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ABSTRACT: LRP5 encodes the low-density lipoprotein receptor-related protein 5, a transmembrane protein
involved in Wnt signaling. LRPS is an important regulator of osteoblast growth and differentiation, affecting
bone mass in vertebrates. Whether common variations in LRPS are associated with normal BMD variation or
osteoporotic phenotypes is of great relevance. We used a haplotype-based approach Lo search for common
disease-associated variants in LRPS in a cohort of 964 Spanish postmenopausal women. Twenty-four SNPs
were selected, covering the LRPS region, including the missense changes p.V667M and p.A1330V. The SNPs
were genotyped and evaluated for association with BMD at the lumbar spine (LS) or femoral neck (FN) and
with osteoporotic fracture, at single SNP and haplotype levels, by regression methods. Association with LS
BMD was found for SNP 1, rs312009, located in the 5'-flanking region (p = 0.011, recessive model). SNP 6,
rs2508836, in intron 1, was also associated with BMD, both at LS (p = 0.025, additive model) and FN (p =
0.031, recessive model). Two polymorphisms were associated with fracture: SNP 11, rs729635. in intron |, and
SNP 15, 1643892, in intron 5 (p = 0.007 additive model and p = 0.019 recessive model, respectively).
Haplotype analyses did not provide additional information, except for haplotype “GC” of the block located
at the 3'end of the gene. This haplotype spans intron 22 and the 3’ untranslated region and was associated with
FN BMD (p = 0.029, one copy of the haplotype versus none). In silico analyses showed that SNP 1 (rs312009)
lies in a putative RUNX2 binding site. Electro-mobility shift assays confirmed RUNX2 binding to this site.
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INTRODUCTION Thus. in the autosomal recessive disorder osteoporosis-
pseudoglioma syndrome (OPPG). very low bone mass and
blindness have been linked to loss-of-function mutations in
the LRPS gene.!” Concurrently, increased BMD pheno-
types in several extended pedigrees have been associated
with mutations in the LRP5 gene.!''? In particular. the
high bone mass phenotype, caused by the gain of function
mutation p.G171V, is characterized by greater amounts of
both cortical and trabecular bone and increased strength.'”
In mice, ablation of the LRPS gene mimics the skeletal

STEOPOROSIS 15 A disease characterized by decreased

bone strength and increased susceptibility to fracture.
[t constitutes a major health problem worldwide as it incurs
significant costs. morbidity, and mortality.""” BMD is a pri-
mary predictor of osteoporotic fractures. Each SD reduc-
tion in BMD is associated with a 1.5- to 2.5-fold increase in
fracture risk.”™ Both fracture risk and BMD are strongly
regulated by genetic factors and constitute complex traits,
as shown by twin and family studies, which indicate that

heritability accounts for 50-80% of the variance in
BMD.** Environmental factors have also been shown to
affect BMD and to be associated with osteoporosis risk.
Chromosome 11q12-13 was initially shown to contain a
key quantitative trait locus (QTL) that contributes to varia-
tions in BMD."* Within this region, the LRP5 gene was
identified as the causal gene for various bone phenotypes.

phenotypes reported in humans with OPPG.""* Con-
versely, transgenic mice containing the high bone mass mu-
tation have greater bone mass, density, and strength than
nontransgenic littermates."'"’

The LRPS gene encodes the low-density lipoprotein re-
ceptor-related protein 5 (LRPS), a transmembrane protein
involved in Wnt signaling. The Wnt pathway has been

shown to be related to bone mass and metabolism.™"" In
osteoblasts, LRPS can transduce canonical signals to pro-
mote renewal of stem cells, stimulation of pre-osteoblast
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replication. induction of osteoblastogenesis, and inhibition
of osteoblast and osteocyte apoptosis by increasing the lev-
cls of B-catenin and altering gene expression through the
Lef/Tef transcription factors."'®

Rare mutations in LRPS are associated with severe phe-
notypic changes, whereas more common variants may re-
sult in normal BMD variation within normal or osteopo-
rotic ranges."'*'"

Haplotype-based association studies have been proposed
as a powerful approach to idcmif_vin%.}_pe causal genetic
variation underlying complex diseases. ~ Recently, studies
have shown that the human genome 1s comprised of geno-
mic segments (blocks) that display little evidence of histori-
cal recombination and low haplotype diversity.""*=! Be-
cause of the high degree of LD observed between SNPs
within these blocks. ancestral disease variants may be
shown by evaluating the underlying haplotypes. This meth-
odology does not require the causal variant to be identified
and tested directly. Instead. it has the potential to highlight
physical regions that harbor putative disease-associated
variants,

In this study, we used a haplotype approach to compre-
hensively examine the contribution of common variations
in the LRPS genomic region to osteoporosis risk among 964
Spanish postmenopausal women. We evaluated 24 SNPs
individually and at the haplotype level, in relation to lum-
bar spine (LS) BMD, femoral neck (FN) BMD, and oste-
oporotic fracture.

