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CHAPTER 1
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Osteoporosis is a common complex disease characterized by decreased bone
mineral density (BMD) and microarchitectural deterioration of bone tissue that
eventually leads to increased risk of fracture. The most common type of fracture is
hip fracture, a severe disabling event leading to decreased mobility and increased
mortality. A women aged 65 years or older has a greater risk of dying after a hip
fracture event than after the diagnosis of breast cancer (48.1% and 25.1% mortality
rate respectively).! The annual cost of treating all types of fracture has been
estimated to be $17 billion in the United States and is expected to increase 50% by
2025.2 These ever increasing costs represent a burden for the already costly budget
for public health in our graying society.

Epidemiological studies have shown that elderly women are in the highest risk
category for fracture. But being young and/or men does not preclude from suffering
a fracture. BMD, the best predictor of fracture risk, is used for the diagnosis of
osteoporosis, defined as values at the femoral neck or lumbar spine (Fig. 1) below 2.5
standard deviations the population average in young (30 years) healthy individuals®.
The recommended site for diagnosis is the proximal femur with dual energy X-ray
absorptiometry (DXA)3 . Height has also been established as an important risk factor
for fracture. People in the highest quartile of stature have 2.4 higher risk of having a
hip fracture as compared to the people in the lowest quartile.*

Another clinical factors influencing the risk of osteoporosis include medication
use (such as glucocorticoids), diet, smoking, physical activity and low weight, but
one of the most important risk factors is a positive family history3, emphasizing
the importance of genetics in the pathogenesis of the disease. Family and twin
studies have estimated the heritability of BMD and height to be 66% and 80%,
respectively.>® On the other hand, fracture risk is a very heterogeneous phenotype
with twin studies showing a large spread in the estimates of fracture heritability. The
largest study (and probably the one providing the most reliable estimates) included
33,432 Swedish twins and reported a heritability of any type of fracture of 16%,
increasing to 27% for osteoporotic fractures and 46% for hip fractures. Interestingly,
this study also showed that those fractures occurring above the age of 79 years have
a drastically lower heritability of only 3%.”

The study of genetic factors conferring risk to human diseases provides new
biological insight on disease etiology. This new knowledge might translate into
novel clinical applications such as detecting potential therapeutic targets or helping
improve the diagnosis and the prognosis of disease.®° Different strategies have been
proposed for the detection of genetic variants associated with human traits. In this
thesis, we have focused on the Genome-wide association study (GWAS) approach
discussed below.
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a. Total Body b. Lumbar Spine

Adult stature

)

Figure 1. Dual energy X-ray absorptiometry (DXA) images of A) Total Body, B) Lumbar Spine and
C) Femoral Neck. The latter two sites are usually studied for the diagnosis of osteoporosis. The
measurement of stature (height) is depicted in A).

Genome-wide association studies (GWAS)

The GWAS approach combines the power of the association analysis with the
advantage of being a hypothesis-free design. It uses SNP microarray technology,
where hundreds of thousands to millions of variants are tested in one single
experiment. Therefore, the advent of the GWAS approach was facilitated by the
confluence of contributions arising from five main instances including:

Human Genome Project! 3

International SNP Map Working Group®*

International HapMap Project®

Developments in high-throughput genotyping technologies
Availability of well characterized cohorts studies

uhwne

The first three points above reflect projects that created the basis for the
selection and design of assays to effectively genotype the most common genetic
variants of the human genome. In 2005, the HapMap project provided a catalogue
of human common variation and estimated that approximately 300,000 SNPs
would be sufficient to “tag” or capture a large fraction of the genetic variation
present in individuals of European descent. Shortly after, the first SNP microarrays

14



emerged and the first locus associated with common complex diseases (i.e. macular
degeneration) was reported in the literature.’® However, the GWAS approach has
an important limitation: because of the large amount of genetic variants tested, a
strict significance threshold has to be applied to avoid a high false positive rate. This
threshold is estimated to be 5x10%, which reflects a Bonferroni correction of testing
one million variants (i.e., 0.05/1,000,000)"’.

Genetic studies of human stature

Human stature is an easily measured and highly heritable (estimated to
approximately 80%) classic phenotype!® 2, Rare mutations with severe effects
have been described for either extremely short or extremely tall individuals (Fig.
2). However, before 2007 limited knowledge had been achieved regarding the
genetics controlling normal height variation in humans. Linkage analyses in different
sets of populations showed little overlap in loci nominally linked to normal height
variation?22, In 2007, a study selected 150 tag SNPs from eight candidate genes in
the growth hormone/insulin-like growth factor-1 axis to evaluate their association
with height in four cohorts (N=6,075)%. While being a well-powered setting and
having selected SNPs based on Linkage Disequilibrium (LD) to increase coverage, this
study did not find any of the 150 SNPs consistently associated with height, showing
that prior biological knowledge does not determine having common genetic variants
associated with this complex phenotype.

The first common variant associated with height (near the HMGAZ2 gene) was
reported in 2007 from a GWAS on 4,921 samples with a replication in 29,098
individuals?*. A similar GWAS with 6,669 samples in the discovery and 28,801 in
the replication found variants near the GDF5 gene associated with height?®>. Based
on this success, three simultaneous papers with sample sizes ranging from 15,000
to 27,000 samples in discovery plus additional 5,000 to 16,000 in the replication,
identified in total 44 loci associated with height?®?® (Fig. 2). However, even these
three relatively large studies did not have a large overlap of associated loci, actually
only four loci were significantly in the three studies. Considering the small effect
size conferred by each variant, and the fact that these 44 variants together explained
5% of the variance, it was suggested that many more height associated variants
were yet to be identified in larger studies??. This early success in identifying common
genetic variants associated with this complex trait inspired similar studies on other
quantitative traits such as bone mineral density.
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Figure 2. Genes associated with either extremely short, extremely tall or normal body height
variation identified by different methods such as linkage, candidate gene or GWAS.

Genetic studies of osteoporosis

As in other disorders with Mendelian inheritance, linkage analysis has been
successful identifying genes underlying monogenetic forms of bone diseases. These
entities range from those presenting with low bone mass and fragility (Osteogenesis
Imperfecta?®, Osteoporosis pseudoglioma syndrome?®) to those characterized by
high bone mass (Sclerosteosis®* and van Buchem disease??, Osteopetrosis®3, High
Bone mass syndrome?*) (Fig. 3). However, despite large sample sizes, linkage analysis
has not been successful in identifying loci for the common form of osteoporosis.*®
This reflects that linkage analysis is a powerful approach for detecting rare genetic
variants of large effect in monogenic syndromes, while it is not powered to identify
genetic variants contributing to the etiology of common complex diseases.3®

Several candidate gene studies were attempted for the identification of novel
genes for osteoporosis, however, most of them were of small sample size and
therefore underpowered, thus yielding contradictory results. Only when the right
variants in the right gene are tested with enough sample size, a true association
can be found. Several candidate genes such as ESR1%7, COL1A1%%, VDR* and TGFB1%
were tested within the GENOMOS consortium. While these associations have been
replicated at P < 0.05,%“% it has been LRP5* the only candidate gene associated at
P< 5x10®. While mutations in LRP5 present with extreme (high and low) BMD values,
two non-synonymous coding polymorphisms in exons 9 and 18 were shown to be
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Figure 3. Genes associated with either extreme or normal bone mineral density variation identified
by different methods such as linkage, candidate gene or GWAS.

influencing BMD variation at the population level (Fig. 3). The latter association was
discovered using the candidate gene approach in an adequately powered setting and
has been consistently and widely replicated. Thus, we can consider it as the most
successful application of the candidate gene approach in the field of osteoporosis. In
2009, a comprehensive systematic assessment of 150 osteoporosis candidate genes
in 19,000 individuals found variants in only nine genes as significantly associated
with BMD.* These genes included SNPs within or close to ITGA1, LRP5, SOST, SPP1,
TNFRSF11A, TNFRSF11B, and TNFSF11, confirming a fraction of the genes identified
by a meta-analysis of genome-wide association studies done on the same set of
individuals.

The first two successful GWAS papers for osteoporosis appeared early in 2008
almost simultaneously. The first one was based on GWAS data from the TwinsUK
and Rotterdam Study cohorts summing to 8,558 samples after replication identifying
variants near OPG and LRP5 as associated at genome-wide significant level.*> The
second one was a study from DeCode®*® with a GWAS discovery set based on 5,861
samples from Iceland which reported variants mapping to RANK, RANKL, OPG, ESR1,
ZBTB40, SPTBN1, LPR4 (Fig. 3). Associations with fracture risk were identified for
ZBTB40%, SPTBN1% and LRP5%.

The variance explained by each of these variants was rather small (less than 0.6%),
explaining in total less than 2% of the variance of BMD (Fig. 3). At that moment
it was evident that many more variants were to be discovered by increasing the
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Introduction

sample size of the discovery. However, important methodological challenges had to
be overcome in order to perform such studies.

Meta-analysis of imputation-driven GWAS data

One of the biggest challenge of doing a GWAS meta-analysis is that studies use
different genotyping platforms which share only a limited subset of SNPs (i.e.,
Affymetrix 500K and lllumina 550K have only ~10% of their markers in common). The
current and standard solution is to use a shared reference set of haplotypes (such as
the HapMap CEU panel) to impute missing genotypes using different computational
methods such as BIM-BAM*, MACH*® or IMPUTE®. Once the data has been imputed,
the analysis is performed for each SNP using either linear or logistic regression with
the allele dosage as predictor and the phenotype as outcome. The computational
time required to analyze one phenotype against ~ 2.5 million SNPs in 6,000 samples
is approximately 4 hrs in a regular computer. Yet, it is usual that hundreds of
phenotypes (and many potential covariates) are available for genetic studies. Also,
larger reference sets are becoming available (such as the 1000 Genomes project)
increasing the number of variants to be tested by more than one order of magnitude,
currently adding to 40 million markers. Therefore, suitable analytical pipelines need
to be implemented to overcome these constraints, including those allowing high-
throughput parallel analysis of datasets. Once the data is analyzed, association
results are shared between studies to perform a formal meta-analysis using either
an inverse variance or a Z-score based meta-analysis. These and other best practices
to avoid the presence of false positives derived from being underpowered, plating,
genotyping, or imputation artifacts have been described elsehwere.>°

Consortia of genetic research

As explained above, usually several thousand of samples are required in a discovery
data set in order to identify genetic variants at the strict threshold of genome-wide
significance. Most of the individual GWAS studies are currently composed of 500 to
5000 samples, therefore they need to join in consortia where researchers share a
common goal. Most of the studies described in this thesis have been performed with
the collaboration from members of the Genetic Investigation of ANthropometric
Traits (GIANT)®, the Netherlands Consortium for Healthy Ageing (NCHA)*?, and the
GEnetic Factors for OSteoporosis (GEFOS)*® consortia.
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Aims and outline of this thesis

This thesis contains studies that aimed to identify novel genetic risk factors for
adult human stature and osteoporosis. We have focused particularly on the study
of two widely available and highly heritable traits: height and bone mineral density.
These studies have been conducted applying the GWAS approach and used the
meta-analysis of imputed datasets.

In Chapter 2, we focused on the implementation of analytical methods for GWAS
in an interface which allows high-throughput analysis of phenotypes. We describe
the implementation of a web-based pipeline allowing the use of GRid computing
resources for the analysis of genome-wide association IMPuted datasets (GRIMP).
GRIMP was a pillar for all the analyses described in this thesis. Chapter 3, consists
of two studies focusing on the identification of common variants associated with
adult height. The first is based on individuals of Northwestern European ancestry
(Chapter 3.1), while the second represents the largest GWA meta-analysis done for
adult height (Chapter 3.2) to date. Chapter 4 contains studies on the genetics of
osteoporosis. Chapter 4.1 and Chapter 4.2 focus on the identification of common
variants associated with BMD and fracture risk using a GWAS approach. Chapter 4.3
attempts to identify gene-by-sex interactions for BMD. In Chapter 4.4 we assessed
the effect of Copy Number Variants (CNVs) on fracture risk. Finally, Chapter 5
provides a general discussion.
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GRIMP: A tool for high-speed analysis of large-scale genome-wide data

ABSTRACT

The current fast growth of genome-wide association studies (GWAS)
combined with now common computationally expensive imputation
requires the online access of large user groups to high-performance
computing resources capable of analyzing rapidly and efficiently millions
of genetic markers for ten thousands of individuals. Here, we present a
web-based interface—called GRIMP—to run publicly available genetic
software for extremely large GWAS on scalable super-computing grid
infrastructures. This is of major importance for the enlargement of GWAS
with the availability of whole-genome sequence data from the 1000
Genomes Project and for future whole-population efforts.
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INTRODUCTION

By 2008 more than 150 associations between common genetic variants and
human complex traits and disease have been successfully identified through the use
of GWAS!. It rapidly became evident that very large samples sizes are required to
detect variants with modest genetic effects (e.g. a study requires ~8,600 samples to
have 90% of power to find genetic variants with a frequency of 0.20, an odds ratio of
1.2 and a genome wide significance of 10%). Such study sizes are achieved by meta-
analysis of data shared collaboratively in consortia analyzing 100s of traits in >40000
individuals?. Since they use different genotyping platforms (e.g Affymetrix, lllumina),
imputation of millions of markers from a reference (e.g. a HapMap population) is
required®*. Statistical methods as linear or logistic regressions measure marker-wise
the actual association of the genetic variants with quantitative and binary diseases
and traits. Freely-available software like MACH2QTL/MACH2DAT®, SNPTEST®, or
ProbABEL’ perform similarly well for these analyses and allow trivial parallelization
for distributed computing: The computation time on a regular computer for one
continuous trait (~2.5 million markers, ~6,000 samples) is currently ~6h. Assuming
linear scaling future studies with ~50 million markers from genome sequencing in
10°%-10° samples and even low (1%) allele frequencies can result in ~85-850 days of
analysis. Thus, secure, fast accessible web services and scalable high-performance
computing grid infrastructures as the Erasmus Computing Grid® or the German
MediGRID? are required to make this analysis feasible.

Here, we present a web-based interface and application to run publicly-
available genetic software for extremely large GWAS on such super-computing grid
infrastructures. Consequently, we provide a solution to analyze GWAS in very large
populations.

IMPLEMENTATION

To achieve high-speed result delivery, the work is split and distributed on different
grid processors by trivial parallelization depending on the total data amount. The
complete system consists of i) the user remote access computer, ii) a webserver
with user webservices and a data/application database, iii) a submit machine with
a job handler and a grid resource database, and iv) grid resources with head nodes
and execution nodes. The implementation consists of a hardened linux system,
which has a hardened apache2 webserver and an PostgreSQL database. Php is used
for the website and the job-handler is scripted in Perl. Concerning security, data
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GRIMP: A tool for high-speed analysis of large-scale genome-wide data

transmission is encrypted and complete user separation is applied. Currently, the
system administrator manages user accounts and monitors user access, job status
and statistics. He also uploads the GWA imputed data to all available grid head
nodes for each genotyped cohort, since it is of large size and the same for all cohort
phenotypes. Thus, only the phenotype information has to be uploaded by the GRIMP
user to the system, which controls the detailed workflow (Fig. 1).

2.1 User package submission: After logging into the system the users manually
specify the analysis details: They label the analysis and select a regression model
(currently linear and logistic models), dataset and optionally a gender stratified or
combined analysis. Additional individual-phenotype links and phenotype specifying
annotation files can now be uploaded to the database as well. Further covariates
(specified in the phenotype file) can also be annotated. After choosing the progress
notification scheme, the user submits the process package.

2.2 Package pre-processing: The phenotype file is transformed to fit the format
required by the analytical application implemented (currently mach2qtl and
mach2dat for linear and logistic regression, MACH). In principle any GWA analysis
software can be used here and installed in the application database.

2.3 Job submission to the grid infrastructure: An implemented job handler
periodically checks the database for newly submitted packages and also checks for
the workload on the grid head nodes for available capacity to split the packages
properly into jobs to be distributed to an individual grid part. To avoid queue
overflow, each head node has a predefined amount of jobs that can be queued.
Thereafter, the job handler creates a submit file and packages to be uploaded to
the individual grid head node. The local respective grid middleware will handle the
jobs of the package for these specific grid infrastructures. Currently, we use here the
Globus toolkit, but in principle any grid driving middleware can be used here. For
high-speed delivery the individual jobs have highest priority compared to other and
filler jobs.

2.4 Job/package monitoring: The job handler checks every five min the database
for sent jobs and verifies the current status of the individual jobs distributed to a CPU
through the middleware on the specific grid head node. An individual failed job is
resubmitted up to three times. After all individual jobs of a package are completed,
the results are uploaded to the database and the package on the head node is
removed. In case of complete failure, the job handler will remove all jobs of the
package on the head node including the uploaded package and a failure notification
is sent.

