in the
laboratory (222). Its contribution to the genetics of osteopo-
rosis and skeletal biology is already substantial. A variety of
inbred mouse strains have been used in genetic studies. A
mouse strain is considered inbred when virtually every ge-
netic locus in its genome is homozygous. Typically, this has
been produced from 20 or more consecutive generations of
brother-sister mating. As a result, all animals within the
inbred mouse strain are genetically identical. This situation
is analogous to twin studies in humans. Also, founder effects
in genetically isolated populations can be amenable to sim-
ilar approaches to those employed in mouse studies, again
emphasizing the similarity between human and mouse ge-
netics studies.

Many of the genetic mapping studies in mice designed to
identify chromosomal regions contributing to osteoporosis
or BMD were initially performed in recombinant inbred
(RI) strains. RIs are created from an F2 (second-generation
offspring) sample by completing multiple generations of
brother-sister mating. As a result, each RI strain is not only
inbred but also unique in its genetic composition from each
of the inbred founders. The power of the RI methodology to
identify genes underlying phenotypic variability lies in the
vast amount of genotyping already completed in the various
RI lines. However, the limited number of available RI lines
compromises the power of these lines to localize and identify
genetic loci. As a result, whereas RI studies can detect regions
of possible linkage, most researchers have pursued addi-
tional confirmation studies in backcross or F2 progeny de-
rived from inbred animal lines.

The most powerful strategy for mapping QTL involves the
intercross of two strains discordant for the relevant pheno-
type of interest. Presumably, these mouse strains are discor-
dant because they have fixed differing alleles at loci relevant
to the phenotype. The discordant inbred progenitor strains
are mated to produce F1 hybrid mice. These mice are likely
to be obligate heterozygotes at loci contributing to the phe-

notype. The F1 mice are then intercrossed (brother-sister
mated) to produce an F2 population. In the F2 population, the
alleles at the loci contributing to the phenotype (the QTL) are
segregating, meaning that each F2 has different combinations
of the alleles at the loci contributing to the phenotype. This
can be observed in the wide variation in the phenotype which
is observed in the F2 sample with the extreme of the phe-
notype distribution often exceeding that observed in the
progenitor lines. Therefore, the F2 sample is considered to be
segregating for the relevant QTL and is an ideal sample in
which to perform QTL mapping. The intercross strategy, as
well as the less powerful recombinant inbred strategy, has
been used to create extensive data regarding the likely po-
sition of QTL contributing to BMD phenotypes (Table 7).
Linkage analysis and subsequent fine mapping can provide
corroborating information on important QTL syntenic with
the human. The effects of individual gene products on skel-
etal biology can be evaluated using knockout and transgenic
technology (Table 8). These techniques can also be used to
identify candidate genes for human studies. A number of
transgenic or knockout mice have clear skeletal phenotypes.
This is an active area of research, and the list will undoubt-
edly grow in the future.

The first QTL for skeletal BMD in mice were reported (223)
using the recombinant inbred approach for the BXD lines
(C57BL/6J and DBA/2J cross). Subsequently, femoral BMD
QTL were reported using the intercross approach (C57BL/6J
and CAST/EiJ cross) (224), as were QTL for femoral cortical
thickness index (225) and QTL for spinal BMD in senescence
accelerated mice (SAM) using an intercross strategy (SAMP6
and SAMP2 cross) (226). Femoral BMD QTL for both the
C57BL/6J and CAST/EiJ cross (225) and the C57BL/6J and
C3H/HeJ cross have been reported (227). One QTL was
found to be at the same location for both crosses (Chr 1, see
Table 7). Interestingly, the two crosses produced several
different QTL even though the BMD phenotype is identical.
The major QTL for femoral density from the C57BL/6J and
CAST/EiJ cross are on Chr 1, 3, 5, 13, and 15 and from the
C57BL/6J and C3H/HeJ cross are on Chr 1, 2, 4, 6, 11, 12, 13,
14, 16, and 18. These differences may be due to each strain
having fixed differing alleles at the relevant loci or the two
progenitor strains in one cross fixing the same QTL allele,
resulting in the F2 sample not segregating for this QTL. This
behavior emphasizes the importance of collecting data from
several mouse crosses to assure that all QTL contributing to
a phenotype are uncovered. As illustrated in Table 7, there
are BMD QTL on mouse Chr 1, 2, 13, and 16 that have been
uncovered in at least two different linkage studies.

Spinal BMD QTL for the cross of C57BL/6J and C3H/HeJ
have also been mapped (228). Interestingly, not all spinal
BMD QTL corresponded to femoral BMD QTL. Important
spinal BMD QTL on Chr 7 and 9 have no femoral counter-
parts, suggesting that genetic regulation of BMD is, in part,
dependent upon anatomical site. QTL for several vertebral
microstructure phenotypes from the C57BL/6J and C3H/
HeJ cross are at loci that do not correspond to femoral BMD
QTL (227).