MATERIALS AND METHODS
Study population

Nine hundred sixty-four postmenopausal Spanish
women, all with Spanish ancestry, were recruited from the
Menopausal Unit of the Hospital del Mar, Barcelona,
Spain. All of the participants were consecutive, unselected,
postmenopausal women who attended the outpatient clinic
for a baseline visit because of menopause. Women were
prospectively recruited and included in the study regardless
of their BMD values. Subjects with a history of bone
disease, metabolic or endocrine diseases, hormone-
replacement therapy. and a history of drugs that could af-
fect bone mass were excluded. Age al menarche, age at
menopause, vears since menopause, age, weight, and height
were recorded in the final cohort. named BARCOS.2=*
The characteristics of the study population are shown in
Table 1. Blood samples and written informed consent were
obtained in accordance with the regulations of the Hospital
del Mar Human Investigation Review Committee for Ge-
netic Procedures.

BMD and fractures

Areal BMD was measured (g/em?) in the LS (L.-L,) and
in the nondominant FN using DXA (Hologic QDR 4500
SL). In our center, this technique has an in vivo CV of 1.0%
for LS measurements and 1.65% for FN measurements.

Prevalent fractures were estimated by obtaining a frac-
ture history for each subject including age at the time of
fracture. the site of [racture, and how the fracture was sus-
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TABLE 1. CHARACTERISTICS OF THE BARCOS CoOHOR1

Variable Mean = SD n
Agc ()’1’) LS* 555=87 044
Weight (kg) 64.5 = 10,0 RS
Height (em) 1563263 Udd
Years since menopause LS* 7.7 =86 044
FN BMD (g/em®) 0.683 = 0,109 513
LS BMD (g/cm?) 0,853 = 0,153 944
Breast-feeding (mo) 83=132 883
Age at menarche (yr) 129+16 927
Age al menopause (vr) 477 =45 936
Fracture 143 (18.5%)
No fracture 630 (81.5%)

* For femoral ncck BMD data, the mean age was 57.6 = 8.2 yr and the
veurs since menopause was 9.8 = 82 (n = 513),

tained. Only fractures caused by minimal trauma were in-
cluded. Fractures of the face, skull, fingers, and toes were
excluded. A questionnaire was used to take the history of
peripheral fractures. Vertebral fractures were confirmed by
spine X-ray reports.

SNP selection

Twenty-four SNPs in the LRPS genomic region were se-
lected on the basis of the following criteria: (1) haplotype
tagging: (2) putative functional changes; and/or (3) previous
association with osteoporotic phenotypes.

(1) The selection of haplotype-tagging SNPs (htSNPs) was
based on the HapMap Project white reference panel
genotype data (CEU).®® Available data from the
chromosomal region Chrll: 67829880-67980145 bp
covering 136.6 kb of LRPS and 6.8 kb of the neighbor-
ing regions (HapMap Data Release 20/Phasell Jan 06
on NCBI assembly dbSNPb125) were downloaded.
Seventy of the 149 SNPs genotyped in this region were
polymorphic, resulting in an average SNP density of |
SNP/2 kb. Haplotypes were constructed using Haplo-
view Software 3.32*" and by applying both the Gabriel
(or ClIs) method®™ and the Four Gamete Rule
(FGR), with the default parameters. Briefly, in the
Gabriel method. the haplotype block is defined as a
region over which <5% of comparisons among infor-
mative SNP pairs show strong evidence of historical
recombination. In FGR., blocks are formed by consecu-
tive markers where, for each pair, only three of the four
possible gametes are observed. For cach resulling
block, the minimal combination of SNPs that identified
=95% of the haplotypes was selected. The LD select
program®”’ was used to identify highly correlated SNPs
among this hiSNP subset in terms of linkage disequi-
librium (). When a pair of SNPs was correlated with #
= (.80, only one of the SNPs was selected for genotyp-
ing, because the other was considered redundant,
Twenty-two htSNPs were finally selected according to
this criterion (all but 16 and 19 in Table 2).