2.5 Package post-processing and notification: Once all jobs of a package were
finished, all individual result files are combined into one file together with additional
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marker annotations such as chromosome, position, allele frequency, sample size and
quality of the imputed markers. The results are archived in the database for later
analysis and the result files are compressed to save disk space. Depending on the
choice of notification the user is now informed - e.g. by email.

RESULTS AND CONCLUSIONS

Via a web-based interface the successful implementation of GRIMP allows to use
publicly available genetic software for very large GWAS on scalable super-computing
grid infrastructures such as the Erasmus Computing Grid or the German MediGRID
within the hour. The analysis of ~2.5 million markers and ~6,000 samples takes now
~12 min in contrast to ~6h. For ~10” markers and ~10° samples we achieve ~10
to 20 min, in contrast to ~400 h, i.e. ~17 days for a single CPU. Thus, GRIMP will
improve the learning curve for new users and will reduce human errors involved
in the management of large databases. Consequently, researchers and other users
with little experience will largely benefit from the use of high-performance grid
computing infrastructures. Since each Grid infrastructure has different middleware
setups, adjustments might be needed for each particular GRIMP implementation.

Grid Resources

Webserver Submit Machine
Webservice
Job Handler
Grid Users %g
Em:
L
o

o

Database Head node entries

Figure 1. Structure of the work-flow of GRIMP consisting of i) remote user access, ii) a webserver
with webservices and a data/application database, iii) a submit machine with job handler and
grid resource database, and iv) grid resources with head nodes and execution nodes.
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WEB-RESOURCES

Mach, Mach2Qtl and Mach2Dat are freely available at:
http://www.sph.umich.edu/csg/abecasis/MACH/download/
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A GWAS of northwestern europeans involves the CNP signaling in height

ABSTRACT

Northwestern Europeans are among the tallest of human populations.
The increase in body height in these people appears to have reached a
plateau, suggesting the ubiquitous presence of an optimal environment
in which genetic factors may have exerted a particularly strong influence
on human growth. Therefore, we performed a genome-wide association
study (GWAS) of body height using 2.2 million markers in 10,074
individuals from three Dutch and one German population-based cohorts.
Upon genotyping the 12 most significantly height-associated single
nucleotide polymorphisms (SNPs) from this GWAS in 6912 additional
individuals of Dutch and Swedish origin, a genetic variant (rs6717918)
on chromosome 2g37.1 was found to be associated with height at a
genome-wide significance level (P_ = 3.4x10°). Notably, a second
SNP (rs6718438) located ~450 bp away and in strong LD (r> = 0.77) with
rs6717918 was previously found to be suggestive of a height association
in 29,820 individuals of mainly northwestern European ancestry, and the
over-expression of a nearby natriuretic peptide precursor type C (NPPC)
gene, has been associated with overgrowth and skeletal anomalies. We
also found a SNP (rs10472828) located on 5p14 near the natriuretic
peptide receptor 3 (NPR3) gene, encoding a receptor of the NPPC ligand,
= 2.1x107). Taken together,
these results suggest that variation in the C-type natriuretic peptide (CNP)

to be associated with body height (P

combined

signaling pathway, involving the NPPC and NPR3 genes, plays an important
role in determining human body height.

34



INTRODUCTION

Human body height has a heritability of at least 80%* but, in terms of its genetic
complexity, it may still serve as a model for the architecture of human complex traits
in general. Thus, recent genome-wide association studies (GWAS) have revealed
that tens to hundreds of loci with small individual effects are likely to underlie the
observed population variation in body height'®°. What is more, taken together, the
44 height loci identified in the five first GWAS?*>%° were found to explain only 5%
of this variation, with the most strongly associated single variant accounting for
not more than 0.3%'. The Genetic Investigation of Anthropometric Traits (GIANT)
consortium is currently assembling a collection of at least 100,000 individuals from
different GWAS worldwide, trying to achieve the power necessary to identify the
hundreds or even thousands of genetic variants expected to influence human
height, and to jointly explain ~15-20% of its population variation®. However, it
must be kept in mind that the genetic basis of body height may show regional
differences owing to, for example, genetic heterogeneity or variable patterns of
gene-environment interaction’'°. Genetic associations with small effects therefore
may have been obscured in instances where individuals of different origin were
pooled in meta-analyses, or used for the confirmation of findings made in other
populations?*>%11 Finally, different environments may result in different levels of
heritability for complex traits, including height'?. We therefore decided to perform
a GWAS of human stature that focused upon northwestern European individuals.
In these people, adult height has potentially stabilized at a biologically determined
maximum, suggesting environmental conditions that are more homogenous than
in populations with an ongoing secular trend in height, such as the southern
Europeans®®**, Consequently, our study employed Dutch and German individuals
in the stage one meta-analysis and Dutch and Swedish samples in the stage two
meta-analysis. In addition to corroborating height associations from previous multi-
regional studies, our data also revealed a region of height association that achieved
genome-wide statistical significance for the first time.
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RESULTS

Meta-analysis of height GWAS in the stage one data set (n=10,074)

Genome-wide SNP data from three Dutch and one northern German cohort,
comprising a total of 10,074 individuals, were used to search for genetic variants
associated with human height in stage one of the analysis (Table 1). These samples
included individuals from the initial Rotterdam Study cohort (RS-I; n=5746), from an
extension of the Rotterdam Study (RS-II; n=1891), the Erasmus Rucphen Family study
(ERF; n=1473) and from the Kiel PopGen biobank study (PopGen-KIEL; n=964). In
each study, we performed an association analysis of up to 2,543,888 SNPs, including
genotypes that were imputed with reference to the International HapMap Project
CEU panel release 22. Genotype imputation is an approach to overcome the missing
data problem in the analysis of data from different genotyping platforms. A recent
pan-European study®, including a subset of the samples used here, revealed that the
HapMap CEU samples are genetically closest to western and northern Europeans.
Therefore, the CEU data can be assumed to represent an appropriate basis for
genotype imputation for the present study. Following quality-control (QC), summary
statistics from each study for the 2,228,850 remaining SNPs were subjected to the
stage one meta-analysis. In agreement with previous recommendations!®'’, results
were deemed significant at a genome-wide level if the locus-specific unadjusted P
value was smaller than 5x10%.

In the stage one data set, the strongest association with height was observed
for rs3118905 (P = 3.1x101°), thereby confirming a previously reported association
of a locus near the DLEU7 gene®. In addition, the previously identified associations
with height in or around HMGA1, ZBTB38, CDK6, HGMA2, CABLES1, NPR3, GPR126
and GDF5 #3518 were also replicated with P < 5x10°® (Figure 1). In total, 29 of the 48
independent height loci totally known so far?3>68918 signified by 38 of 57 SNPs in
our study, attained nominal statistical significance (P < 0.05) in the stage one data
set (Supplementary Table 1). Inspection of the Quantile-quantile (Q-Q) plot (Figure
2) of all SNPs included in the meta-analysis indicated an excess of significantly
associated markers. Upon exclusion of all markers in LD with the most significant
SNPs from the 48 known height loci>*>%'8 a deviation from the expected plot
under the null hypothesis was still prevalent, suggesting the presence of additional,
significantly associated loci in our data. After excluding all loci previously reported to
be associated with human height, we ascertained 12 genetic variants with P < 5x10°®
(Figure 2 and Supplementary Table 2) for further analysis.
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Table 1. Characteristics of the study samples used for stage one and stage two meta-
analyses

Average age Average height
Study Population Gender in years (sd) in cm (sd)
RS- Dutch Male (n=2372) 68.13 (8.16) 174.85 (6.76)
Female (n=3374) 70.32 (9.60) 161.35 (6.57)
RS-II Dutch Male (n= 862) 64.68 (7.82) 175.49 (6.59)
Female (n= 1029) 65.65 (8.86) 162.36 (6.27)
PopGen-KIEL ~ German Male (n=506) 51.27 (14.24) 180.31 (7.45)
Female (n=458) 50.79 (14.92) 167.16 (6.73)
ERF Dutch Male (n= 557) 51.12 (15.73) 174.00 (7.73)
Female (n=916) 49.99 (15.82) 161.50 (7.01)
Stage One Data Set n=10,074
LASA Dutch Male (n=371) 72.25 (6.49) 173.35 (6.64)
Female (n=381) 72.56 (6.51) 160.44 (6.27)
EPOS Dutch Female (n= 1698) 50.01 (2.14) 164.67 (6.10)
NTR/NESDA  Dutch Male (n=1211) 46.09 (13.42) 181.59 (7.17)
Female (n=2311) 42.65 (13.25) 169.06 (6.37)
GOOD Swedish Male (n=940) 18.90 (0.56) 181.38 (6.74)
Stage Two Data Set n=6,912
Combined Stage One n=16,986
and Stage Two Data Set
2 DLEU7
7 ZBTB38 HMGA1 | CDK6 HMGA2 CABLES1
A | | | o
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Figure 1. Manhattan plot of the height association test results (log, (P)) for all SNPs in the stage
one data set (n=10,074). Horizontal lines are the suggestive (5x10°) and genome-wide significance
(5x10%) P value thresholds, respectively. Signals passing the suggestive threshold, and with the
respective gene name, are previously known regions of height association. Twelve loci for which
SNPs were selected for the stage two analysis are emphazised by a circle.
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Combined meta-analysis of the 12 novel height-associated SNPs from stage one and
stage two (n=16.986)

The 12 putative height-associated SNPs newly identified in the stage one data
set were next scrutinized in 4,462 additional individuals of northern European
ancestry (Table 1), namely 3,522 Dutch from the Netherlands Twin Register study
and the Netherlands Study of Depression and Anxiety (NTR/NESDA) and 940 Swedes
from the Gothenburg Osteoporosis and Obesity Determinants (GOOD) study.
Furthermore, de-novo genotyping of the 12 SNPs was carried out in another 2,450
individuals from two additional Dutch population-based studies: 752 participants of
the Longitudinal Aging Study Amsterdam study (LASA), and 1,698 participants of the
European Prospective Osteoporosis Study (EPOS), thereby bringing the total number
of Dutch, German and Swedish individuals in the combined stage one and stage two
data set to 16,986.

The combined analysis of all samples identified SNP rs6717918 on chromosome
2qg37.1 as being associated with body height at a genome-wide significant level
(P=3.4x107). In the stage one data set, several SNPs in this region showed suggestive
association with height and were only in relatively weak LD (0.2<r’<0.5) with
rs6717918 (Figure 3). The direction of the association between rs6717918 and
height was consistent across all sub-samples, without significant evidence for any
inter-study heterogeneity (Q-statistic P=0.74) (Figure 4). The T-allele of rs6717918
was associated with an increase in height by 0.44 cm per allele copy (Table 2). At
the genome-wide significance level, two more loci, namely rs139909 mapping
to the trinucleotide repeat containing 6B (TNRC6B) gene on chromosome 22
(Supplementary Figure 1) and rs10472828 near the natriuretic peptide receptor
3 (NPR3) gene on chromosome 5 (Supplementary Figure 2), showed suggestive
evidence for an association with height in the combined data set (P< 5x107; Table 2).

Next, we aimed at replicating the putative association of one or the other of
the 12 SNPs in recently published GWAS results?*>68918 We found additional
evidence for an association with height only for the 2g37.1 region, using the
llumina data provided by Gudbjartsson et al.? for 25,174 Icelanders, 2876 Dutch,
and 1770 European Americans. However, all nine SNPs typed in the 2¢37.1 region
in the original study failed to attain genome-wide significance there. The strongest
evidence for an association was obtained for rs749052 (P = 1.4x10°%). In a regional
meta-analysis of their and our data SNP rs6718438, a proxy for rs6717918 in strong
LD (r> = 0.77) and only 456 bp away from it, was found to be the most significantly
height-associated SNP (P = 8.4x10?*?). Furthermore, all nine SNPs in the 2¢27.1
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region attained genome-wide significance (P < 4x10%; Supplementary Table 3 and
Supplementary Figure 3). To determine whether the association with rs749052
observed by Gudbjartsson et al.? was independent of rs6718438 or whether it was
due to LD between the two SNPs (r?=0.17), we conducted conditional association
analyses of rs749052 controlling for the effect of rs6718438. A meta-analysis of the
respective results for RS-I, RS-l and GOOD revealed that the height association of
rs749052 remained nominally significant (P = 0.01). Taken together, the available
data therefore provide conclusive evidence for an association between human body
height and genetic variation at 2¢37.1.

DISCUSSION

Northwestern Europeans are among the tallest of human populations®*. The
average Dutch male, for example, is currently almost 20 cm taller than 150 years
ago®®. Over the last 50 years, however, average human body height has increased
much less in northern than in southern Europe!®*4. This suggests that height has
approached a biologically determined maximum in the north, and that this leveling
off has occurred against an optimal and comparatively homogeneous environmental
background as regards growth-relevant factors!*'*, With an aim to identify new
genetic variants determining human body height, we therefore conducted a
two-stage meta-analysis of genome-wide association studies (GWAS) of 16,986

~log10 (p) [obs]

log10(p) [exp]

Figure 2. Quantile-quantile (Q-Q) plot of the height association test results (log, (P)) for
all SNPs passing quality-control (gray line) in the stage one analysis including 10,074
subjects, excluding variants in 48 independent loci previously associated with height
on a genome-wide level (black line). Depicted P values were corrected for population

stratification using the over inflation factor A, __ = 1.049.

39

odl



A GWAS of northwestern europeans involves the CNP signaling in height

8 —
- 60
6 1s6717918
=} <& @ g
g) ~ 40 E
z, | ©
34 & 8 g
8 5
§ | o
° wo«goso S¢ 5
< - 20§
2 08 3
[
K <> <>
£33 o0, o%wéf&
O,
OSYO %%% @o% o%
04 SRR ORR T Lo
< > P SENT
T T T
232600 232900 233200

Figure 3.

Chromosome 2 position (kb)

Local plot of the height association test results (log, (P)) around SNP rs6717918. P

values are as obtained from the meta-analysis of the stage one data set. The combined P value
from the meta-analysis of stage one and stage two data sets equals 3.4x10° for rs6717918. Darker
diamonds indicates higher LD with rs6717918. The vertical lines depicts local recombination rates.
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Figure 4. Forrest plot for the most significant SNP (rs6717918) in the combined meta-analysis of
both the stage one and the stage two data sets. Beta: increase in height per SNP allele. Squares
represent effect size estimates (measured in standard deviations of height) and 95% Cl for each
study. The diamond represents the summary effect size estimate.
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Table 2. Most significant height associations in the stage one, stage two and
combined stage one and stage two meta-analyses!

Stage One Stage Two Combined

Effect  P-value P-value P-value
SNP Chr Pos (bp)? Genes A® Freg® (SE)* n=10,074 n=6,912 n=16,986
DISC3L2, 0.44

rs6717918 2 232863344 ALPP,NPPCT 0.78 (0.12) 4.4x10° 1.4x10*  3.4x10°

0.25
rs139909 22 39027527 TNRC6B T 0.68 (0.11)  4.5x107 2.2x107  1.7x107

0.22

-7 -2 -7

10nly associations with an overall P < 5x107 are shown. ?position relative to Build 36.2. 3Effect
allele and its frequency. *Per-allele Change in Height in cm from the stage two data of the study
only

northwestern Europeans, comprising individuals of Dutch, German and Swedish
origin. The first stage of this study not only confirmed the phenotype association of
common genetic variants previously described as determinants of human stature in
populations of various (mostly European) origins (Figure 2, Supplementary Table 1),
but also pointed to additional putative height loci followed-up in the second stage
analysis using independent samples. Since GWAS are only suited to find phenotype
associations with common genetic variants, however, we cannot exclude that rare
alleles with large effects may also have contributed to the height variation observed
in our samples. Similarly, environmental effects (e.g., diet) and gene-environment
interaction effects may have contributed as well, but such considerations fell outside
the scope of the current project.