One of the clear advantages of using rodents for genetic
studies is the availability of the bones for direct measurement
of bone biomechanical properties including strength and
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fragility. Fundamental biomechanical properties include
force to failure (a measure of strength), stiffness, and work
to failure (a measure of overall fragility). Biomechanical
properties can be assessed at several sites including femoral
midshaft, femoral neck, and vertebra (229). Preliminary stud-
ies of femoral strength in the C57BL/6J and C3H/HeJ cross
have identified several important QTL, some of which over-
lap femoral BMD QTL (Chr 1, 4, 6, and 18) and others which
do not (Chr 8, 11, and 13) (230). As with BMD, it is likely that
genetic regulation of bone strength is site specific and that
femoral and vertebral strength segregate somewhat inde-
pendently (231).

BMD and skeletal biomechanical properties are polygenic
traits. Consequently, there may be numerous interactions
among genes contributing to these traits. To isolate gene
effects, congenic strains in which a single QTL is moved from
the donor strain to a recipient strain can be constructed. This
is typically done with selective backcrossing for 6–10 gen-
erations. Congenic strains have been created by moving QTL
for high bone mass donated by C3H/HeJ onto the low bone
mass C57BL/6J line. C3H QTL caused significant differences
in B6 BMD and femoral strength. QTL from mouse Chr 1, 4,
and 18 increased BMD in recipient mice, whereas the do-
nated QTL at Chr 6 reduced BMD (232, 233) indicating that
genetic influences on bone structure can be isolated in con-
genic mice.

A second animal model that is available is the baboon
(220). Colonies represent very large pedigrees that can be
used for linkage analysis using many of the markers that are
present in the human genome. Importantly, the size and
shape of the baboon skeleton at the hip and vertebra ap-
proach those of the human much more closely than those of
the mouse. Linkage studies performed in a large baboon
colony have identified a QTL on baboon Chr 11 that influ-
ences BMD (234). Interestingly, this is the same region of Chr
11 identified in the three Mendelian bone-related disorders
(9, 205, 212) as well as a large sample of premenopausal sister
pairs (211).

More recently, the rat has been developed as a model for
studying susceptibility genes of osteoporosis. The advantage
of the rat is the extensive information on its physiology and
skeletal biology that is available. Variability in femoral, ver-
tebral, and femoral neck fragility among 11 inbred strains of
rats has been reported (221). Fischer 344 and Lewis strains
show the greatest variance in the vertebral fragility pheno-
type, and the Copenhagen 2331 and DA strains show the
greatest variance in the femoral neck fragility phenotype,
indicating that these strains will be useful for QTL analysis
using the intercross strategy. As with mice, variation in skel-
etal fragility phenotypes in rats is dependent upon the an-
atomical site studied. Therefore, it is likely that rats will be
useful for uncovering site-specific genetic influences on skel-
etal fragility.

Using these three animal models is likely to provide com-
plementary information to the human. The plans to fully
sequence the mouse and the rat genome within the next 3 yr
will be a major factor in the rate at which the susceptibility
genes for osteoporosis can be identified. Emerging evidence
of site specificity of skeletal phenotypes and the findings in
mice that bone biomechanical phenotypes do not always

correspond to BMD highlight the importance of measuring
multiple phenotypes relating to BMD, geometry, structure,
and biomechanical properties at multiple skeletal sites where
osteoporotic fracture is common, such as the proximal femur
and the vertebra.

VII. Bioethics

As for all human genetic studies (16), the endeavor to
identify the genes causing monogenetic forms of osteopo-
rosis and the susceptibility genes underlying the common
form of osteoporosis raises important legal and ethical issues.
Key resources in this endeavor are the development of large
repositories of human tissue, serum, and DNA and extensive
data files containing essential phenotypic variables from
healthy subjects and patients with osteoporotic diseases. In
the United States, these resources are being developed in
various centers depending mainly on the location of the
researchers. However, very large national repositories are
being developed in a number of countries, notably Iceland
and UK (www.publications.parliament.UK). In order for re-
searchers to access such resources, guidelines and policies
need to be in place both to protect patient privacy and to
ensure that the essentials of patient informed consent are
maintained. In 1999, the National Bioethics Advisory Com-
mission made recommendations on these issues to the US
President on research involving human biological materials
(www.bioethics.gov). However, this is an evolving area
(235), and the policies will undoubtedly undergo modifica-
tion in the future.

An equally important issue is the question of making avail-
able genetic testing (236, 237) for osteoporosis. Genetic test-
ing is currently available for numerous single-gene disor-
ders. Genetic testing is also being performed for Alzheimer’s
disease and breast cancer, both of which are disorders with
complex genetic inheritance. In both instances, however, in-
dividuals appropriate for genetic counseling are typically
those in whose families a mutation in a single gene has
resulted in a disorder with autosomal dominant inheritance.
The susceptibility genes for the common form of osteopo-
rosis do not appear to include a single gene with major effect.
Furthermore, it appears that the susceptibility genes interact
with important environmental factors. Thus, genetic coun-
seling will consist not only of genetic data but also of envi-
ronmental information that modulate an individual’s risk for
reduced bone mass, reduced bone strength, and the risk of
sustaining an osteoporotic fracture.
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