(2) Four putatively functional missense changes have been
described in the LRPS gene. The Val667Met change
(rs4988321) was included in the panel as SNP 19. The
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TABLE 2. CHARACTERISTICS OF THE 24 SNPs Usip IN THE LRPS ANALYSIS

Base MAF in MAF in
SNP rs Posion in Chrll*® Location change BARCOS CEU-HAPMAP® HWE p value
| rs312009 67833814 5" UTR C>T 0.150 0.225 09811
2 rs312016 67838979 Intron | G>A 0.277 0.325 0.5083
3 rs7111296 67839486 Intron 1 C>T 0.001 0017 0.9988
R rs11228202 67840804 Intron | T 0.142 0.092 0.8716
5 rs4988300) 67843407 Intron 1 T>G 0.439 0.442 0.2374
6 rs2508836 67847841 Intron 1 T 0323 0.255 0.8730
7 rs7924398 67849769 Intron | C>T 0.083 0.037 0.6193
8 rs3781600 67849913 Intron 1 G>C 0.113 0.085 0.7524
9 rshlHYsY 67858576 Intron | T 0.088 0.050 0.9796
10 314756 67868248 Intron 1 A>G 0.071 0.108 0.9462
1 rs729635 67868336 Intron | A>C 0.147 0.068 0.7450
12 3312788 67878871 Intron 2 T>G 0.480 0.350 0.2828
13 rsH38051 67897990 Intron 3 A>G (1464 0.308 0.0262
14 rs| 1826287 67903237 Intron 5 T>C 0.215 0.167 0.0913
15 3643892 67903029 Intron 3 T>A 0.439 0.258 04475
16 rs627174 67920090 Intron 7 TSC 0.226 0.152 0.1170
17 rs545382 67927589 Exon 8 F349F G>A 0.091 0.076 0.6491
18 rs2277268 67930698 Exon 9 E644E C>T 0.109 0.042 04216
19% rs4988321 67930763 Exon 9 V66TM G>A 0.069 0,039 0.6218
20 583545 67935211 Intron 10 G>A 0.291 (1.208 0.6242
2] rsS31163 67951072 Intron 16 T>C 0.397 0.242 0.4838
22 rs3736228 67937871 Exon I8 A1330V C>T 0.174 0.117 0.1787
23 rs2242340 (7970695 Intron 22 G>A 0.173 0.068 0.8514
24 rsh76318 67973996 3" UTR T>C 0.067 0.050 (,6689

* Build 126 NCBI dbSNP.

" MAF from the HapMap white reference pancl. except for SNPs 16 and 19, where MAF was from Perlegen and from Applera. respectively.

* Selected on the basis of previously published associations.! ™

¥ Missense change, putatively functional.

Alal330Val change (rs3736228) was already selected as
htSNP 22, The Vall204Leu change (rs11607268) ap-
pears as a nonsynonymous SNP in public genome da-
tabases but was not included in the panel because it was
not polymorphic in 40 Spanish control chromosomes
tested. Finally, the Alal1525Val SNP (rs11574422) was
not included in the panel because its mimimum allele
frequency in Europeans was <1% (minor allele fre-
quency [MAF] 0.9%).

Most of the SNPs that have previously been associated
with osteoporosis lay within the blocks described
above. Only SNP 16 (rs627174), associated with FN and
LS BMD,™ fell in a gap between Gabriel blocks 4 and
5 (FGR blocks 5 and 6), Thus, it was added to the
collection.

(3
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SNP genotyping

Genomic DNA was extracted from buffy coats (centni-
fuged whole blood) by a salting out procedure.*” DNA
concentration was assessed by spectrophotometry (Nano-
Drop ND-1000 Spectrophotometer: NanoDrop Technolo-
gies). Some of the samples that had failed a first round of
genolyping because of impurities were repurified with the
Purcgene TM DNA isolation kit (Gentra Systems), accord-
ing to the manufacturer’s instructions.

Genotyping of the 24 selected SNPs was performed si-
multaneously by SNPlex (Applied Biosystems) at the geno-
typing platform of the Centro Nacional de Genotipado

(CEGEN, Barcelona, Spain). SNPlex system probe sets
were designed using an automated assay design pipeline
and included in a 48-plex. A previous accurate quantifica-
tion of the DNA samples was performed by Picogreen (In-
vitrogen).