In the combined stage one and stage two meta-analysis, we found for the first
time that a locus at 2g37.1 is associated with human height at the genome-wide
significancelevel. The strongestassociation was observed withintronicSNPrs6717918
in the DIS3 mitotic control homolog (S. cerevisiae)-like 2 (DIS3L2) gene which, until
very recently, had been considered a hypothetical protein-coding sequence only
(MGC42174). Since there is no LD-based evidence for extensive recombination in the
surrounding 500 kb region, however, it would still appear plausible that other genes
in the vicinity of DIS3L2 may have contributed to the observed height association
(Figure 3), most notably the natriuretic peptide precursor type C (NPPC) gene ~350
kb away from rs6717918 and only 6 kb away from another height-associated SNP,
rs749052. In fact, we regard variation in the NPPC gene as the most likely cause
of the height association observed with 2¢q37.1, represented by both rs6717918
and rs749052. The NPPC gene encodes the C-type natriuretic peptide (CNP), a
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molecule that regulates endochondral ossification of the cartilaginous growth plate
and, hence, influences longitudinal bone growth!%?°, Recently, a balanced t(2;7)
translocation has been reported in a patient with unusually high stature (>97t
percentile), Marfanoid habitus, and skeletal anomalies?®. The respective breakpoint
on chromosome 2 was located halfway between rs6717918 and the NPPC gene, and
was shown to induce over-expression of CNP and consequent skeletal overgrowth.
Furthermore, transgenic mice with CNP over-expression in osteoblasts exhibit a
phenotype similar to the skeletal abnormalities of that patient®. It has also been
demonstrated that over-expression of CNP in chondrocytes can counteract dwarfism
in a mouse model of achondroplasia?’. Taken together, these findings suggests that
the association between human height and variation at 2g37.1, as observed in our
study, reflects differential regulation of the NPPC gene expression with an impact on
bone growth regulation and consequent body height.

Although not statistically significant at a genome-wide level in our study, the
pronounced height association observed with rs10472828 on chromosome 5p14
deserves further attention. This is because rs10472828 is located only 100 kb
upstream of NPR3, a gene that encodes a receptor of the CNP ligand. Indeed, Soranzo
et al.®® recently found that this SNP is significantly associated with human height (P =
3.0x107) in a collection of British and Dutch individuals (which included the subset of
the RS-1 participants). When combining all our data with those provided by Soranzo
et al.®® in their Supplementary Table 2, while excluding samples from the Rotterdam
study (remaining n=14,052), the combined P value of 3.5x10'! attains genome-
wide significance. Furthermore, two SNPs near NPR3 (rs3811958 and rs13154066)
showed a suggestive height association (P < 5x10°) in the study by Gudbjartsson et
al?, but these polymorphisms were not in strong LD with rs10472828. The NPR3 gene
encodes one of three CNP receptors (NPR-C), and knock-out of NPR-C was found to
result in significant skeletal overgrowth in mice?%. It has also been suggested that
NPR-C may act as a clearance receptor modulating the effect of CNP?%%, Recently,
CNP-induced differentiation of osteoblasts was found to switch from NPR-B to NPR-C
with aging in rat cells?*, thus implying an important role of NPR-C in the late stages
of bone formation. The identification of SNPs near both the NPPC and the NPR3
gene as being strongly associated with human height clearly points to a prominent
role of the CNP signaling pathway in the etiology of body height variation, at least in
northwestern Europeans.

Meta-analyses of GWAS are not without limitations. False positive associations due
to multiple hypothesis testing or population stratification are inherent possibilities.
Here, we minimized the impact of multiple testing by adopting a stringent genome-
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wide significance level. To alleviate the possible effects of population stratification,
we adjusted all relevant test statistics by the inflation factor A_ " and by principal
components derived from the multidimensional scaling analysis of identity-by-state
distances between individuals?>. Furthermore, all studies included in our meta-
analyses were confined to individuals of northwestern European descent and,
consequently, the overall inflation factor of the stage one data set (A = 1.049) was
low for a study of this size?®. This notwithstanding, the ERF samples exhibited a relative
high inflation factor (A__= 1.950) most likely due to intricate family relationships.
We therefore conducted a sensitivity analysis, excluding the ERF samples, which
revealed that the association between rs6717918 and height remained significant at
the genome-wide level (P = 7.8x10°). Taken together, multiple testing, population
stratification and cryptic relatedness are therefore unlikely to have confounded our
association findings.

In conclusion, we have unequivocally identified variation at 2g37.1 as being
associated with human body height in northwestern Europeans. The fact that
this locus has not been found in previous studies may either be due to chance
(i.e., sampling variation, power differences etc.) or may be explicable in terms of
a higher level of genetic and environmental heterogeneity in the other samples,
compared to ours. Thus, sufficiently powered studies of additional, geographically
confined populations are needed to clarify whether the observed height association
of the 2g37.1 region we observed represents a region-specific effect or not. We
further propose that the observed association is due to variation in the NPPC gene
(encoding the CNP ligand), the most plausible functional candidate in the 2¢37.1
region. The strong association observed with SNPs in the vicinity of the NPR3 gene
on chromosome 5p14 (encoding the CNP receptor) lends additional support to the
view that common variants in the CNP signaling pathway play a prominent role in
the regulation of normal height variation in humans.

METHODS

Subjects

All studies were approved by the institutional ethics review committees of the
respective organizations and all participants provided written informed consent.
The initial Rotterdam Study (RS-1) is a prospective population-based cohort study
of chronic disabling conditions in Dutch individuals aged 55 years or above (http://
www.epib.nl/ergo.htm)?”?®, The Rotterdam Study Il (RS-1l) is an extension of
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the initial Rotterdam Study, which started in 1999 and used the same inclusion
criteria and design as the original cohort. In short, 3011 individuals (response
rate 67%) who had turned 55 years of age or had moved into the study district of
Ommoord, Rotterdam, since the start of the original study in 1990 were included
in the extension cohort. The Erasmus Rucphen Family (ERF) study is a family-based
study of a genetic isolate in the southwestern Netherlands to identify genetic risk
factors for complex disorders?. The Kiel PopGen biobank (PopGen-KIEL) study is
a centralized platform for the recruitment and follow-up of probands for genetic
epidemiological studies in Schleswig-Holstein, the most northern part of Germany.
Since its establishment in 2003, PopGen-Kiel has assembled a collection of
biomaterials, phenotypic and genotypic data from more than 60,000 individuals.
This includes nearly 1000 controls for which height and genome-wide SNP genotype
data were available for inclusion into the present study. The European Prospective
Osteoporosis Study (EPOS)* is a cross-sectional study of 5896 women born between
1941 and 1947, and currently living in the city of Eindhoven, the Netherlands. DNA
was available for 1798 of these women. The Longitudinal Aging Study Amsterdam
(LASA) study?®! is a population-based cohort study, including 919 individuals for
whom DNA was available. NTR/NESDA: The two parent projects that supplied data
are the Netherlands Study of Depression and Anxiety (NESDA)3? and the Netherlands
Twin Registry (NTR)3. NESDA and NTR studies were approved by the Central Ethics
Committee on Research Involving Human Subjects of the VU University Medical
Center, Amsterdam (IRB number IRB-2991 under Federal wide Assurance-3703; IRB/
institute codes, NESDA 03-183; NTR 03-180). The sample consisted of 1777 NTR
and 1763 NESDA participants. For NTR participants, longitudinal (1991-2004) survey
and data on height were combined. Only one subject per family was selected. For
NESDA participants, height was assessed during a visit to the clinic. The Gothenburg
Osteoporosis and Obesity Determinants (GOOD) study was initiated to determine
both environmental and genetic factors involved in the regulation of bone and fat
mass. Male study subjects were randomly identified in the greater Gothenburg area
in Sweden using national population registers, contacted by telephone, and invited
to participate®. To be enrolled in the GOOD study, subjects had to be between 18
and 20 years of age. There were no other exclusion criteria, and 49% of the study
candidates agreed to participate.

Genotyping and quality control

The six GWAS were carried out using either the Illumina Infinium HumanHap550
Beadchip (RS-1 and RS-Il), the lllumina Infinium HumanHap610 (GOOD), the lllumina
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Infinium HumanHap300 (ERF), the Perlegen 600K (NTR/NESDA), or the Affymetrix
Dual Nspl/Styl GeneChip 2x250K (PopGen-KIEL). De novo genotyping of 12 SNPs
in the LASA and EPOS samples was performed using Tagman allelic discrimination
(Applied Biosystems Inc., Foster City, CA, USA) according to the manufacturer’s
protocols and quality control standards (assay numbers and primer designs can be
found in the Supplementary Materials). The following sample quality control criteria
were applied in the GWAS of RS-I, RS-Il, PopGen-KIEL, ERF and GOOD: sample call
rate 2 97.5%, gender mismatch with typed X-linked markers, evidence for DNA
contamination in the samples using the mean of the autosomal heterozygosity >
0.33, exclusion of duplicates or 1st degree relatives identified using IBS probabilities,
exclusion of outliers (3 SD away from the population mean) using Multi-Dimensional
Scaling (MDS) analysis with four principal components, and exclusion of samples with
missing height measurements. Complete information on genotyping protocols and
quality control measures for NTR/NESDA cohorts have been described elsewhere®.
The exclusion/filtering criteria for SNPs are described in Supplementary Table 4.

Genotype imputation

Genotype imputation was used to evaluate the height association of one and the
same SNP across samples typed on different genotyping platforms. Genotypes were
imputed for all polymorphic SNPs (minor allele frequency > 0.01) using either the
MACH?¢ or the IMPUTE®” software, based upon phased autosomal chromosomes of
the HapMap CEU Phase Il panel (release 22, build 36), orientated on the positive
strand. Imputation quality control metrics from MACH and IMPUTE were used for
filtering out SNPs with low-quality data. Detailed descriptions of the quality control
and imputation procedures are provided in Supplementary Table 4.

GWAS

In each GWAS, the association between a SNP and height was assessed using sex-
specific, age-standardized residuals that were analyzed under an additive (per allele)
genetic model. To adjust for population substructure, we included as covariates
in the regression analysis of RS-I, RS-ll, and PopGen-KIEL the four most important
principal components (PC), derived from a Multi-Dimensional Scaling analysis of
IBS distances using the PLINK3® software. In the analysis of imputed genotypes,
uncertainty in genotype prediction was accounted for by utilizing either the dosage
information from MACH?® or the genotype probabilities from IMPUTE*. We carried
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out association testing for imputed SNPs using a linear regression framework as
implemented in MACH2QTL3¢, SNPTEST*, and ProbABEL*® (Supplementary Table 4).
A linear regression analysis (1df) as implemented in PLINK3® was performed for the
genotype data in EPOS and LASA.

Meta-analysis

The genomic control method?’, as implemented in METAL, was used to correct for
any residual population stratification or relatedness not accounted for by the four
most important PC. The estimated inflation factors were 1.089, 1.006, 1.000, 1.950,
1.086 and 1.030 for RS-I, RS-Il, PopGen-KIEL, ERF, NTR-NESDA, GOOD, respectively.
SNPs with a minor allele frequency < 0.05, a MACH observed/expected allele dosage
variance < 0.05, or a SNPTEST proper_info < 0.4 were excluded from the meta-
analysis. A detailed description of each study is provided in Supplementary Table 4.
We obtained the combined results of 2,228,850 SNPs, pooling effect sizes by means
of a fixed effects inverse variance meta-analysis as implemented in METAL. Estimated
heterogeneity variance and forest plots were generated using the Rmeta R package.
Regional association plots of the meta-analysis results were obtained with SNAP.
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Hundreds of variants in genomic loci and biological pathways affect height

ABSTRACT

Most common human traits and diseases have a polygenic pattern
of inheritance: DNA sequence variants at many genetic loci influence
phenotype. Genome-wide association (GWA) studies have identified
>600 variants associated with human traits1, but these typically explain
small fractions of phenotypic variation, raising questions about the
utility of further studies. Here, using 183,727 individuals, we show that
hundreds of genetic variants, in at least 180 loci, influence adult height,
a highly heritable and classic polygenic trait2,3. The large number of
loci reveals patterns with important implications for genetic studies of
common human diseases and traits. First, the 180 loci are not random, but
instead are enriched for genes that are connected in biological pathways
(P=0.016), and that underlie skeletal growth defects (P<0.001). Second,
the likely causal gene is often located near the most strongly associated
variant:in 13 of 21 loci containing a known skeletal growth gene, that gene
was closest to the associated variant. Third, at least 19 loci have multiple
independently associated variants, suggesting that allelic heterogeneity
is a frequent feature of polygenic traits, that comprehensive explorations
of already-discovered loci should discover additional variants, and that an
appreciable fraction of associated loci may have been identified. Fourth,
associated variants are enriched for likely functional effects on genes,
being over-represented amongst variants that alter amino acid structure
of proteins and expression levels of nearby genes. Our data explain ~10%
of the phenotypic variation in height, and we estimate that unidentified
common variants of similar effect sizes would increase this figure to
~16% of phenotypic variation (~20% of heritable variation). Although
additional approaches are needed to fully dissect the genetic architecture
of polygenic human traits, our findings indicate that GWA studies can
identify large numbers of loci that implicate biologically relevant genes.
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RESULTS

In Stage 1 of our study, we performed a meta-analysis of GWA data from 46 studies,
comprising 133,653 individuals of recent European ancestry, to identify common
genetic variation associated with adult height. To enable meta-analysis of studies
across different genotyping platforms, we performed imputation of 2,834,208
single nucleotide polymorphisms (SNPs) present in the HapMap Phase 2 European-
American reference panel®. After applying quality control filters, each individual
study tested the association of adult height with each SNP using an additive model
(Supplementary Methods). The individual study statistics were corrected using the
genomic control (GC) method®>® and then combined in a fixed effects based meta-
analysis. We then applied a second GC correction on the meta-analysis statistics,
although this approach may be overly conservative when there are many real signals
of association (Supplementary Methods). We detected 207 loci (defined as 1Mb on
either side of the most strongly associated SNP) as potentially associated with adult
height (P<5x10°¢).

To identify loci robustly associated with adult height, we took forward at least one
SNP (Supplementary Methods) from each of the 207 loci reaching P<5x10°® into an
additional 50,074 samples (Stage 2) that became available after completion of our
initial meta-analysis. In the joint analysis of our Stage 1 and Stage 2 studies, SNPs
representing 180 loci reached genome-wide significance (P<5x10%; Supplementary
Figures 1 and 2, Supplementary Table 1). Additional tests, including genotyping of a
randomly-selected subset of 33 SNPs in an independent sample of individuals from
the 5%-10%™ and 90™-95% percentiles of the height distribution (N=3,190)’, provided
further validation of our results, with all but two SNPs showing consistent direction
of effect (sign test P<7x10%) (Supplementary Methods, Supplementary Table 2).

Genome wide association studies can be susceptible to false positive associations
from population stratification’. We therefore performed a family-based analysis,
which is immune to population stratification in 7,336 individuals from two cohorts
with pedigree information. Alleles representing 150 of the 180 genome-wide
significant loci were associated in the expected direction (sign test P<6x10?%;
Supplementary Table 3). The estimated effects on height were essentially identical
in the overall meta-analysis and the family-based sample. Together with several
other lines of evidence (Supplementary Methods), this indicates that stratification
is not substantially inflating the test statistics in our meta-analysis.

Common genetic variants have typically explained only a small proportion of the
heritable component of phenotypic variation®. This is particularly true for height,
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where >80% of the variation within a given population is estimated to be attributable
to additive genetic factors®, but over 40 previously published variants explain <5%
of the variance!®'’. One possible explanation is that many common variants of
small effects contribute to phenotypic variation, and current GWA studies remain
underpowered to detect the majority of common variants. Using five studies not
included in Stage 1, we found that the 180 associated SNPs explained on average
10.5% (range 7.9-11.2%) of the variance in adult height (Supplementary Methods).
Including SNPs associated with height at lower significance levels (0.05 > P >
5x10®) increased the variance explained to 13.3% (range 9.7-16.8%) (Figure 1a)®.
In addition, we found no evidence that non-additive effects including gene-gene
interaction would increase the proportion of the phenotypic variance explained
(Supplementary Methods, Supplementary Tables 5 and 6).

As a separate approach, we used a recently developed method' to estimate the
total number of independent height-associated variants with effect sizes similar
to the ones identified. We obtained this estimate using the distribution of effect
sizes observed in Stage 2 and the power to detect an association in Stage 1, given
these effect sizes (Supplementary Methods). The cumulative distribution of height
loci, including those we identified and others as yet undetected, is shown in Figure
1b. We estimate that there are 697 loci (95% confidence interval (Cl): 483-1040)
with effects equal or greater than those identified, which together would explain
approximately 15.7% of the phenotypic variation in height or 19.6% (95% Cl: 16.2-
25.6) of height heritability (Supplementary Table 4). We estimated that a sample
size of 500,000 would detect 99.6% of these loci at P<5x10%. This figure does not
account for variants that have effect sizes smaller than those observed in the current
study and, therefore, underestimates the contribution of undiscovered common loci
to phenotypic variation.

