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ABSTRACT

BACKGROUND
Bone mineral density influences the risk of osteoporosis later in life and is useful
in the evaluation of the risk of fracture. We aimed to identify sequence variants as-
sociated with bone mineral density and fracture.

METHODS

We performed a quantitative trait analysis of data from 5861 Icelandic subjects (the
discovery set), testing for an association between 301,019 single-nucleotide polymor-
phisms (SNPs) and bone mineral density of the hip and lumbar spine. We then tested
for an association between 74 SNPs (most of which were implicated in the discovery
set) at 32 loci in replication sets of Icelandic, Danish, and Australian subjects (4165,
2269, and 1491 subjects, respectively).

RESULTS

Sequence variants in five genomic regions were significantly associated with bone
mineral density in the discovery set and were confirmed in the replication sets (com-
bined P values, 1.2x1077 to 2.0x1072%). Three regions are close to or within genes
previously shown to be important to the biologic characteristics of bone: the recep-
tor activator of nuclear factor-«B ligand gene (RANKL) (chromosomal location, 13q14),
the osteoprotegerin gene (OPG) (8q24), and the estrogen receptor 1 gene (ESR1) (6q25).
The two other regions are close to the zinc finger and BTB domain containing 40
gene (ZBTB40) (1p36) and the major histocompatibility complex region (6p21). The
1p36, 8q24, and 6p21 loci were also associated with osteoporotic fractures, as were
loci at 18921, close to the receptor activator of the nuclear factor-«B gene (RANK),
and loci at 2p16 and 11p11.

CONCLUSIONS
We have discovered common sequence variants that are consistently associated with
bone mineral density and with low-trauma fractures in three populations of Euro-
pean descent. Although these variants alone are not clinically useful in the prediction
of risk to the individual person, they provide insight into the biochemical pathways
underlying osteoporosis.
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STEOPOROSIS CONFERS SUBSTANTIVE

morbidity and mortality and associated

costs and predisposes people to fragility
fractures at the hip, spine, forearm, or other skel-
etal sites.! It is a common disease affecting both
sexes in populations of various ancestries, although
elderly women of European descent are at the
highest risk.2 Bone density is the single best pre-
dictor of osteoporotic fractures and is a valuable
tool in evaluation of the risk of fractures.>* There
is abundant evidence for a genetic contribution
to variation in bone mineral density, with herita-
bility estimates between 0.6 and 0.8.> Bone min-
eral density is also influenced by environmental
and medical factors. Numerous candidate genes
have been tested for their association with bone
mineral density and with osteoporotic fractures,
yielding varying results.®? Several linkage analy-
ses involving bone mineral density as a quantita-
tive trait have also yielded varying results.® A ge-
nomewide association study, a test for association
between hundreds of thousands of single-nucleo-
tide polymorphisms (SNPs) and a specific pheno-
type, provides an opportunity to discover genes
that contribute to bone mineral density.

METHODS

STUDY POPULATIONS

We studied four populations: a discovery set of
5861 Icelandic persons, 87% of whom are women,
and three replication sets — 4165 other Icelandic
persons (74% of whom are women), 2269 post-
menopausal Danish women,*° and the Australian
Dubbo Osteoporosis Epidemiology Study (DOES)
cohort™ of 1491 persons (61% of whom are wom-
en). Dual-energy x-ray absorptiometry measure-
ments at the lumbar spine and at the hip (a total
hip or femoral neck measurement) were obtained
in all patients. Standardized bone mineral density
was calculated and corrected for sex, age, and
weight (see the Methods section in Supplementary
Appendix 1, available with the full text of this
article at www.nejm.org). For example, a standard-
ized value of X corresponds to X standard devia-
tions above or below the population average after
adjustment for sex, age, and weight. Most low-
impact fractures were self-reported by persons in
the Icelandic sets; reports of hip fractures in these
sets were obtained from hospital records. All frac-
tures in the Danish set were self-reported, and all
fractures in the Australian cohort were ascertained
through review of radiography reports. Further
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description of characteristics of the study popu-
lations is provided in the Methods section and
Table 1 of Supplementary Appendix 1.

All participants provided written informed con-
sent. The study was approved by the Data Protec-
tion Commission of Iceland, the National Bioeth-
ics Committee of Iceland, the Ethical Committee
of Copenhagen County (in Denmark), and the St.
Vincent’s Ethics Review Committee (in Australia).

The study was funded by deCODE Genetics,
which holds the data; the authors in Denmark and
Australia also hold the data for those sets. Seven
industry authors and one academic author de-
signed the study, six industry authors analyzed the
data, and six prepared the manuscript. Six indus-
try authors and two academic authors vouch for
the completeness and accuracy of the data.

GENOTYPING
We used either the Infinium HumanHap300 or
the HumanCNV370 SNP chip (Illumina) to geno-
type a total of 317,503 SNPs in DNA samples from
5801 persons; 5858 had measurements of spine
bone mineral density and 5715 had measurements
of hip bone mineral density. Subsequent analysis
was restricted to 301,019 SNPs that were of suffi-
cient quality (see the Methods section in Supple-
mentary Appendix 1). We genotyped SNPs in the
replication sets at deCODE Genetics, using the
Centaurus platform (Nanogen).*2

ASSOCIATION ANALYSES
Age- and weight-adjusted standardized values of
bone mineral density were computed for each sex
and population separately (see the Methods sec-
tion in Supplementary Appendix 1). For each SNP,
a linear regression analysis, with the genotype as
an additive covariate and standardized bone min-
eral density as the response variable, was fitted
to test for association. Each SNP was tested sepa-
rately for its association with bone mineral den-
sity of the hip and for its association with bone
mineral density of the lumbar spine. The method
of genomic control*> was used to adjust the P val-
ues and standard errors for the relatedness of Ice-
landic subjects in the discovery set. When the
discovery set was combined with the Icelandic
follow-up set, the effect of relatedness was estimat-
ed by simulating the founder gene types through
the Icelandic genealogy (see the Methods section
in Supplementary Appendix 1). The threshold for
genomewide significance was set at a P value of
less than 1.7x1077 (0.05 + 301,019 SNPs) for each
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