Twenty-one of the SNPs were successfully genotyped
(pass rate 87.5%), with an average of a 95.6% call rate over
964 samples. SNPlex performance at the CEGEN platform
was evaluated by testing one 41-SNP pool in genomic DNA
samples from 367 individuals. SNPlex reproducibility was
>99% (99.93% in 14,136 counts), in concordance with re-
ported standards from AB.®? Because two of the LRPS
SNPs (19 and 22) were also analyzed by Tagman (Applied
Biosystems) for a different study, the comparison of the two
series of genotypes constituted an additional genotyping
quality control. Results showed a 99.75% average concor-
dance between the two techniques.

To complete the genotyping. the three SNPs failed by
SNPlex (9, 13, and 23) were typed by Tagman (Applied
Biosystems). Primer and probe sequences are available on
request. Amplification and detection were performed un-
der standard manufacturer’s protocol in an ABI PRISM
7900HT Sequence Detection System and analyzed with
AB SDS 2.2 Software. For these SNPs, the genotype call
rate was slightly lower: 86% on average. Quality con-
trol was assessed by regenotyping 6% of the samples (se-
lected at random) by PCR-restriction fragment length poly-
morphism (RFLP). This gave a >95% reproducibility.
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LD analysis and haplotype reconstruction

To determine whether individual variants at each locus
were in Hardy-Weinberg equilibrium (HWE) in the popu-
lation, ¥* tests were applied. MAFs and HWE p values for
all the SNP were calculated using the SNPATOR web tool
developed by CEGEN (http:/bioinformatica.cegen.upf.es/
public/principal/dataMngA.php).

In the BARCOS cohort, Lewontin’s D’ and the linkage
disequilibrium (LD) coefficient 7~ were examined between
all pairs of SNPs using HAPLOVIEW.® Haplotype fre-
quencies in the BARCOS cohort were also estimated using
this software.

The MAFs of all the SNPs, D’, and 7~ values between
BARCOS and the HapMap white reference pancl were
compared by standard lincal regression.

For cach individual, haplotypes were inferred using the
PHASE v2.1.1 program.“*"" Only haplotypes with >0.90
posterior probability were used in further analyses.

Statistical analyses

Initially, all genotvped SNPs were tested for single-
marker allelic association. The quantitative traits LS BMD
and FN BMD were adjusted for age, weight, and height and
analyzed by ANCOVA under a general model. Alternatve
inheritance models were evaluated when the general model
showed a trend of significance. Logistic regression models
were used for the phenotype “fracture.” Calculations were
performed with SPSS v11.5 (SPSS. Chicago. IL. USA).

For haplotype analyses, a global test on all the haplotypes
in each block with a frequency >1% was performed by
logistic regression with a stepwise selection procedure using
the expected number of copies. Logistic regression analyses
were also adjusted by age, weight, and height (SPSS). The
significance level was set at p < 0.05,

The statistical power was calculated with Quanto 1.1 soft-
ware.*® For FN BMD (mean = (.683 and SD = (.109) at
a significance level of 0.05, an MAF of (.10 in 450 individu-
als provides a minimal power of 90% to detect differences
in BMD of -0.04 g/cm” under an additive model. The same
assumptions for an MAF of 0.40 allow differences of 0.03
glem® to be detected. For LS BMD (mean = 0.853 and
SD = 0.153) at a significance level of 0.05, an MAF of (.10
and 950 individuals provides a 90% power to detect differ-
ences in BMD of -0.04 g/em” under an additive model. The
same assumptions for a MAF of 0.40 allow differences of
0.03 g/cm? to be detected. For fractures (150 cases, 4.4 con-
trols per case, and a 20% population risk in our cohort)
under an additive model for MAFs of 0.10 and (.40, there
would be enough power (80%) to detect ORs of 1.75 and
1.45, respectively.

The presence of population stratification was invest-
gated by the program Structure 2.2,'*% using 12 indepen-
dent loci that had been genotyped in the cohort. The high-
est probability was obtained under the assumption of one
population (k = 1) and was close to 1. All other assump-
tions (k = 2 to k = 5) had probabilities <107,

EMSAs

SAOS-2 human osteosarcoma cells (ATCC number
HBT-85'™) were grown in DMEM (Gibco), supplemented
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with 10% FBS (Gibco). Nuclear extracts were prepared
according to Schreiber et al.”** using a modified buffer C
(10% glyeerol and 1.5 mM of MgCl,). Protein concentra-
tions were determined by the Bradford method. and
nuclear extracts were stored at —80°C until use.