A further possible source of missing heritability is allelic heterogeneity — the
presence of multiple, independent variants influencing a trait at the same locus.
We performed genome-wide conditional analyses in a subset of Stage 1 studies,
including a total of 106,336 individuals. Each study repeated the primary GWA
analysis but additionally adjusted for SNPs representing the 180 loci associated at
P<5x10° (Supplementary Methods). We then meta-analysed these studies in the
same way as for the primary GWA study meta-analysis. Nineteen SNPs within the 180
loci were associated with height at P<3.3x107 (a Bonferroni-corrected significance
threshold calculated from the ~15% of the genome covered by the conditioned
2Mb loci; Supplementary Methods, Table 1, Figure 2, Supplementary Figure 3).
The distances of the second signals to the lead SNPs suggested that both are likely
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Figure 1. Phenotypic variance explained by common variants. (a) Variance explained is higher
when SNPs not reaching genome-wide significance are included in the prediction model. The
y-axis represents the proportion of variance explained at different P-value thresholds from Stage
1. Results are given for five studies that were not part of Stage 1. The proportion of variation
explained by the 180 SNPs is shown in the column to the right of the graph. (b) Cumulative
number of susceptibility loci expected to be discovered, including already identified loci and as yet
undetected loci. Projections are based on loci that achieved a significance level of P <5 x 108 in the
initial scan and the distribution of their effect sizes in Stage 2. The dotted line with the filled bullet
corresponds to expected phenotypic variance explained by the 110 loci that reached genome-
wide significance in Stage 1, were replicated in Stage 2 and had at least 1% power.

55

32



Hundreds of variants in genomic loci and biological pathways affect height

to be affecting the same gene, rather than being coincidentally in close proximity.
At 17 of 17 loci (excluding two contiguous loci in the HMGA1 region), the second
signal occurred within 500kb, rather than between 500kb and 1 Mb, of this lead
SNP (binomial test P=2x107®). Further analyses of allelic heterogeneity may identify
additional variants that increase the proportion of variance explained. For example,
within the 180 2Mb loci, a total of 45 independent SNPs reached P<1x10° when we
would expect <2 by chance.

While GWA studies have identified many variants robustly associated with
common human diseases and traits, the biological significance of these variants,
and the genes on which they act, is often unclear. We first tested the overlap
between the 180 height-associated variants and two types of putatively functional
variants, nonsynonymous (ns) SNPs and cis-eQTLs (variants strongly associated with
expression of nearby genes). Height variants were 2.4-fold more likely to overlap

Table 1: Secondary signals at associated loci after conditional analysis..

Second Second
signal  signal
Second P-value P-value

econd signal SNP  Dist.? after pre-
signal SNP  IndexSNP Chr position (bp) r® cond. cond. Gene*
rs2280470 rs16942341 15 87196630 6721 0.009 1x10** 1x10* ACAN
rs10859563 rs11107116 12 92644470 141835 0.003 3x10*2 8x10'® SOCS2
rs750460 rs5742915 15 72028559 95127 0.004 4x107*? 7x10°% PML
rs6938239  rs2780226% 6 34791613 484583 0.019 6x10*? 9x10* HMGAI1
rs7652177 rs572169 173451771 196650 0.006 7x10* 1x10?* GHSR
rs7916441 rs2145998 10 80595583 196119 0.112 6x10% 3x10° PPIF
rs3792752 rs1173727 5 32804391 61887 0.020 7x107% 4x10° NPR3

w

rs10958476 rs7460090 8 57258362 98355 0.020 1x10% 5x10"* SDR16C5
rs2353398 rs7689420 4 145742208 45594 0.022 2x10°° 1x107% HHIP
rs2724475  rs6449353 4 17555530 87056 0.098 2x10% 8x10® LCORL

rs2070776 rs2665838 17 59361230 41033 0.150 9x10% 1x10' GH region
rs1401796 rs227724 17 52194758 60942 0.005 2x10°% 7x10° NOG
rs4711336  rs2780226¢ 33767024 540046 0.111 3x10°% 5x10%® HMGAI1
rs6892884 rs12153391 170948228 187815 0.000 4x10° 2x10%° FBXW11
rs1367226 rs3791675 55943044 21769 0.204 4x10° 0.1245 EFEMP1
rs2421992 rs17346452 170507874 187964 0.019 5x10% 1x10% DNM3
rs225694 rs7763064 142568835 270147 0.001 1x10°7 2x10° GPR126
rs10187066 rs12470505 219223003 393610 0.022 2x10°% 5x10° |HH
rs879882 rs2256183 6 31247431 241077 0.016 2x10% 8x10% MICA
aDistance of conditioned SNP from index SNP. *Linkage disequilibrium measured as r? in the HapMap
CEU phase Il release 22. “Nearest gene unless there is a known skeletal growth disorder gene in
the locus (in bold). Positions are based on NCBI build 36. ‘Nearest conditioned SNP where second
signal occurs within 1Mb of two conditioned SNPs.

N O R N UO

56



12 rs572169 2 |00 b rs572169

0.8
o 0.6
& o 0.4
10 ] :«{ ¢ 02| gg

r2 1 100

Recombination rate (cM/Mb)

Recombination rate (cM/Mb)

I FNDC3B > «GHSR <NCEHT ECT2»

~TNFSF10 <« TNFSF10

I FNDC3B~ <GHSR <NCEHT ECT2=

T T T T T T T T
173.4 173.6 173.8 174 173.4 173.6 173.8 174
Position on chromosome 3 (Mb) Position on chromosome 3 (Mb)

Figure 2. Example of a locus with a secondary signal before (a) and after (b) conditioning. The plot
is centered on the conditioned SNP (black diamond) at the locus. r? is based on the CEU HapMap
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with cis-eQTLs in lymphocytes than expected by chance (47 variants: P=4.7x10)
(Supplementary Table 7) and 1.7-fold more likely to be closely correlated (r>>0.8
in HapMap CEU) with nsSNPs (24 variants P=0.004) (Supplementary Methods,
Supplementary Table 8). Although the presence of a correlated eQTL or nsSNP at
an individual locus does not establish the causality of any particular variant, this
enrichment shows that common functional variants contribute to the causal variants
at height-associated loci. We also noted five loci where the height associated
variant was strongly correlated (r’>0.8) with variants associated with other traits
and diseases (P<5x10®), including bone mineral density, rheumatoid arthritis, type
1 diabetes, psoriasis and obesity, suggesting that these variants have pleiotropic
effects on human phenotypes (Supplementary Methods; Supplementary Table 9).
We next addressed the extent to which height variants cluster near biologically
relevant genes; specifically, genes mutated in human syndromes characterized
by abnormal skeletal growth. We limited this analysis to the 652 genes occurring
within the recombination hotspot-bounded regions surrounding each of the 180
index SNPs. We showed that the 180 loci associated with variation in normal height
contained 21 of 241 genes (8.7%) found to underlie such syndromes (Supplementary
Table 10), compared to a median of 8 (range 1-19) genes identified in 1,000 matched
control sets of regions (P<0.001: 0 observations of 21 or more skeletal growth genes
among 1,000 sets of matched SNPs). In 13 of these 21 loci the closest gene to the
most associated height SNP in the region is the growth disorder gene, and in 9 of
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these cases, the most strongly associated height SNP is located within the growth
disorder gene itself (Supplementary Methods, Supplementary Table 11). These
results suggest that GWA studies may provide more clues about the identity of the
functional genes at each locus than previously suspected.

We also investigated whether significant and relevant biological connections exist
between the geneswithin the 180 loci, using two different computational approaches.
We used the GRAIL text-mining algorithm to search for connectivity between genes
near the associated SNPs, based on existing literature?. Of the 180 loci, 42 contained
genes that were connected by existing literature to genes in the other associated loci
(the pair of connected genes appear in articles that share scientific terms more often
than expected at P<0.01). For comparison, when we used GRAIL to score 1,000 sets
of 180 SNPs not associated with height (but matched for number of nearby genes,
gene proximity, and allele frequency), we only observed 16 sets with 42 or more loci
with a connectivity P<0.01, thus providing strong statistical evidence that the height
loci are functionally related (P=0.016) (Figure 3a). For the 42 regions with GRAIL
connectivity P<0.01, the implicated genes and SNPs are highlighted in Figure 3b.
The most strongly connected genes include those in the Hedgehog, TGF-beta, and
growth hormone pathways.

As a second approach to find biological connections, we applied a novel
implementation of gene set enrichment analysis (GSEA) (Meta-Analysis Gene-
set Enrichment of variaNT Associations, MAGENTA?!) to perform pathway analysis
(Supplementary Methods). This analysis revealed 17 different biological pathways
and 14 molecular functions nominally enriched (P<0.05) for associated genes,
many of which lie within the validated height loci. These gene-sets include
previously reported!**? (e.g. Hedgehog signaling) and novel (e.g. TGF-beta signaling,
histones, and growth and development-related) pathways and molecular functions
(Supplementary Table 12). Several SNPs near genes in these pathways narrowly
missed genome-wide significance, suggesting that these pathways likely contain
additional associated variants. These results provide complementary evidence for
some of the genes and pathways highlighted in the GRAIL analysis. For instance,
genes such as TGFB2 and LTBP1-3 highlight a role for the TGF-beta signaling pathway
in regulating human height, consistent with the implication of this pathway in
Marfan syndrome?2.

Finally, to examine the evidence for the potential involvement of specific genes
at individual loci, we aggregated evidence from our data (eQTLs, proximity to
the associated variant, pathway-based analyses), and human and mouse genetic
databases (Supplementary Table 13). Of 32 genes with highly correlated (r?>0.8)
nsSNPs, several are newly identified strong candidates for playing a role in human
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Figure 3. Loci associated with height contain genes related to each other. (a) 180 height-associated
SNPs. The y-axis plots GRAIL P-values on a log scale. The histogram corresponds to the distribution
of GRAIL P-values for 1,000 sets of 180 matched SNPs. The scatter plot represents GRAIL results
for the 180 height SNPs (dots). The black horizontal line marks the median of the GRAIL P-values
(P=0.14). The top 10 keywords linking the genes were: ‘growth’, ‘kinase’, ‘factor’, ‘transcription’,
‘signaling’, ‘binding’, ‘differentiation’, ‘development’, ‘insulin’, ‘bone’. (b) Graphical representation
of the connections between SNPs and corresponding genes for the 42 SNPs with GRAIL P<0.01.
Thicker lines imply stronger literature-based connectivity.

growth. Some are in pathways enriched in our study (such as ECM2, implicated in
extracellular matrix), while others have similar functions to known growth-related
genes, including FGFR4 (FGFR3 underlies several classic skeletal dysplasias®) and
STAT2 (STAT5B mutations cause growth defects in humans?*). Interestingly, Fgfr4-
/- Fgfr3-/- mice show severe growth retardation not seen in either single mutant?,
suggesting that the FGFR4 variant might modify FGFR3-mediated skeletal dysplasias.
Other genes at associated loci, such as NPPC and NPR3 (encoding the C-type
natriuretic peptide and its receptor), influence skeletal growth in mice and will
likely also influence human growth?'’. Many of the remaining 180 loci have no genes
with obvious connections to growth biology, but at some our data provide modest
supporting evidence for particular genes, including C3orf63, PML, CCDC91, ZNFX1,
ID4, RYBP, SEPT2, ANKRD13B, FOLH1, LRRC37B, MFAP2, SLBP, SOCS5, and ZBTB24
(Supplementary Table 13).
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DISCUSSION

We have identified >100 novel loci that influence the classic polygenic trait
of normal variation in human height, bringing the total to 180. Our results have
potential general implications for genetic studies of complex traits. We show that
loci identified by GWA studies highlight relevant genes: the 180 loci associated
with height are non-randomly clustered within biologically relevant pathways and
are enriched for genes that are involved in growth-related processes, that underlie
syndromes of abnormal skeletal growth, and that are directly relevant to growth-
modulating therapies (GH1, IGF1R, CYP19A1, ESR1). The large number of loci with
clearly relevant genes suggests that the remaining loci could provide potential clues
to important and novel biology.

We provide the strongest evidence yet that the causal gene will often be located
near the most strongly associated DNA sequence variant. At the 21 loci containing
a known growth disorder gene, that gene was on average 81 kb from the associated
variant, and in over half of the loci it was the closest gene to the associated variant.
Despite recent doubts about the benefits of GWA studies?®, this finding suggests
that GWA studies are useful mapping tools to highlight genes that merit further
study. The presence of multiple variants within associated loci could help localize the
relevant genes within these loci.

By increasing our sample size to >100,000 individuals, we identified common
variants that account for 10.5% of phenotypic variation. Although larger than
predicted by some models?, this figure suggests that GWA studies, as currently
implemented, will not explain a majority of the estimated 80% contribution of
genetic factors to variation in height. This conclusion supports the idea that biological
insights, rather than predictive power, will be the main outcome of this initial wave
of GWA studies, and that new approaches, which could include sequencing studies
or GWA studies targeting variants of lower frequency, will be needed to account
for more of the “missing” heritability. Our finding that many loci exhibit allelic
heterogeneity suggests that many as yet unidentified causal variants, including
common variants, will map to the loci already identified in GWA studies, and that
the fraction of causal loci that have been identified could be substantially greater
than the fraction of causal variants that have been identified.

In our study, many associated variants are tightly correlated with common nsSNPs,
which would not be expected if these associated common variants were proxies for
collections of rare causal variants, as has been proposed?’. Although a substantial
contribution to heritability by less common and/or quite rare variants may be more
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plausible, our data are not inconsistent with the recent suggestion?® that a large
number of common variants of very small effect mostly explain the regulation of
height.

In summary, our findings indicate that additional approaches, including those
aimed at less common variants, will likely be needed to dissect more completely the
genetic component to complex human traits. Our results also strongly demonstrate
that GWA studies canidentify large numbers of loci that togetherimplicate biologically
relevant pathways and mechanisms. We envision that thorough exploration of the
genes at associated loci through additional genetic, functional, and computational
studies will lead to novel insights into human height and other polygenic traits and
diseases.

METHODS

The primary meta-analysis (Stage 1) included 46 GWA studies of 133,653
individuals. The in-silico follow up (Stage 2) included 15 studies of 50,074 individuals.
All individuals were of European ancestry and >99.8% were adults. Details of
genotyping, quality control, and imputation methods of each study are given in
Supplementary Methods Table 1-2. Each study provided summary results of a
linear regression of age-adjusted, within-sex Z scores of height against the imputed
SNPs, and an inverse-variance meta-analysis was performed in METAL (http://www.
sph.umich.edu/csg/abecasis/METAL/). Validation of selected SNPs was performed
through direct genotyping in an extreme height panel (N=3,190) using Sequenom
iPLeX, and in 492 Stage 1 samples using the KASPar SNP System. Family-based
testing was performed using QFAM, a linear regression-based approach that uses
permutation to account for dependency between related individuals?®, and FBAT,
which uses a linear combination of offspring genotypes and traits to determine
the test statistic®®. We used a previously described method to estimate the amount
of genetic variance explained by the nominally associated loci (using significance
threshold increments from P<5x10® to P<0.05)®. To predict the number of height
susceptibility loci, we took the height loci that reached a significance level of
P<5x10% in Stage 1 and estimated the number of height loci that are likely to exist
based on the distribution of their effect sizes observed in Stage 2 and the power to
detect their association in Stage 1. Gene-by-gene interaction, dominant, recessive
and conditional analyses are described in Supplementary Methods. Empirical
assessment of enrichment for coding SNPs used permutations of random sets of
SNPs matched to the 180 height-associated SNPs on the number of nearby genes,
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gene proximity, and minor allele frequency. GRAIL and GSEA methods have been
described previously?®?!, To assess possible enrichment for genes known to be
mutated in severe growth defects, we identified such genes in the OMIM database
(Supplementary Table 10), and evaluated the extent of their overlap with the 180
height-associated regions through comparisons with 1000 random sets of regions
with similar gene content (+10%).
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ABSTRACT

Bone mineral density (BMD) is a heritable complex trait used in the
clinical diagnosis of osteoporosis and the assessment of fracture risk.
We performed meta-analysis of five genome-wide association studies
of femoral neck and lumbar spine BMD in 19,195 subjects of Northern
European descent. We identified 20 loci reaching genome-wide
significance (GWS; P<5x10%), of which 13 map to new regions including
1p31.3 (GPR177), 2p21 (SPTBN1), 3p22 (CTNNB1), 4g21.1 (MEPE), 5q14
(MEF2C), 7p14 (STARD3NL), 7q21.3 (FLJ42280), 11p11.2 (LRP4; ARHGAPI;
F2), 11p14.1 (DCDC5), 11p15 (SOX6), 16024 (FOXL1), 17q21 (HDAC5) and
17912 (CRHR1). The meta-analysis also confirmed at GWS level, seven
known BMD loci on 1p36 (ZBTB40), 6925 (ESR1), 8924 (TNFRSF11B),
11q13.4 (LRP5), 12q13 (SP7), 13q14 (TNFSF11), and 18921 (TNFRSF11A).
The numerous SNPs associated with BMD map to genes in signaling
pathways with relevance to bone metabolism, and highlight the complex

genetic architecture underlying osteoporosis and BMD variation.
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INTRODUCTION

Osteoporosis is a condition characterized by reduced bone mass and
microarchitectural deterioration of bone tissue, leading to loss of bone strength and
increased risk of fracture. Osteoporosis increases in incidence with age, and is a
major health threat to hundreds of millions of elderly individuals worldwide. Linkage
analysis in monogenic bone disorders like Osteoporosis-Pseudoglioma syndrome,
sclerosteosis, high bone mass syndrome and Paget’s disease, have yielded major
advances in recent years and highlighted the importance of the Wnt signaling® and
the RANK/RANKL/Opg pathways in the regulation of bone mass and bone turnover?.
Linkage studies for the common form of osteoporosis have had limited success
however3. As with other complex diseases, most of the candidate gene association
studies in osteoporosis have produced conflicting results with limited replication*
mostly due to small sample sizes®. However, large-studies of major candidate gene
polymorphisms within the sufficiently powered setting of the GENOMOS consortium,
have been successful in obtaining consistent evidence of association between some
genetic variants, BMD and fracture®, Concurrently, genome-wide association
studies (GWAS), which perform a hypothesis-free search for genetic determinants,*
have already been successful in identifying 10 loci associated at a genome-wide
significance (GWS) level with BMD**3, Four of these loci involve members of the
Wnt and RANK/RANKL/Opg signaling pathways highlighting their role in monogenic
forms as well as the common form of osteoporosis.

BMD is used in clinical practice for the diagnosis of osteoporosis and in the
assessment of fracture risk!*. BMD is usually measured at the hip (femoral neck) and
lumbar spine, which are common sites of fracture. However, BMD measurements
at different skeletal sites are predictive of fracture in general because of their high
correlation (r>»0.60).'®> From a genetic perspective, BMD at both spine and hip is a
complex, but highly heritable trait (h*~0.60-0.80)%. As shown for human height”%,
dozens and possibly hundreds of loci with small effects can be expected to influence
the variation in BMD. Detection and reliable documentation of these loci of weak
effects requires studies with comprehensive coverage of the genome and very
large sample sizes. Here, we report the findings of a large-scale meta-analysis of
19,195 adult individuals from five GWAS on BMD of the lumbar spine (LS) and the
femoral neck (FN), within the setting of the GEnetic Factors of OSteoporosis (GEFOS)
consortium.
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RESULTS

Samples, genotyping and (meta) analysis of genome-wide scans

The five study populations included the Rotterdam Study (RS, n=4,987), Erasmus
Rucphen Family Study (ERF, n=1,228), Twins UK Study (TUK, n=2,734), deCODE
Genetics Study (dCG, n=6,743) and the Framingham Osteoporosis Study (FOS,
n=3,503). The age of participants ranged from 18 to 96 years. All studies had a
majority of women (range 57-88%) in their samples with TUK including women only.
Additional characteristics of the study populations and subject exclusion criteria are
presented in Supplementary Tables 1 and 2, respectively.

BMD loci identification

Association results (corrected by the genomic control method??) of all HapMap
CEU imputed SNPs passing quality-control (QC) criteria in each study (Supplementary
Table 3), were meta-analyzed using METAL*. We declared results genome-wide
significant at a=5x10? after adjusting for all common variant tests in the human
genome??>?, We investigated if there was an excess of significant associations by
comparing the test statistics to those expected under the null distribution using
inter quantile-quantile (QQ) plots (corrected for overall meta-analysis genomic
control A . ..=1.09 and A . =1.08). As observed in Figure 1, strong (and not early)
deviation of the observed statistics from the null distribution was observed for both
BMD traits, corresponding to an excess of significant and likely true associations.
Excluding all SNPs within 500 Kb of the SNPs associated at a GWS level and correction
for overall meta-analysis genomic control, still left many SNPs associated with BMD
more than expected by chance alone. This suggests that among many false positives
appearing at less stringent statistical thresholds, additional truly associated BMD
variants may exist.

The meta-analysis identified 467 SNPs from 20 genomic loci exceeding the GWS
threshold of association with the BMD traits (Figure 2). Of these, 15 loci associated
with LS-BMD (Supplementary Tables 4A and 5A) and 10 with FN-BMD (Supplementary
Tables 4B and 5B); five of these loci were associated with both skeletal sites. The
effect sizes and significance of the top SNPs from the 20 regions containing markers
associated with LS- and FN-BMD at GWS are presented in Table 1. Applying correction
for overall- meta-analysis genomic control resulted in seven of the 20 loci not to be
GWS (with 7.1x107>P>5.0x10%). For most markers heterogeneity was not very large
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Figure 1. Quantile-Quantile (Q-Q) plots. a) Lumbar Spine BMD. b) Femoral Neck BMD. The plots
compare additive model statistics to those expected under the null distribution using fixed-effects
for all analyzed HapMap CEU imputed SNPs passing quality-control (QC) criteria in the studies
(upper lines), and after exclusion of all genome-wide significant and correlated (r>>0.1) SNPs
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Figure 2. Manhattan plots. (a,b) Plots displaying novel and previously reported (known) loci
associated at genome-wide significant level (GWS) with Lumbar Spine BMD (a) and Femoral Neck
BMD (b) for all 2,543,686 HapMap CEU-imputed SNPs analyzed using fixed-effects. The 13 new

GWS loci are in bold and underlined type.
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Table 1. Top genome-wide significant markers of the 20 loci associated at GWS with
lumbar spine and/or femoral neck BMD

Marker Information Lumbar spine BMD
Effect estimate (in SD)
Distance® Beta
Locus SNP A1/A2 EREQ Type® Closest. Gene (kb) (B,) SE  P-value
Novel loci associated with BMD at GWS level
1p31.3  rs1430742 c/T 0.21 | GPR177 44.0 0.105 0.014 2.6E-13
rs2566755 c/T 0.21 G GPR177 44.3 0.104 0.014 3.3E-13
3p22 rs87938 A/G 0.45 G CTNNB1 103.3 -0.043 0.012 1.7E-04
5q14 rs1366594 C/A 0.45 G MEF2C 197.0 0.005 0.012 0.65
7pl4 rs1524058 T/C 0.40 | STARD3NL 81.7 -0.070 0.012 1.1E-09
7921.3  rs4729260 G/C 0.32 | FLI42280 14.9 -0.081 0.013 1.7E-10
rs7781370 T/C 0.34 | FLJ42280 0.7 -0.074 0.012 1.1E-09
11p14.1 rs16921914 A/G 0.27 G DCDC5 61.6 0.077 0.013 2.3E-09
11p15 rs7117858 G/A 0.20 G SOX6 297.3 -0.042 0.014 0.004
160924  rs10048146 G/A 0.19 G FOXL1 95.4 -0.093 0.016 1.7E-08
17912 rs9303521 T/G 0.46 G CRHR1 56.5 -0.068 0.012 1.4E-08
Suggestive loci now associated with BMD at GWS level
2p21 rs11898505 A/G 0.34 G SPTBN1 11 0.067 0.012 1.6E-08
4q21.1  rs1471403 T/C 0.34 G MEPE 7.3 0.068 0.012 1.5E-08
11p11.2 rs7932354 T/C 0.29 | ARHGAP1 0.1 0.056 0.013 1.1E-05
17921  rs228769 G/C 0.20 | HDAC5 7.8 0.067 0.014 4.0E-06
Known loci associated with BMD at GWS level
1p36 rs7524102 G/A 0.17 G ZBTB40 79.9 0.094 0.015 3.2E-10
rs6426749 C/G 0.17 | ZBTB40 66.9 0.107 0.017 7.6E-10
6025 rs2504063 A/G 0.40 G ESR1 38.0 -0.078 0.012 6.1E-11
rs2941740 G/A 0.43 | Céorfo7 67.3 0.070 0.012 2.0E-09
8q24 rs2062377 T/A 0.44 | TNFRSF11B 43.0 0.094 0.012 3.5E-16
rs11995824 G/C 0.55 | TNFRSF11B 48.3 -0.093 0.012 1.1E-15
11g13.4 rs599083 G/T 0.31 G LRP5 24.4 -0.067 0.012 4.7E-08
12913 rs2016266 G/A 0.32 G SP7 1.6 0.070 0.012 1.3E-08
13914  rs9533090 T/C 0.50 | AKAP11 54.0 -0.120 0.012 5.4E-25
18921 rs884205 A/C 0.27 | TNFRSF11A 14 -0.078 0.014 9.4E-09

Bold face indicates P<5x10°% . NC, not calculated. °Type of SNP: G=Genotyped (at least in 1 study) I=Imputed.
bDistance to coding region. °OMA-GC, overall meta-analysis genomic control. °Q P value, Q-statistic P value.
°Site-spec. HO, site-specificity null hypothesis, i.e., 8 .= 8,
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Lumbar spine BMD Eemoral neck BMD Site

Specificity
Heterogeneity Effect estimate (in SD) OMA- Heterogeneity H_:B =B,
OMA-GC_ Q GC. Q
P-value®  P-value‘ IF Beta SE P-value P-value‘ P-value’ P P-value®
2.5E-12 0.26 21 0.100 0.014  1.8E-12 1.2E-11 0.75 0 0.82
3.1E-12 0.27 20 0.100 0.014 1.7E-12 1.1E-11 0.76 0 0.83
3.1E-04 0.24 23 -0.070 0.011  8.1E-10 3.4E-09 0.14 34 0.10
0.66 NC NC -0.085 0.011  1.3E-13 1.1E-12 0.62 0 3.2E-08
5.2E-09 0.18 30 -0.038 0.011  8.9E-04 1.4E-03 0.05 48 0.05
9.5E-10 0.14 35 -0.085 0.012 9.4E-12 5.4E-11 0.77 0 0.82
5.5E-09 0.12 37 -0.083 0.012 4.7E-12  2.9E-11 0.68 0 0.60
1.0E-08 0.52 0 0.038 0.013 0.003 0.005 NC NC 0.03
0.005 NC NC 0.088 0.014 6.4E-10 2.7E-09 0.70 0 1.5E-10
6.0E-08 0.21 28  -0.085 0.016 1.7E-07 4.9E-07 0.96 0 0.73
5.0E-08 0.05 49  -0.055 0.012 3.6E-06 8.3E-06 0.07 45 0.46
6.3E-08 0.39 6 0.027  0.012 0.02 0.03 NC NC 0.02
5.7E-08 0.18 30 0.059 0.012 7.8E-07 2.0E-06 0.56 0 0.58
2.4E-05 0.61 0 0.073  0.012  4.0E-09 1.5E-08 0.68 0 0.32
1.0E-05 0.87 0 0.081  0.014  1.7E-08 5.8E-08 0.94 0 0.49
1.7E-09 0.27 19 0.079 0.015  8.8E-08 2.6E-07 0.64 0 0.48
3.8E-09 0.74 0 0.082  0.015  4.8E-08 1.5E-07 0.64 0 0.26
3.7E-10 0.03 53 -0.066 0.012  3.0E-08 9.6E-08 0.84 0 0.45
9.3E-09 0.01 59 0.073 0.012 2.0E-10 9.1E-10 0.02 57 0.84
5.7E-15 0.31 15 0.062 0.011 5.4E-08 1.7E-07 0.61 0 0.05
1.6E-14 0.24 22 -0.066 0.011  7.1E-09 2.6E-08 0.48 0 0.10
1.7E-07 0.50 0 -0.047 0.012 9.7E-05 0.0002 0.76 0 0.25
5.2E-08 0.93 0 0.046 0.012 1.9E-04 0.0003 0.81 0 0.16
4.6E-23 0.02 57 -0.041 0.011 3.9E-04 0.0006 0.39 6 1.1E-06
3.8E-08 0.90 0 -0.039 0.013 0.004 0.005 NC NC 0.04
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or statistically significant.

Despite the correlation between LS- and FN-BMD measurements, site-specific
effects were observed. Seven of the 20 loci showed evidence for skeletal site-
specificity (P<0.05), three of which displayed strong evidence for site-specificity
(P<1x10°®). This site-specificity is to be expected given the differences in heritability
and that the genetic correlation (or fraction of “shared” heritability) between the
measurements is considerably less than 1 (Supplementary Table 6).

Genes in associated regions and their function

Of the 20 BMD loci identified in this genome scan at a GWS level, seven have been
reported previously as GWS'*?%, whereas the remaining 13 have not. Of these 13 loci
not previously associated with BMD at a GWS level, four were suggestively associated
in previous reports (}>'%), whereas nine are novel loci. In Supplementary Table 7
we present a summary of relevant gene annotations including related pathways,
monogenic syndromes, knockout mouse models, and additional functional details of
the genes most likely to be underlying the associated signals in these 13 loci.

Novel loci associated with BMD at GWS level

There are nine loci displaying novel associations with BMD for which we present
Forest plots of effects (Figure 3) and regional association plots (Supplementary
Figure 1) from the top SNPs.

1p31.3 locus [GRP177].Two common SNPs (minor allele frequency (MAF)=0.21)
in complete pair wise LD (rs1430742 and rs2566755) were associated at a GWS level
with both FN- and LS-BMD. Both top SNPs are located within an intronic region of
the G protein-coupled receptor 177 (GPR177, also named WNTLESS homologue)
gene. GPR177 is part of the highly evolutionary conserved Whnt signaling pathway,?
involved in bone cell differentiation and development. The gene has been shown to
be positive regulator of the I-kappaB kinase/NF-kappaB cascade, part of the RANK
system. Cross-talk between the NF-kB and the mitogen-activated protein kinase
(MAPK) pathway has been indicated by the identification of several overlapping
genes expressed in both pathways, including several G protein-coupled receptors?®.

3p22 locus [CTNNB1]. The rs87939 SNP (MAF=0.45) located 103 Kb upstream of
the catenin (cadherin-associated protein), beta 1 (CTNNB1) gene on chromosome 3
was associated at a GWS level with FN-BMD. CTNNB1 is integral to the Wnt signaling
pathway, and as such, is an excellent candidate for BMD regulation, considering that
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Figure 3. Forest Plots for the top SNPs for each of the 9 novel loci: a) 1p31.3, b) 3p22, c) 5q14, d)
7pi4,e) 7q21.3,f) 11p15, g) 11p14.1, h) 16924, i) 17q12. Black squares represent effect estimate
and 95%Cl for each study, and the diamonds are summary effect. Measurements units are in BMD
standard deviations (SD).

Whnt signaling controls the process of bone resorption by (negative) regulation of
Opg (TNFRS11B) expression in osteoblasts?’.

5q14 locus [MEF2C].The rs1366594 top SNP (MAF=0.45) displayed skeletal site-
specificity being associated with FN-BMD only, together with other 60 GWS markers
at this locus. The SNP is located 197 Kb upstream of the MADS box transcription
enhancer factor 2, polypeptide C (MEF2C) gene with no other known annotation
within the large LD block. MEF2C is a transcription factor highly expressed in muscle
which allows transcriptional cross-talk between the Ca2+/calmodulin-dependent
kinase (CaMK) and mitogen-activated protein kinase (MAPK) signaling pathways
by signal-dependent dissociation from histone deacetylases (HDACs). MEF2C
interacts with HDAC4 and HDAC5 (see below 17g21 region), resulting in repression
of the transcriptional activity of MEF2C. Potthoff et al. showed in mice that HDACs
selectively degraded by the proteasome enables MEF2C to activate the slow myofiber
gene program, resulting in enhanced endurance during physical exercise?®.
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7p14-p13locus [STARD3NL]. The rs1524058 SNP (MAF=0.40) located on the short
arm of chromosome 7 is 81 Kb upstream of the STARD3 n-terminal like (STARD3NL)
gene, a cholesterol endosomal transporter, was associated at a GWS level with LS-
BMD but less strongly with FN-BMD. Very recently, a study on Asian individuals®®
identified a SNP in this 7p14 region consistently associated with BMD measurements
of the radius, tibia and heel (lowest P=1.4x107). Yet, the rs1721400 SNP was not
associated with either LS- or FN- BMD in our study (P>0.05). The rs1721400 marker
(mapping close to SFRP4) is in very low LD with our top SNP rs1524058 in HapMap
individuals of European descent (r>=0.015, D’=0.194), while LD between markers is
considerably higher in Chinese or Japanese individuals (r’=0.230, D’=0.931). Thus, an
underlying signal common to both Europeans and Asians may be still be captured by
these SNPs considering the differences in LD across populations.

7q921.3 locus [FLJ42280]. Several SNPs are GWS in this region, with the two top
SNPs being in moderate pair wise LD (r?=0.36; D’=0.84) and associated at GWS with
both LS- and FN-BMD. The SNPs are located within (rs4729260) and just upstream
(rs7781370) of FLJ42280, a gene of unknown function. There are several genes
within the ~480 kb LD stretch region, of which the split hand/foot malformation
(ectrodactyly) type 1 (SHFM1) is the closest gene (87-185 kb away).