Single-stranded DNA oligonucleotides were automati-
cally synthesized (Sigma Aldrich) for each allele of SNP 1.
both forward and reverse strands, Forward oligonucleotides
were as follows: C allele, 5'-CCTTTGTTCCTGTGGCC-
GGA- 3": T allele, 5'-CCTTTGTTCCTGTGGCTGGA-3'
(bases indicated in bold correspond to the polymorphic site
and those in italics to the predicted RUNX2 binding site).
Other oligonucleotides used were those containing binding
sites for RUNX2 (OSE). the glucocorticoid receptor
(GRE). and Sp1. Double-stranded probes were obtained by
anncaling complementary oligonucleotides and end-
labeling with [v-**P] ATP (GE Healthcare), using the
OptiKinase (USB) standard protocol. The unincorporated
nucleotides were removed using a quick-spin G-25 Sepha-
dex column (ROCHE Molecular Biochemicals). Binding
reactions typically contained 10 g of nuclear extract, 0.5
pg of double-stranded polv (dI-dC; Amersham Pharmacia
Biotech), 0.5 pg of double-stranded poly (dA-dT:
ROCHE), 6 pg of acetylated BSA (Promega), and 100,000
cpm of radiolabeled probe. The reaction mixtures were in-
cubated for 30 min at room temperature in a buffer con-
taining 20 mM HEPES, pH 7.9, 80 mM KCI, | mM EDTA,
I mM DTT, and 10% glycerol in a total volume of 20 pl.
Protein-DNA complexes were resolved from the free
probes in nondenaturing 7% polyacrylamide (29:1) gels
containing 2.5% glycerol. Electrophoresis was performed at
4°Cin 1x TBE buffer at 20 mA for -3 h. Gels were vacuum-
dried and exposed to Storage Phosphor screens (Kodak) at
room lemperature for 3-12 h. In competition assays, the
binding reactions were performed in the presence of an
excess of unlabeled competitor oligonucleotide, as indi-
cated in each case. For supershift experiments, 2 pg of the
RUNX2 polyclonal antibody (Calbiochem), 0.5 pg of
NFATc] antibody (Santa Cruz Biotechnology), or 2 pg
PPCA antibody (Rockland Immunochemicals) was prein-
cubated with nuclear proteins in the binding buffer on ice
for 15 min before adding the probe.

RESULTS

LD block definition, SNP selection, genotyping,
and block reconstruction

The CEU-HapMap population data were used to con-
struct LD blocks across the LRPS genomic region by the
Four Gamete rule and the Gabriel methods. This resulted
in six and eight distinct haplotypic blocks, with two to four
tag SNPs per block. respectively (Fig. 1A). The 22 SNPs
that best tagged the resulting LD blocks, together with two
other relevant SNPs (SNP 16 and 19; see Materals and
Methods section), are depicted in Fig. | and listed in Table
2. This 24-plex was genotyped in the BARCOS cohort. All
SNPs but one (SNP 13) were found to be in HWE in this
cohort (Table 2). SNP 3 was practically nonpolymorphic
and was not used in further analyses. MAFs and pairwise
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LD values (r*) in BARCOS were comparable to those of
the CEU-HapMap (Figs. 2A and 2B). The genotypes ob-
tained were used to reconstruct in the BARCOS cohort the
LD blocks dictated by the CEU-HapMap data. Major hap-
lotypes and their frequencies are shown in Figs. 1B and 1C.
These results are also comparable to the CEU-HapMap
data (Figs. 2C and 2D).

Single SNP and haplotype level association analysis

The 23 SNPs were individually tested for association un-
der a general model with the three phenotypes (LS BMD,
FN BMD, and osteoporotic fracture). adjusting by age,
height. and weight. Table 3 lists the analysis of covariance
(ANCOVA) p values for the BMDs and the logistic regres-
sion p values for [racture. SNPs with p < 0,05 (nominal
significance) or <0.1 (indicative of a trend) were given
further attention. p values corresponding to alternative
models (additive, recessive, or dominant) are provided in
parentheses.

SNP 1 (rs312009) was associated with LS BMD under a
recessive model (p = 0.011). SNP 6 (rs2508836) was asso-
ciated with LS (additive, p = 0.025; recessive, p = 0.030)
and FN BMD (recessive, p = 0.031). The effects of these
SNPs on BMD are shown in Table 4. For SNP 1, an increase
of 0.07 (0.02-0.13) g/em® was observed for the minor allele
homozygote (TT). In the case of SNP 6, the minor allele
homozygote (TT) showed risk effects for both LS and FN
BMD (—0.018 [=0.03 to 0.00] g/cm® of LS BMD per copy of
T: =0.03 [-0.06 to 0.00] giem® of FN BMD for TT versus
CC/CT). SNPs 11 and 15 were associated with fracture un-
der alternative models (p = 0.007 additive, and p = 0019
recessive, respectively: Table 3). Their effects are indicated
in Table 4. For both models, minor homozygotes had a
higher risk of osteoporotic fracture (OR. 1.70 [1.15-2.51]
per copy of C allele; OR. 1.79 [1.10-2.92] AA versus TT/
TA, respectively).