11p15 locus [SOX6].The rs7117858 SNP (MAF=0.20) was associated at GWS level
with FN-BMD only, displaying strong evidence for skeletal site-specificity. The SNP is
located 297kb upstream from the SRY (sex determining region Y)-box (SOX6) gene,
which is a transcription factor of the SOX gene family defined by a conserved high
mobility group (HMG) DNA-binding domain. The gene is expressed in a wide variety
of tissues, most abundantly in skeletal muscle. Sox6 knock-out mice exhibit early
lethality due to cardiac insufficiency and present with mild skeletal abnormalities
affecting size and mineralization of endochondral elements3®. Other SOX-family
genes regulate RUNX2-mediated differentiation of mesenchymal cells during
endochondral ossification (skeletogenesis)?'.

11p14.1 locus [DCDC5; DCDC1]. The rs16921914 SNP (MAF=0.27) is the only
marker in the 11p14.1 region associated with LS-BMD at a GWS level. All other
associated SNPs are in moderate LD with rs16921914 (r?<0.70) and display less strong
associations (P>1x107). The SNP is located 62 kb downstream of the doublecortin
domain containing 1 (DCDC1) and 73 kb upstream of the DCDC5 genes. Doublecortin
domains are highly conserved elements which serve as protein-interaction
platforms32. Mutations in members of this protein superfamily are linked to several
neurogenetic diseases and to our knowledge are not expressed in bone.

16q24.3 locus [FOXC2; FOXL1]. The rs10048146 SNP (MAF=0.19) was associated
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with LS-BMD (-0.09 and is located on the subtelomeric region of chromosome 16,
about 95Kb downstream from a cluster of small (1 Kb) genes of the “forkhead” (or
winged helix) gene family. The genes are mainly expressed in the gastrointestinal
mucosa (FOXL1) or are involved in adipocyte metabolism and early stage
chondrogenic differentiation (FOXC2). FOXC2 stimulates osteoblast differentiation of
mesenchymal cells through activation of canonical Wnt-beta-catenin signals®® while
FOXC2 expression has been shown to occur via bone morphogenetic proteins®.
Skeletal defects of the spine have been reported in FOXC2 mouse knockout models*
and recently, deletions and inactivating mutations affecting the FOX gene cluster
have been identified as causing severe malformations of the VACTER type in humans,
which include vertebral malformations.3®

17q12-q22 [CRHR1]. The rs9303521 SNP (MAF=0.46) on chromosome 17 was
associated with LS-BMD and is located 56 Kb from the corticotrophin-releasing
factor receptor (CRHR1) gene. Among other genes in this LD region, MAP3K14 is
a candidate potentially involved in bone-active pathways, particularly through the
activation of NF-kappa-B.

Suggestive loci now associated with BMD at GWS level

Four BMD loci which now reach for the first time a GWS level were “suggestively”
associated with BMD in previous reports!?'3, We present Forest plots of effects
(Figure 4) and regional association plots (Supplementary Figure 2) from these SNPs.

2p21 locus [SPTBN1]. The rs11898505 (MAF=0.34) on chromosome 2 is intronic
to the spectrin, beta, non-erythrocytic 1 (SPTBN1) gene which encodes a major
cytoskeletal scaffolding protein, and was associated with LS-BMD. The same SNP
was previously shown to be associated with BMD and fractures, even though it did
not reach GWS level for BMD in the same study.?® In mice, disruption of beta-spectrin
isoforms (EIf) leads to the disruption of TGF-beta signaling by Smad proteins®’.

4q21.1 locus [MEPE]. The 4q21.1 region contains a cluster of structurally and
phylogenetically related genes encoding matricellular phosphoglycoproteins
with function in bone formation and growth3®. The top associated rs1471403 SNP
(MAF=0.34) is located 7 Kb 3’ to the matrix, extracellular, phosphoglycoprotein
(MEPE) gene (also known as osteoblast/osteocyte factor 45), 42 Kb to the integrin-
binding sialoprotein (/BSP) gene and 122 Kb 5’ to the secreted phosphoprotein 1
(SPP1) gene, also known as osteopontin. /IBSP and SPP1 are highly expressed in
osteoblasts, osteoclasts and hypertrophic chondrocytes. MEPE is predominantly
expressed by osteocytes in human bone, playing an inhibitory role in bone formation.

79

4.1



Twenty bone-mineral-density loci identified by large-scale meta-analysis of GWAS

All three genes display diverse skeletal phenotypes in mice knock out (KO) models.
MEPE (Of45) KO show increased bone mass and inhibition of age-related bone loss*,
IBSP KO show high trabecular bone density with low bone turnover but respond
to bone loss caused by disuse* and the SPP1 KO have high trabecular bone mass
and is resistant to bone loss*'. Previously, a non-synonymous SNP in the IBSP
gene (rs1054627, G195E) in moderate LD with (r2=0.2, D’=0.8) was reported as
suggestively associated with hip BMD.*?

11p11.2 locus [ARHGAP1;LRP4]

At the 11p11.2 region a large LD block extends the region withholding several
genes, including C11orf49, LRP4, CKAP5, F2, ZN408 and ARHGAP1 among others.
Two fully correlated SNPs (r?=1;MAF=0.29) including rs7932354, which lies in the
promoter region of the Rho GTPase activating protein 1 (ARHGAP1) gene; and
rs2070852, located in intron 5 of the coagulation factor Il (F2) gene were associated
with FN-BMD at GWS level. Other correlated SNPs in the region (r? between 0.2 and
0.8) were previously suggestively associated with hip BMD and attributed to the
LRP4 gene'®*. ARHGAP1, a ubiquitous factor composing one of the GTPase activating
proteins that represses RhoA, is another good candidate. RhoA is a small G-protein of
the Rho family that regulates cell morphology via actin- cytoskeleton reorganization
and which is thought to be a potential commitment switch in the differentiation of
mesenchymal stem cells to osteoblasts*?. In addition, data from ARHGAP1 KO mouse
models show a strong skeletal phenotype, including a 3-fold reduction in BMD,
decreased cortical thickness and bone fragility in older animals*3,

17921 locus [HDACS5;C170rf53]. The 17921 region contains more than 30 genes
in 1 Mb surrounding the top rs228769 SNP (MAF=0.20) which is located 8 Kb
upstream of the histone deacetylase 5 (HDAC5) and 26 kb upstream of the C170rf53
genes. A non synonymous SNP in the C170rf53 gene, rs227584 (T126P), moderately
correlated to rs228769 (r’=0.64) was found associated with hip BMD, albeit not at
GWS level®2. These SNPs likely represent the same signal. HDACS is a class histone
deacetylase Il (homologous to yeast Hdal), ubiquitously expressed and responsible
for the deacetylation of lysine residues on the N-terminal part of the core histones
(H2A, H2B, H3 and H4). Histone acetylation and deacetylation plays an important
role in transcriptional regulation, cell cycle progression and developmental events,
particularly for myocyte differentiation**. In undifferentiated myoblasts, HDAC5 is
present in the nucleus where it binds to the myocyte enhancer MEF2C (see above)
to repress transcription and detain muscle maturation. In bone, recruitment of
class Il histone deacytylases like HDAC5, is needed for TGF-B mediated osteoblast
differentiation®, which occurs through inhibition of Runx2 function by Smad34¢.
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Figure 4. Forest Plots for the top SNPs for each of the 4 loci attaining GWS for the first time in
this study: A. 2p21, B. 4921.1, C. 11p11.2, D. 17qg21. Black squares represent effect estimate and
95%Cl for each study, and the red diamonds are summary effect estimates. Measurements units
are in BMD standard deviations (SD).

Known loci associated with BMD at GWS level

We have replicated at GWS level 7 loci associated with BMD in previous GWA
studies'>32%, They include the 1p36 (ZBTB40), 6q25 (ESR1), 8924 (TNFRSF11B;0pg),
11q13.4 (LRP5), 12q13 (SP7;Osterix), 13ql4 (TNFSF11;RANKL), and 18921
(TNFRSF11A;RANK) regions. Regional association plots for all seven regions
are included in Supplementary Figure 3. In the 6925 (ESR1) region at least two
independent GWS signals are seen at the sides of a high recombination rate peak
(Supplementary Figure 3B). This locus showed a complex pattern of association in a
previous study indicating three independent signals at the locus®®. In Supplementary
Table 8 we report the associations observed in this study for all loci reported
previously as attaining GWS or “suggestive” association!**?4, SNPs from the 6p21.32
(MHC), 14932 (MARK3) and 17921 (SOST) regions described previously to be GWS*3
were still significantly associated to BMD in our study, but not at a GWS level. It
should be noted that in the previous study the 14932 and the 17g21 regions were
associated with total hip BMD, which differs from the femoral neck BMD phenotype
used in the current study.
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Gene expression (eQTL) associations

We tested the association of SNPs (or proxies) from the 13 newly GWS associated
regions with cis-allelic expression of gene transcripts in primary human osteoblasts.
All SNPs associated with gene expression at P<0.05 and located within the same LD
block of the strongest associated variants (D’>0.8) are presented in Supplemental
Table 9. Associations were seen for transcripts of GPR177, MEF2Cand FOXC2. Similarly,
for variants in (or in LD with variants in) MEPE the most significant correlation with
expression in osteoblasts was seen with the integrin bone sialoprotein (IBSP) gene,
while MEPE seems not highly expressed in osteoblasts. Yet, the statistical evidence
is not fully conclusive since only subtle overrepresentation of the associated loci was
observed (10.5% vs 7% for non-associated control SNPs, Chi?=8.9 and P=0.003). The
small overrepresentation of the associated loci suggests several of the associated
genes may be expressed in cell & tissues other than osteoblast lineages.

Combined effect of the 20 GWS BMD loci and fracture risk

We examined the combined effect of the top SNPs arising from the 20 associated
BMD loci in 4,983 individuals from the prospective population-based Rotterdam
study. Risk allele counts were derived from the top associated SNPs from the 15
LS-BMD and 10 FN-BMD loci, all of which followed a normal distribution of their
frequency in the study population (Figure 5). The 15 LS-SNPs combined explained
~2.9% of the variance in LS-BMD and the 10 FN-SNPs combined explained ~1.9% of
the variance in FN-BMD. A highly significant linear decrease in the mean LS-BMD and
FN-BMD of individuals was seen with increasing numbers of ‘low BMD’ risk alleles:
those carrying 20 or more alleles that associated with low LS-BMD (‘low BMD’ alleles,
n =245) had 0.74 s.d (~0.13 g/cm2) lower BMD (P = 2 x 107*8) than those carrying 11
or fewer ‘low-BMD’ alleles (n = 291). A similar (yet less pronounced) trend was seen
for FN-BMD. The association between the compound allelic scores and the risk of
fracture were assessed in 2727 radiographically screened individuals (302 vertebral
fracture cases) and in 4865 individuals followed-up 8.2 years on average (672 non-
vertebral fractures). The compound FN-BMD allelic score was significantly associated
with the risk of incident nonvertebral fracture in the Rotterdam Study dataset (HR
=1.042, 95% CI [1.003, 1.084]; P = 0.04), whereas it was borderline significant for
association with the risk of vertebral fracture (OR = 1.061, 95% Cl [0.997, 1.129];
P=0.06). In contrast, the compound LS-BMD allelic score was significantly associated
with the risk of vertebral fracture (OR = 1.061, 95% CI [1.009, 1.116]; P = 0.02),
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whereas it was not significant for association with the risk of incident nonvertebral
fracture (HR = 1.025, 95% Cl [0.993, 1.058]; P = 0.13). Adjustment for BMD showed
that at least 54% of the genetic effect on incident nonvertebralfracture could be
explained by FN-BMD (HRadjusted =1.019, 95% CI1 [0.980,1.060]; P =0.35), whereas 78%
of the genetic effect on vertebral fracture was through LS-BMD (ORadjusted = 1.013,
95 %Cl [0.962,1.068]; P = 0.62). Despite power limitations, consistent significant
associations between the compound BMD allelic scores were observed with the risk
of both vertebral and nonvertebral fracture.

DISCUSSION

The GEFOS consortium has been assembled to identify the genetic determinants
of osteoporosis and fracture. This study represents the first step in a collaborative
effort and expands the current knowledge on the underlying genetics of BMD -a
clinical measurement used for the diagnosis of osteoporosis and the assessment of
fracture risk. BMD measures of the lumbar spine and femoral neck were analyzed
independently, because despite a relatively high phenotypic correlation, the genetic
correlation is not perfect. This is illustrated by the site-specificity detected in some of
the associations probably reflecting genuine biological mechanisms (i.e. differences
in cortical vs trabecular bone content), but also intrinsic measurement differences
(i.e. artifacts influencing BMD values like osteophytes of the lumbar spine or aortic
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Figure 5. Histogram and line plot modeling in the Rotterdam Study the combined allelic effect
across all genome-wide significant associated loci for a) Lumbar Spine BMD and b) Femoral neck
BMD. Subjects were classified according to the number of BMD decreasing (risk) alleles at the
lumbar spine BMD (20 SNPs) and the femoral neck (15 SNPs). The mean for each risk allele-count
group was determined and the extremes of the distribution counts were pooled into the nearest
risk allele-count group of size >100 individuals.
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calcifications).

Performing meta-analysis of GWAS has limitations. False positive associations
generated from multiple hypothesis testing and population stratification are inherent
possibilities. Nevertheless, we applied well-established methods to minimize the
impact of multiple testing by applying stringent GWS thresholds for determining
significance. Also, our findings are constrained by the power of our current sample
suited to identify effect sizes explaining ~0.2% of the variance of the trait. This means
we are not powered to detect real effects of the same (small) magnitude arising
within specific sex and/or age groups. Similarly, due to power limitations we cannot
address potential gene-gene and gene-environment interactions, the effects of rare
alleles that are not captured by the haplotype tagging approach employed in GWAS
nor determine the effect on fracture risk. Despite being underpowered to assess
heterogeneity of effects, some markers displayed significant heterogeneity and were
not GWS when analyzed under the random effects model. Further evaluation of such
markers in larger populations is needed to determine the source(s) of heterogeneity
across datasets, like inaccuracies in the imputations, subtle differences in phenotype
ascertainment, differences in linkage to the culprit, differences in environmental
modifying factors, or genuinely different genetic effects across populations.?
Achieving such sufficiently-powered setting is the target of the expanding GEFOS
consortium. All our top associated markers displayed high quality imputation scores,
high correlation after de-novo genotyping and/or at least one genotyped proxy in
complete LD which was also associated at GWS level (Supplementary Table 10).
Thus, we can exclude imputation inaccuracies as a source of heterogeneity and/or
false-positive associations. In addition, we excluded individuals with non-European
profiles strategy which confines our current findings to the context of populations
of Northern European-descent. Similarly, test statistics corrected by the genomic
inflation factors affecting each study, makes unlikely that population stratification
or cryptic relatedness (like those observed in the ERF, TUK, and dCG populations)
play an important role in our associations. In addition, we examined the effect
of applying a second correction for overall meta-analysis genomic control in our
results. Only one locus (LRP5) drifted away importantly from the GWS threshold
after correction. This approach is likely to be over-conservative considering that the
association of variants in LRP5 has been consistently replicated at GWS level in at
least two previous efforts®?4,

In summary, we identified and/or confirmed at least 20 loci associated with
lumbar spine and femoral neck BMD, highlighting the complex genetic architecture
underlying the variation in BMD. Yet, these loci explain only a minor fraction of the
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variance in BMD, and hence, an even smaller fraction of the heritability for fracture
risk. Nevertheless, these findings underscore molecules within novel and key-known
biological pathways influencing BMD variation, particularly the Wnt and NF-kappa-B
signaling pathways (including about half of the identified loci GPR177, CTNNBI,
FOXC2, LRP5, SPTBN1, HDAC5, TNFSF11, TNFRSF11A and TNFRSF11B). None of
the SNPs we have identified can be unequivocally designated as the underlying
“true” variants driving the associations. Additional efforts to identify such variants
are warranted to maximize the application of this genetic knowledge towards the
prediction of risk in individuals and the translation into new pharmacological agents
for the treatment of osteoporosis. Increasing further the sample size will aid the
identification of additional loci associated not only with BMD, but more importantly
will allow focusing on the risk of fracture, the ultimate consequence of osteoporosis.

METHODS

Study population. The GEnetic Factors of Osteoporosis (GEFOS) consortium is
a coalition of teams of investigators working on the genetics of osteoporosis. The
current meta-analysisincorporated 19,195 individuals of Northern European ancestry
derived from five GWAS on BMD of the lumbar spine (LS-BMD) and the femoral neck
(FN-BMD) including: the Rotterdam Study (RS, n=4,987), Erasmus Rucphen Family
Study (ERF, n=1,228), Twins UK Study (TUK, n=2,734), deCODE Genetics Study (dCG,
n=6,743) and the Framingham Osteoporosis Study (FOS, n=3503). All studies were
approved by institutional ethics review committees at the relevant organizations
and all participants provided written informed consent. The Rotterdam Study (RS)
is a prospective population-based cohort study of chronic disabling conditions in
Dutch elderly individuals age 55 years and over (http://www.epib.nl/ergo.htm).>%5!
The Erasmus Rucphen Family (ERF) study is a family-based study of a genetic
isolate in the South West Netherlands to identify genetic risk factors for complex
disorders.>? The Twins UK (TUK) study is a population-based sample of twins from the
UK studying the hereditary basis of a wide variety of age-related traits and diseases
(http:/www.twinsUK.ac.uk).>® The Icelandic deCODE Genetics (dCG) study comprises
a population-based sample to identify the genetic basis of complex diseases.?
The Framingham Osteoporosis Study (FOS) is embedded in the Framingham Heart
Study (FHS), a community-based, longitudinal, prospective cohort comprising three
generations of individuals in multigenerational pedigrees and additional unrelated
individuals (http://www.framinghamheartstudy.org/). Individuals of “Generation 1”
include those first examined in 1948, “Generation 2” includes those examined at
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the first cycle from 1971 to 1975%, and “Generation 3” includes those examined at
the first cycle beginning in 2002-2005.°¢ For these analyses, 812 members of the
Generation 1 cohort (22.6% of the sample) and 2783 (77.4%) of the Generation 2
cohort who had BMD measured as part of the FOS were included.

Bone mineral density and anthropometric measurements. BMD was measured in
all cohorts at the lumbar spine (either at L1-L4 or L2-L4) and femoral neck using dual-
energy X-ray absorptiometry following standard manufacturer protocols (GE-Lunar
Corporation, Madison, WI or Hologic Incorporated, Bedford, MA) see Supplementary
Table 1 for details. All DXA and anthropometric measurements were performed in
the RS at the baseline visit baseline between 1991-1992, in ERF between 2002-2003,
in TUK at the latest follow-up, dCG at the baseline visit and in FOS Generation 1
between 1992-1997, and Generation 2 between 1996-2001.

Phenotype modeling. The overall strategy involved linear regression to adjust
BMD measurements for effects of age, weight, sex and study using standardized
residuals with mean 0 and standard deviation 1 in the genotype-phenotype
association testing. Such residuals were obtained by regressing within each study
the raw BMD measurements on age and weight (and principal components in FOS to
adjust for population substructure using Eigenstrat®’) in sex-specific models. Thus,
in studies including both men and women the data for each gender are included as
separate estimates in the meta-analysis.

Genotyping. The five GWAS were genotyped using the Illumina Infinium
HumanHap550 Beadchip (RS), the lllumina Infinium HumanHap300 or HumanCNV370
Beadchip (ERF, TUK & dCG) or the Affymetrix Dual Nspl/Styl GeneChip 2x250K with
50K gene-centered MIP set (FOS), all according to manufacturer’s protocols and
quality control standards. The exclusion/filtering criteria for individuals and SNPs
are described in Supplementary Tables 2-3.

Genotype imputation. Imputation was used to evaluate associations for
the same SNPs across study populations using scans from different genotyping
platforms. Genotypes were imputed for all polymorphic SNPs oriented to the
positive strand from phased autosomal chromosomes of the HapMap CEU Phase Il
panel (release 22, build 36)%. Hidden Markov Model-based algorithms were used to
infer unobserved genotypes probabilistically as implemented in either MACH®® or
IMPUTE®®. Imputation quality control metrics from MACH and IMPUTE were used.
Detailed descriptions of quality control and imputation procedures are summarized
for all studies in Supplementary Table 3. We performed technical validation of the
imputed genotypes in an independent set of 880 individuals of Icelandic origin
using Centaurus (Nanogen)®! discrimination assays, for the top associated hits that
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reached GWS for the first time in this study (Supplementary Table 10).
Genotype-phenotype association testing®. Each study performed genome-
wide association for BMD using sex-specific, age- and weight-adjusted standardized
residuals analyzed under an additive (per allele) genetic model. Analysis of imputed
genotype data accounted for uncertainty in each genotype prediction by utilizing
either the dosage information from MACH or the genotype probabilities from
IMPUTE. Studies used MACH2QTL*®, which uses genotype dosage value (0 — 2,
continuous) as a predictor in a linear regression framework, SNPTEST®®, Merlin® or
the linear mixed effects model of the Kinship® and ProABEL®> packages in R® to
account for relatedness (Supplementary Table 3). The genomic control method? was
used to correct the standard error by the square root of the genomic inflation factor
(lambda): SE
Chi?-statistic by lambda. Genomic inflation factors for the studies are presented on

corrected =SE ¥ \,"ﬁ, which is equivalent to the proposed correction of the
Supplementary Table 3. Overall meta-analysis genomic control inflation factors were
calculated as described previously.®” Genomic inflation factors scaled to a standard
size (1000 individuals) to calibrate for the effect of sample size on A%’, showed
residual genomic inflation was negligible (A ;,,0.0,,=1:005and A .~ " =1.004).
Meta-analysis. The minor allele from HapMap CEU genotypes was used to define
the coded allele in all analyses, regardless of frequency in individual cohorts. All
meta-analysis calculations were done using the METAL* software package applying
inverse-variance methodology assuming fixed effects with Cochran’s Q and 1> metrics
used to quantify between-study heterogeneity. We also calculated the summary
results by random effects using STATA software®® for those markers associated at
GWS level with Cochran’s Q P-value < 0.05 and/or 1> estimates > 50%, reflecting
large heterogeneity beyond chance. Random effects models also incorporate in the
calculations the between-study heterogeneity, and estimate the average genetic
effect from the population of genetic effects that may differ in different studies. In
the absence of between-study heterogeneity fixed and random effects calculations
give identical results. We declared results genome-wide significant at a=5x107 after
adjusting for all common variant tests in the human genome?*23, To test for BMD site

specificity we estimated the effect difference (46) as Bfemm,ne[k - 6,umbmpm€, the SE of
the mean difference (ASEM) as sqrt(SEj,emmmeck2 + SE/umbmpinez) and the Z-statistic as

AB/ASEM from which the P-values were computed.

eQTL analysis in human osteoblast (HOb). SNPs from new loci associated with
BMD at the genome-wide significance (GWS) level were tested for association with
cis-allelic expression of neighboring gene transcripts, in primary human osteoblasts
(HOb) derived from 95 unrelated Swedish donors. Detailed cell culture methods
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have been described previously®. Expression profiling was performed using the
Illumina HumRef-8 BeadChips according to the manufacturer protocol. Genotyping
for genotype-expression association was performed using the Illumina HumanHap
550k Duo chip. Individuals with low genotyping rate and SNPs showing significant
deviation from Hardy-Weinberg equilibrium (P < 0.05) were excluded. Similarly
low frequency (MAF<0.05) SNPs and SNPs with high rates of missing data were
excluded. The association of the expression levels was focused on cis-acting genetic
variants, defined as being within 250kb window flanking the gene, using a linear
regression model implemented in the PLINK? software package with age and sex as
covariates. SNPs included on the Illumina 550K chip were assessed for expression
cis-associations directly. In addition, all genotyped SNPs included on the Illlumina
chip that were in strong LD (defined as D’>0.8) and mapping + 50kb from the GWS
hit were included in the association study. To test for a significant enrichment of
functional SNPs (i.e., SNPs associated with gene expression in HObs at p<0.05)
among the candidate SNPs, a Chi? statistic was obtained to test whether observed
associations were different from expected associations in the expression data set
beyond chance. Expected values (7.1%) were based on the proportion of SNPs with
p<0.05 seen in the HOb gene expression data set and in a random selection of 1200
SNPs associated with both LS- and FN-BMD at P>0.90, MAF>0.20, and present in
the lllumina HumanHap550 array (assessed as negative controls for association with
HOb expression).

Combined effect of associated loci. Within the setting of the prospective
population-based Rotterdam Study the combined effect of all 20 BMD loci was studied
by classifying subjects according to the number of BMD decreasing (risk) alleles. This
was based on 15 lumbar spine and 10 femoral neck BMD loci as follows: Lumbar
spine (15 SNPs) =>rs7524102 [ZBTB40], rs1430742 [GPR177], rs11898505 [SPTBN1],
rs1471403 [MEPE], rs2504063 [ESR1], rs1524058 [STARD3NL], rs4729260 [FLJ42280],
rs2062377 [TNFRSF11B], rs16921914 [DCDC5], rs599083 [LRP5], rs2016266 [SP7],
rs9533090 [TNFSF11], rs10048146 [FOXC2], rs9303521 [CRHRI1] and rs884205
[TNFRSF11A]. Femoral neck (10 SNPs) => (rs6426749 [ZBTB40], rs2566755 [GPR177],
rs87938 [CTNNB1], rs1366594 [MEF2C], rs2941740 [ESR1], rs7781370 [FLJ42280],
rs11995824 [TNFRSF11B], rs7117858 [SOX6], rs7932354 [ARHGAP1], and rs228769
[HDACS5]). The mean BMD for each risk allele-count group was determined, and at
the extremes of the distribution counts were pooled into the nearest risk allele-
count group of size >100 individuals. The approximate BMD difference in g/cm? was
obtained by multiplying in each group the mean Z-score LS-BMD by 0.18 g/cm? and
the mean Z-score FN-BMD by 0.13 g/cm? (the SDs of BMD in the Rotterdam study).
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The allele score was obtained by dividing the number of “BMD decreasing alleles”
by the total number of alleles. Also within the setting of the prospective population-
based Rotterdam Study, we determined the risk for vertebral and non-vertebral
fracture for the combined allelic scores constructed for all the top hits associated at
a genome-wide significantly level with BMD. Risk ratio (RR) estimates were obtained
from logistic regression (vertebral fractures) and Cox-proportional hazards (incident
non-vertebral fractures) models adjusted for sex, age and weight. To determine
the fraction of fracture risk explained by BMD, we applied the following formula:
[InNRR InRRBMDadjusted]/ InRR
have been published previously’*”2. In summary, thoracolumbar radiographs of the

Methods describing the fracture datasets

unadjusted_ unadjusted”

spine were obtained in 3308 (genotyped) individuals who survived on average 6.4 +
0.4 (SD) years and were scored for presence of vertebral fractures (n=329) using the
McCloskey/Kanis method’®. Record of the incident non-vertebral fractures (n=900)
occurring between the baseline visit from 1990 through 1993 until January 1, 2002,
was obtained from the computerized records of general practitioners and hospital
registries for 5974 genotyped individuals followed on average 8.2 + 2.7 (SD) years
after the baseline visit.
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Meta-analysis identifies 56 BMD loci and reveals 14 fracture loci

ABSTRACT

Bone mineral density (BMD) is the most widely used predictor of fracture
risk. We performed the largest meta-analysis to date on lumbar spine and
femoral neck BMD, including 17 genome-wide association studies and
32,961 individuals of European and East Asian ancestry. We tested the top-
associated BMD markers for replication in 50,933 independent subjects
and for risk of low-trauma fracture in 31,016 fracture (cases) and 102,444
controls. We identified 56 loci (32 novel) associated with BMD at genome-
wide significant level (P<5x1078). Several of these factors cluster within the
RANK-RANKL-OPG, mesenchymal-stem-cell differentiation, endochondral
ossification and the Wnt signalling pathways. However, we also discovered
loci containing genes not known to play a role in bone biology. Fourteen
BMD loci were also associated with fracture risk (P<5x10*, Bonferroni
corrected), of which six reached P<5x108 including: 18p11.21 (FAM210A),
7q21.3 (SLC25A13), 11q13.2 (LRP5), 4922.1 (MEPE), 2p16.2 (SPTBN1) and
10921.1 (DKK1). These findings shed light on the genetic architecture and
pathophysiological mechanisms underlying BMD variation and fracture
susceptibility.
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INTRODUCTION

Osteoporosis is a disease characterized by low bone mass and microarchitectural
deterioration of bone tissue leading to increased risk of fracture. The disease
accounts for approximately 1.5 million new fracture cases each year representing
a huge economic burden on health care systems, with annual costs estimated to be
$17 billion in the USA alone and expected to rise 50% by the year 2025.* Osteoporosis
is defined clinically through the measurement of bone mineral density (BMD), which
remains the single best predictor of fracture.??

Twin and family studies have shown that 50%-85% of the variance in BMD is
genetically determined.* Osteoporotic fractures are also heritable by mechanisms
that are partly independent of BMD.> Over the past 5 years, genome-wide
association studies (GWAS) have revolutionized the understanding of the genetic
architecture of common, complex diseases.® This strategy is providing key insights
into the mechanisms of disease with prospects of designing effective strategies for
risk assessment and development of new interventions.”

Previous GWAS have identified to-date 24 loci which influence BMD variation.®*
While several variants in these BMD loci have also been nominally-associated with
fracture risk!>®, none have shown robust association at genome-wide significant
levels (P<5x10%). We report here the results of the largest effort to date searching
for BMD loci in >80,000 subjects and testing them for association with fracture in
>130,000 cases and controls. In addition, we employed bioinformatics tools and
gene expression analyses to place the identified variants in the context of pathways
relevant to bone biology.

RESULTS

This study was performed across three main stages (Fig. 1): 1) discovery of BMD
loci, 2) follow-up replication and 3) association of the BMD loci with fracture.

Discovery of BMD Loci (Stage 1)

We first performed a meta-analysis of GWAS for BMD of the femoral neck (FN-
BMD; n=32,961) and lumbar spine (LS-BMD; n=31,800) including ~2.5 million
autosomal genotyped or imputed SNPs from 17 studies from populations across
North America, Europe, East Asia and Australia, with a variety of epidemiological
designs and patient characteristics (see Online Methods). We also performed meta-
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BMD Discovery (Stage 1)
Meta-analysis of 17 BMD
Genome-wide association studies
(n=32,961)

|

BMD replication (Stage 2)
96 SNPs in 34 studies
(de-novo and in-silico)

(n=50,933)

|

Association of the BMD loci )
with fracture (Stage 3)
96 SNPs in 50 studies
(de-novo and in-silico)
(31,016 cases and 102,444
controls ) )

J

Figure 1. Description of Study design. Stage 1: Meta-analysis of 17 Genome-wide association
studies for BMD. Stage 2: 96 top independent SNPs (82 autosomal SNPs with P<5x10°%, 5
X-chromosome SNPs and 9 SNPs from conditional analysis) were followed-up for de-novo and in-
silico replication of the BMD association in 34 studies. Stage 3: the same 96 SNPs were tested for
association with fracture in 50 studies with de-novo and in-silico data.

analysis in men and women separately to identify sex-specific associations. The
qguantile-quantile (Q-Q) plots of the discovery meta-analysis displayed strong (and
not early) deviation of the observed statistics from the null distribution for both
BMD traits (Supplementary Fig. 1). After double Genomic Control (GC) correction
of the overall (A, oooup=1-112; A ho0ep=1-127) and sex-stratified analyses (A,
women=1-091; kFN_MEN=1.059; kLS_WOMEN=1.086; XLS_MEN=1.061), SNPs in 34 loci surpassed
GWS level while a total of 82 loci were associated at P<5x10° (Supplementary Fig.
2-3). Thirty eight loci were associated with FN-BMD, 25 with LS-BMD and 19 with
both. The overlap reflects the correlation between the femoral neck and lumbar
spine measurements (Pearson correlation = 0.53). Of these 82 loci, 59, 18 and 5 were
prioritized from the analysis in the sex-combined, women and men sample sets,
respectively (Supplementary Table 1). The meta-analysis was extended to include
the evaluation of 76,253 X-chromosome imputed markers across 14 of the discovery
GWAS including 31,801 participants (see Online Methods). Five X-chromosome loci
were associated at P<5x10”° four of which were derived from the sex-combined
analysis and one from the analysis in men only (Supplementary Table 1). We further
performed genome-wide conditional analyses in all sex-combined stage 1 studies.
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Each study repeated the GWAS analysis but additionally adjusted for 82 SNPs
representing the autosomal loci associated at P<5x10° (see Online Methods). We
then meta-analyzed these studies in the same way as for the primary GWA study
meta-analysis. Nine loci showed at least two independent association signals arising
from this conditional analysis (Supplementary Fig. 4 and Supplementary Table 2)
suggesting that allelic heterogeneity is underlying BMD variation. We also assessed
all possible pair-wise interactions of the 82 SNPs, but none were significant after
adjusting for the number of tests (Supplementary Fig. 5 and Supplementary Table
3). A total of 96 independent SNPs (82 autosomal SNPs with P<5x10°® + 9 SNPs from
conditional analysis and 5 X-chromosome SNPS) from 87 genomic loci were selected
for further replication (Fig. 1).