The association between the six blocks generated by the
Gabriel Method, the eight blocks generated by the FGR,
and the three bone phenotypes was also tested under a
general model (Table 5). No nominally significant results
were obtained. Block 4 of Gabriel and block 8 of FGR

showed a trend with FN BMD (p = 0.056 and p = 0.051,
respectively). For these two blocks, individual haplotypes
were tested for association under an additive model. Only
haplotype “G-C" of FGR block 8 (frequency of 0.063)
showed a nominally significant association with FN BMD
(p = 0.029) and an effect of 0.021 (0.040-0.002) g/em? for
one copy of the “G-C™ haplotype versus none.

Functional analysis: EMSA

Two of the four SNPs that showed association with bone
phenotypes were located in the 5'-flanking region or within
the 5’ half of intron | of the gene. To test the possible
functionality of these two SNPs, we assessed whether they
lay in putative binding sites for transcription factors. Ac-
cording to MATINSPECTOR and ElDorado TFBS predic-
tion tools (GENOMATIX), SNP 1 (rs212009) lies within a
conditional site for RUNX2, a runt domain transcription
factor essential to osteoblast differentiation. For SNP 6, no
site was identified.

To test if RUNX2 was able to bind to this site. a labeled
double-stranded 20-mer bearing the rs312009 7 allele was
incubated with nuclear extracts from the ostecosarcoma cell
line SAOS2 in a gel shift assay (EMSA). As shown in Fig.
3A, a band shift pattern was produced that was competed
by increasing amounts of the cold oligonucleotide but not
by other unrelated DNA molecules such as GRE or Spl.
Both oligonucleotides, the one containing a 7 and the one
containing a C at the SNP, seemed to exert the same level
of competition. Clear competition by the oligonucleotide
containing an OSE. the canonical RUNX2 binding site in
the osteocalcin promoter, was also observed. Additionally,
a supershift was produced when the incubation was per-
formed in the presence of RUNX2 antibodies, as shown in
Fig. 3B. This supershift was not produced when the unre-
lated antibodies used were those against NFA'T or PPCA.
An experiment using the C allele probe produced a similar
result (data not shown),

DISCUSSION

This study used a haplotype-based approach to scan the
LRP5 gene for common genetic variants related to bone
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FIG. 2. Comparisons berween the CELU-
HapMap population and the BARCOS co-
hort. (A) Minor allcle frequencies (Pearson
correlation R = 0.801, p < 0,0001). (B) Pair-
wise LD values (7% R = 0.828, p < 0.0001).
(C) Frequencies of the haplotypes con-
structed with the Four Gamete Rule
(R = 0946, p < 0.0001). (D) Frequencies of

TABLE 3. ASSOCIATION STUDIES OF INDIVIDUAL SNPs AND
OSTEOPOROTIC PHENOTYPES ADJUSTED BY AGE. WEIGHT,
AND HEIGHT

Osteoporotic
SNP LS BMD FN BMD fracture
1 0.026 (r: 0.011) 0.693 0.612
6 0.053 (a: 0.025, r: 0,030)  0.062 (r: 0.031) 0.187
11 0.299 0.437 0.028 (a: 0.007)
15 0425 0.365 0.062 (r: 0.019)
17 0,691 0,078 (d: 0.057) 0.533

Values are p value for the general model (p value for the alternanive
model).
4, additive: d, dominant; r, recessive,

phenotypes. Four SNPs were found to be associated either
with BMD or fracture risk. One of these SNPs was located
in the 5'-flanking region within a binding site for RUNX2,
Because LRPS was found to be an important gene for
bone biology.* several studies have been performed to
study association between SNPs in this gene and BMD or
fracture risk. Most of these studies have been limited to
only one or a few polymorphisms. Several studies focused
on the two nonsynonymous SNPs V667M and A1330V., Re-
sults varied among the different studies. This could be be-
cause of differences in sex, age, ethnicity, or other features
of the cohorts. Overall. it seems that these variants mainly
affect peak bone mass in men.""® However, when the ef-
fects of the SNPs were very small, any discrepancies could
be caused by a lack of power of the individual studies. Only
appropriate meta-analyses can resolve this issue. In this re-
spect, the recent publication of van Meurs et al.*” on the
full GENOMOS consortium (>37,000 whites) indicated
that these two variants have a modest but highly significant
effect on BMD and fracture risk. Our results, which were
included in the GENOMOS study, showed a trend in the
same direction. However, they did not reach significance.
One limitation of previous studies is that they have only

1o the haplotypes constructed with the Gabriel
Method (R = 0917, p < 0,0001).

focused on particular missense SNPs. They did not address
variability across the gene. Moreover, although these SNPs
are missense, their functionality has not been experimen-
tally proven. A new approach, based on whole gene varia-
tion, has been adopted in recent studies." "**"=!" Some
such studies analyzed the haplotypic block structure. allow-
ing the use of a limited set of tag-SNPs to evaluate all the
variability within the blocks, as done here. In general, the
block structure was quite similar among studies. In all cases,
a gap where LD is lost was detected in intron 7, where
15627174 (SNP 16 in this study) is located. This is in agree-
ment with the existence of a recombination hotspot de-
scribed by Twells et al.,"**? which divides the gene into a §'
and a 3’ region. The 3' region is characterized by one block
of strong LD, which in some of the studies may be split into
minor blocks. The LD across the 5’ side of the gap is split
into three or more blocks in the white population.

The two SNPs associated with BMD in this study (SNP 1:
1s312009 and SNP 6: rs2508836) have not been tested by
other researchers. Both of them are in the 5" end of the
gene. SNP 1 15 in the 5'-flanking region and is -2900 bp
upstream of the transcription start site. [t lies within a large
LD block that spans from nearly 50 kb upstream of the
gene to the 5’ region of intron 1.*) No SNPs upstream of
SNP 1 have been included in other LRPS gene-wide analy-
ses. However, some groups have analyzed SNPs within the
same block. They found that rs4988330 and rs4988331.°7
as well as rs682429,%% were associated with LS BMD. In
addition, rs682429 was associated with hip BMD.""** This
would be consistent with variants within this block being
involved in determining bone phenotypes. The [act that we
found a stronger association for SNP 1 than for its haplo-
tvpe block and that SNP | lies within a RUNX2 binding
site. suggests that it could be a functional SNP. Further
replication and [unctional analyses are required to confirm
this hypothesis. SNP 6 is in a small block within intron 1. A
previous study™ analyzed a very close marker (rs314329)
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TABLE 4. EFFECTS ON BMD (6/cM*) OR FRACTURE (OR) OF SIGNIFICANTLY ASSOCIATED SNPS
SNPs associated with BMD
Adjusted BMD Difference berween means (g/cm’)
SNF ry Phenotype Genatype [mean (SE)] n* for the alternative model (95% CI)
1 s312009 LS BMD cC 0.848 (0,005) 654 TT vs. CC/CT 0,07 (0.02-0,13)
CT" 0.857 (0.009) 231
TN 0.925 (0.029) 21
6 rs2508836 LS BMD cC 0.861 (0.007) 408 Per copy af the T allele: —=0.02 (=0.03 1o 0.00)
cT 0.851 (0.007) 396
™ 0.825 (0.014) 95
FN BMD €EC 0.672 (0.006) 209 TT vs. CC/CT =0.03 (=0.06 to 0.00)
cr 0.681 (0.006) 226
Tl 0.646 (0.013) 49
SNPs associated with fracture
SNP rs Genotype No fracture* Fracture* OR (95% C1)
11 1729635 AA 431 (83.5%) 85 (16.5%) per copy of the C allele: 1.70 (1.15-2.51)
AC 125 (76.2%) 39 (23.8%)
s 11 (64,7%) 6(35.3%)
15 rs643802 T 179 (81.4%) 41 (18.6%) AA vs. TACTT: 179 (1.10-2.92)
TA 203 (84.4%) 54 (15.6%)
AA 107 (74.8%) 36 (25.2%)

* Discrepancies in the total number of cases among the different SNPs and in relation o numbers in Table | are because of missing genotypes.

TABLE 5. ASSOCIATIONS OF LRPS HarLoryres Wit BMD
(Glem?) OrR FRACTURE (OR)

p for the general model

Block identification Tag SNPs LS FN Fracture
1G. IFGR 1,2,4 0120 0.639 0.772
2G 5.6 0260 0366 0.638
3G, 4 FGR 10, 11, 12 0.556  0.630 0.497
4G 13, 14, 15 0283  0.056 0.769
5G 20b, 17 0407  0.365 0,903
6G 20, 21 0585 0411 0.755
2 FGR 5.6.7.8 0529  0.622 0.819
3 FGR 12b, 9 0.850 0975 0.694
5 FGR 14. 15 0250 0191 0.303
6 FGR 17,18, 19,20 0364 (.073 0.952
7 FGR 18b, 21, 22 0.621  0.153 0.957
S FGR 23,24 0.152  0.051 0.303

within the same block and found that it was associated with
LS BMD in white premenopausal women.

We found two SNPs associated with fracture risk: SNP 11
(rs729635) in intron 1 and SNP 15 (rs643892) in intron 3.
SNP 11 has recently been analyzed by Sims et al.,**'’ who
found that it was associated with FN BMD, SNP 15 was also
analyzed by Xiong et al..”"”’ who found that it was associ-
ated with FN BMD in a Chinese population.

In general, although comparisons are difficult because of
the disparity in SNP selection, ethnicity, age, sex, and de-
sign, a global picture emerges from the various gene-wide
analyses mentioned above. Three regions of the gene seem
to be relevant for determining bone phenotypes: the 5'-
flanking-intron | region, which includes the SNPs found in
this study; a region in intron 7, which coincides with the
previously mentioned gap; and the 3' end of the gene. How-

ever, at individual SNP level, several discrepancies exist.
For example, SNP 16 (rs627174). which was sclected to
replicate a previous positive finding by Koller et al.,*® gave
a negative result both in our study and in studies by Xiong
et nL(!?JN)

The availability of HapMap data on white polymor-
phisms and LD structure allowed us to use them for design-
ing an extensive coverage of the variation in the LRPS
gene, However this coverage is still incomplete. For in-
stance, gaps between defined blocks could harbor unas-
saved variants. We carefully screened those regions for
functionality, using available predictive tools. However,
these are also of limited performance.

As in any association study, multiple testing and power
considerations were taken into account. Our sample size
and study design enables the moderate effects of common
variants to be detected. Effects under this threshold or
functional rare SNPs will not have been detected. In addi-
tion, our current sample size does not allow for an accurate
analysis of gene—environment interactions. Such interac-
tions may be relevant for osteoporosis, because the disease
is known to be a polygenic condition with a strong environ-
mental component.**

Given the number of tests performed, multiple testing
has to be considered because some of the significant results
may be false positives (type | error). Classical multiple test-
ing corrections such as Bonferroni are considered to be too
conservative and not applicable to these kinds of studies,
basically because the selected 23 SNPs are not totally inde-
pendent. In addition, the independence of the three bone
phenotypes is still under discussion. A more recent ap-
proach proposed by Nyholt*®) takes into account the non-
independence of the SNPs, considering the LD between the
studied SNPs. This method can be applied to obtain an
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effective number of independent SNPs (Meff). The appli-
cation of SNPSpD to our 23 SNPs sample set gave a Meff
of 17 SNPs. which leads to a significance threshold of 0.05/
17 = 0.003. None of our significant results stand this cor-
rection. Alternatively, a false discovery rate (FDR) of 12%
was estimated with the r-based QVALUE software.”
However, FDR has some limitations, such as penalizing for
a small list of p values. Moreover, it does not take into
account the dependence between the SNPs and the pheno-
types studied. To confirm these results, they should be rep-
licated in other independent cohorts.

Further support for a preliminary positive result may be
obtained by functional testing of the associated SNP. For
SNP1, the identification of the RUNX2 binding site makes
the association more relevant. Similar studies are currently
being performed for other SNPs. Among other strengths of
our study, it should be mentioned that special effort was
made to obtain a highly homogencous cohort. The sample
only included postmenopausal women of confirmed Span-
ish origin from a limited geographic region, with no ill-
nesses or treatments that affect bone. In addition, careful
phenotypic characterization was performed, especially for
osteoporotic fractures. Smoking and estrogen replacement
therapy. considered the most relevant environmental fac-
tors, were filtered in our study. Additionally, the SNPs se-
lected, most of which validated HapMap SNPs, should en-
able companson with other studies and facilitate potential
meta-analyses.

In summary, we showed that variation along the LRP3
gene region is associated with bone phenotypes, with mod-
erate effects. Preliminary functional analyses suggest a
regulatory role for one of the SNPs in the 5'-flanking re-
gion. Genome-wide association analyses, such as the one
published recently by Kiel et al..'"™ will help to identify new
candidate loci for osteoporosis and o replicate previously
reported candidate genes such as LRPS.
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SNPI! binds a transcription factor present in
osteoblast nuclear extracts. DNA binding
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had no cffect on the retarded bands.
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