Follow-up replication (Stage 2)

We de-novo genotyped these 96 SNPs and tested them for association with BMD
in up to 50,933 additional participants from 34 studies (see Online Methods).The
meta-analysis of the 96 SNPs in the discovery and replication studies (n=83,894)
yielded 64 replicating SNPs from 56 associated loci. Of these loci, 32 were novel
(Table 1 and Supplementary Table 4A) and 24 were reported previously®*
(Supplementary Table 4B). Thirty two SNPs did not reach genome-wide significance
after replication (Supplementary Table 4C) and included 10 markers remaining
associated at a suggestive level. Of all analyzed SNPs only one (rs9533090 mapping
to 13q14.11 near RANKL) displayed high degree of heterogeneity of effects (1>>50%)
across studies, despite being the marker with highest significance (P=4.82x10°%) in
the fixed-effect meta-analysis (Supplementary Table 4B). After applying random
effects meta-analysis, this marker was still genome-wide significant (P=3.98x103).

Two of the novel loci were discovered in the sex-stratified meta-analysis: 8q13.3
in women and Xp22.31 in men; however, only the association at Xp22.31 showed
significant evidence for sex-specificity as reflected by significant heterogeneity of
effects across sex strata (P, =1.62x10°®). Yet, we acknowledge that the association
at 89g13.3 in women may be driven by a lower number of men in the discovery and
replication datasets (Table 1 and Supplementary Table 5). Furthermore, evidence for
BMD site-specificity (P
the 32 novel and 4 of the 24 known loci (Table 1 and Supplementary Fig. 6). Among
the newly identified loci, 2q14 (INSIG2), 12p11.22 (PTHLH) and 16q12.1 (CYLD)
displayed site-specificity with FN-BMD while 8q13.3 (LACTB2), 10p11.23 (MPP7) and
10g22.3 (KCNMA1) displayed site-specificity with LS-BMD.

e <5x107%) was observed in a fraction of the loci including 6 of
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Table 1. Estimated effects of novel genome-wide significant SNPs on bone mineral
density of femoral neck (FN-) BMD and lumbar spine (LS-) BMD across stages.

Functional evidence

Knock-
Closest Gene / out Tags

SNP Locus Candidate eQ mouse OMIM funct GRA Pathway  A® Freq®
rs479336 1924.3 DNM3 T 0.74
rs7584262 2p21 PKDCC . T 0.23
rs17040773 2q13 ANAPC1 . A 0.76
rs1878526 2q14.2 INSIG2 A 0.22
rs1026364 3qg13.2 KIAA2018 . T 0.37
rs344081 3025.31 LEKR1 T 0.87
rs3755955 4p16.3 IDUA . . A 0.16
rs11755164 6p21.1 SUPT3H/RUNX2 o . . T 0.40
rs9466056 6p22.3 CDKAL1/SOX4 A 0.38
rs3801387 7931.31 WNT16 . . . A 0.74
rs132456908 7q31.31 C7orf58 A 0.62
rs7812088 7q936.1 ABCF2 A 0.13
rs7017914¢ 8q13.3 XKR9/LACTB2 o . A 0.49
rs7851693 9g34.11 FUBP3 C 0.64
r$3905706 10p11.23 MPP7 T 0.22
rs1373004 10921.1 MBL2/DKK1 . . T 0.13
rs7071206 10922.3 KCNMA1 T 0.78
rs7084921 10q24.2 CPN1 T 0.39
rs10835187 11p14.1 LIN7C . T 0.55
rs7953528 12p11.22 KLHDC5/PTHLH o . . . A 0.18
rs2887571 12p13.33 ERC1/WNT5B . . A 0.76
rs12821008 12913.12 DHH . T 0.39
rs1053051 12923.3 C12orf23 . T 0.52
rs1286083 14932.12 RPS6KAS T 0.81
rs4985155 16p13.11 NTAN1 o . A 0.67
rs9921222 16p13.3 AXIN1 . . . T 0.48
rs13336428 16p13.3 C160rf38/CLCN7 o . A 0.43
rs1566045 16q12.1 SALL1/CYLD . T 0.80
rs1564981¢ 16q12.1 CYLD o A 0.47
rs4790881 17p13.3 SMG6 A 0.69
rs7217932 17q24.3 S0X9 . . . . A 0.46
rs4796995 18p11.21 FAM210A A 0.63
rs10416218 19qg13.11 GPATCH1 . T 0.73
rs5934507" Xp22.31 FAM9B/KAL1 A 0.74

Boldface indicates P < 5 x 10 or Site-specificity P<5x10*. Black dots in the six functional
evidence columns indicate that: first: SNP is an expression quantitative trait loci (eQTL); second:
there is a knockout mouse with skeletal phenotypes (MGI database 2011); third: candidate gene
has been involved in a monogenic syndrome with skeletal phenotypes (OMIM database 2011);
fourth: most significant SNP tags a SNP predicted to have impact on function of the candidate
gene; fifth: gene is best candidate in GRAIL analysis; and sixth: candidate gene is part of a bone
active pathway. °The effect estimates (Beta) are expressed as standardized values per copy
of the SNP allele (A) from fixed effects meta-analysis. *Freq is the allele frequency of A. “Effect
estimates were calculated in the Stage 2 samples. “Site-specificity null hypothesis, i.e., Bis= 6FN.
ers7017914 was discovered in the meta-analysis of women-only, the effects and p-value for this
marker are for the meta-analysis of women samples. 'rs5934507 was discovered in the meta-
analysis of men-only, the effects and p-value for this marker are for the meta-analysis of men
samples. «The snps rs13245690 and rs1564981 were independently associated to their main
signals in conditional analysis.
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FN-BMD LSBMD
STAGE 1 + STAGE 1 +
STAGE 1 STAGE 2 STAGE 2 STAGE1  STAGE 2 STAGE 2
32,96 50,933 (83.894) (31,800)  (45,708) (77.508)
Phel
_Beta® P P P Beta® P P P Sited
-0.04 1.1x107 1.3x10°® 8.5x10"* -0.03 0.01 5.0x10* 2.1x10° 0.05
0.03 1.4x107 3.4x10* 1.3x10° 0.01 0.13 0.28 0.07 0.01
0.03 4.3x10° 6.1x10° 1.5x10° 0.01 0.61 0.21 0.19 5.2x10°
0.00 0.70 0.97 0.79 0.04 7.3x10° 3.4x10° 1.2x10%° 8.6x10°
0.03 2.0x10° 2.5x10° 4.1x10%° 0.02 0.04 7.3x10° 7.6x10* 0.11
0.03 1.1x10* 2.5x10° 2.2x10° 0.06 2.8x10° 3.5x10°% 4.5x10™"* 0.12
-0.05 3.9x107 6.1x10° 1.5x10* -0.05 1.4x107 5.5x10° 5.2x10% 0.80
-0.01 0.23 0.12 0.05 -0.03 3.5x107 9.2x10° 5.6x10™" 2.1x10°
-0.03 1.8x10* 1.6x10° 2.7x10% -0.03 6.5x10° 1.1x10* 3.6x10°® 0.34
-0.08  4.2x10*  2.0x10% 5.0x10*° -0.10 1.4x10%¢ 1.5x107% 3.2x10%* 0.09
0.00 8.6x10° 0.69 8.2x10* 0.03 1.1x10° 1.3x10° 6.0x10** 0.05
0.04 1.2x10° 4.4x10* 7.3x10° 0.04 2.9x10° 1.1x103 2.2x107 0.86
0.02 4.7x10°® 7.1x10° 1.9x10°® -0.01 0.35 0.41 0.98 9.1x10°
0.05 3.1x10°® 1.4x10%° 3.4x10%2 0.04 0.06 6.7x10* 6.1x10*® 0.02
-0.02 0.63 1.7x10° 0.03 0.05 2.9x10° 6.7x10° 2.4x107° 5.8x10™
-0.04 1.4x10° 1.5x10* 1.5x10°® -0.05 5.4x10°® 2.2x10° 1.6x10*%2 0.28
0.01 0.29 0.26 0.81 -0.05 1.5x10*% 6.2x10° 5.0x10" 5.9x10°
0.03 1.4x10* 1.6x10° 9.0x107° 0.03 0.01 1.9x10° 9.2x107 0.58
-0.01 0.17 0.08 0.03 -0.02 3.0x10° 2.4x10" 4.9x10°® 0.03
0.04 5.8x10*® 2.4x10°¢ 1.9x10 -0.02 0.94 0.05 0.13 2.3x107
-0.03 1.1x10* 1.6x10° 6.5x10° -0.04 2.2x107 2.9x10° 5.6x102 0.37
0.03 1.9x10* 5.2x10* 3.3x107 0.05 1.5x107 1.9x10° 1.2x10" 0.06
-0.03 1.4x10° 1.8x10° 9.6x10° -0.02 2.5x10° 2.4x10° 7.9x10*® 0.76
-0.05 2.9x10°% 9.3x10° 2.0x10" -0.04 1.7x10 7.1x10° 1.8x10 0.92
-0.03 3.5x10* 1.4x107 1.7x10%° -0.03 8.7x107 1.8x10* 2.2x10° 0.98
-0.03 2.5x107 2.4x10° 5.2x10%2 -0.04 2.2x10°® 8.3x10° 1.0x107® 0.26
-0.04 2.9x107 1.1x10"° 1.5x10° -0.04 5.9x10° 5.8x107° 1.7x10% 0.80
-0.06  5.0x10"?  3.0x107"? 1.9x102 -0.01 7.8x10° 0.55 0.04 7.5x10°
-0.02 1.1x10° 0.01 4.4x10® -0.03 6.2x10°* 5.4x10* 2.0x10™° 0.50
0.05 1.7x10* 1.2x10" 9.8x10%° 0.04 6.0x10* 1.7x10° 3.4x10° 0.13
0.03 3.7x10°% 2.7x10° 1.9x10™" 0.01 031 0.15 0.08 3.8x10°
0.02 3.2x10° 1.1x10% 4.9x10°% 0.01 5.2x10* 0.11 6.7x10" 0.29
-0.02 5.7x10° 7.1x10* 5.5x10°% -0.03 9.2x10? 1.2x10* 6.6x10™"* 0.38
-0.08 0.01 8.3x10* 1.6x10* -0.09 5.7x10° 3.2x10* 1.2x10*® 0.17
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After replication, the conditional analysis provided significant evidence of
association (P<5x10%) in 8 of the 9 loci containing secondary signals (Supplementary
Fig. 4 and Supplementary Table 2). Three loci included variants localized less than
40 Kb from the initial main signal suggesting allelic heterogeneity and included
the 1p31.3 (represented by rs17482952 near WLS), 6925.1 (rs7751941 near ESR1)
and the 16q12.1 (rs1564981 near CYLD) loci. The secondary signal in 16q12.1
(rs1564981) showed a strong association with LS-BMD, while the main signal in
this locus (rs1566045) was only associated with FN-BMD. The other five secondary
signals were represented by variants localized at more than 180kb away from the
initial main signal and contained different candidate genes including the 1p36.12
(rs7521902 near WNT4), 7p14.1 (rs10226308 near SFRP4), 7931.31 (rs13245690
near C7orf58), 12913.13 (rs736825 near HOXC6) and the 17q21.31 (rs4792909 near
SOST) loci. The secondary signal mapping to the 13q14.11 locus (rs7326472) did not
achieve genome-wide significance after replication.

Association of the BMD loci with fracture (Stage 3)

We tested the 96 markers for association with fracture in 31,016 cases and
102,444 controls from 50 studies with fracture information. This collection included:
5,411 cases and 21,909 controls tested in the BMD GWAS discovery samples,
9,187 cases and 45,057 controls tested by in-silico replication and 16,418 cases
and 35,478 controls tested by de-novo genotyping (Figure 1 and Online Methods).
In this fracture meta-analysis fourteen loci were significantly associated with
any type of fracture at a Bonferroni level (P=5x10*), of which five included novel
BMD loci. None of the markers displayed large estimates of heterogeneity (Table
2, Supplementary Table 6 and Supplementary Fig. 7). Markers at six of these loci
reached P<5x10%® including 18p11.21 (FAM210A; also known as C180rf19), 7q21.3
(SLC25A13), 11q13.2 (LRP5), 4922.1 (MEPE), 2p16.2 (SPTBN1) and 10qg21.1 (DKK1).
The proportion of the overall fracture risk explained by BMD ranged between 0.09
and 0.40 across markers (Supplementary Table 7) and was estimated in a subset
of Stage 2 samples (including n=8,594 cases and 23,218 controls) by modeling the
BMD SNP effect on fracture risk with and without the inclusion of BMD as covariate.
In general, the effect of these SNPs on BMD was larger than on fracture risk (Fig.
2A) except for the most significantly associated fracture locus 18p11.21 (Fig. 2B).
SNPs in genes of the RANK-RANKL-OPG pathway (TNFRSF11A-TNFSF11-TNFRSF11B)
despite being the strongest-associated BMD loci were not significantly associated
with fracture. All 31 BMD loci with nominal association with fracture risk (P<0.05)
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showed consistent direction (decreasing BMD allele increased risk of fracture).
When we performed subgroup analyses using “cleaner” phenotype definitions such
as limiting to clinically-validated fractures and stratifying by anatomical site (i.e.

In |n

“non-vertebral” fractures and “vertebral” fractures), we did not gain any additional
signals (Supplementary Table 8). At a nominally significant level (P<0.05) only three
loci were associated with vertebral fracture and all 14 BMD loci were associated with
non-vertebral fracture, but these difference in effects between fracture sites were
not significant. Therefore, the power of our study did not benefit from improving

phenotype definition at expense of (a lower) sample size.

Allele Risk Modelling for Osteoporosis and Fracture

The combined effect of all significant autosomal SNPs on BMD, osteoporosis
and any type of fracture was modelled in the PERF study (n=2,836), a prospective
study in postmenopausal Danish women aged 55-86 years.'” This study comprises an
independent validation setting since it was excluded from the overall meta-analysis
for this purpose (see Supplementary Note for details). Risk alleles in the score
(i.e., BMD-decreasing alleles) were weighted by their individual effect on BMD and
grouped in 5 bins (Supplementary Table 9). The difference in mean FN-BMD between
individuals in the highest bin of the risk score (9% of the population; n=244) and
those in the middle bin (34% of the population; n=978) was -0.33 SDs (Fig. 3A). This
analysis was based on 63 SNPs and explained 5.8% (95%Cl [4.0-7.6]) of the total
genetic variance in FN-BMD.

The ability of this genetic score to predict the risk for osteoporosis (defined as
T-score<-2.5) and for fracture was modelled in the PERF study using the middle
bin as reference (OR=1). Women in the highest bin had 1.56 (95%Cl [1.12-2.18])
increased odds for osteoporosis (Fig. 3B), while women in the lowest bin were
protected for osteoporosis (OR=0.38 (95%CI [0.23-0.63])). A model based on the 16
BMD SNPs associated with fracture risk showed that women in the highest bin had
1.60 (95%ClI [1.15-2.24]) increased odds for fracture, while women in the lowest bin
had a decreased risk for fracture (OR=0.54 (95%Cl [0.36-0.83])) (Fig. 3C). Despite
serving as a robust proof of principle of the relation between the BMD-decreasing
alleles and the risk of osteoporosis and fracture, prediction ability was modest.
The Receiver operating characteristics (ROC) curve analysis showed a significant
but relatively small discrimination ability of the genetic score alone with an area
under the curve (AUC) of 0.59 (95%CI [0.56- 0.62]) for osteoporosis (Supplementary
Fig. 8). Adding this score to a model with age and weight alone (AUC 0.75 (95%Cl
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Table 2 Association of identified BMD-associated loci with risk for any type of low-
trauma fracture

Functional evid

Closest Knock- :
Gene/ out Tags Risk
SNP Locus Candidate eQTL mouse OMIM funct. GRAIL Pathwa A. Freq®

_Loci significantly associated with fracture risk at P < 5 x 10°®

rs4233949 2pl16.2 SPTBN1 . G 0.63
MEPE/

rs6532023 4q22.1 SPP1 . . . . G 0.67

rs4727338 7q921.3 SLC25A13 G 0.32
MBL2/

rs1373004 10921.1 DKK1 . . T 0.13

rs3736228 11913.2 LRP5 o o . o o T 0.15

rs4796995 18p11.21 FAM210A G 0.39

ott ignificant loci iated with f isk at P < 5 x 10** (Bonferroni)

rs6426749 1p36.12 ZBTB40 G 0.83
rs7521902 1p36.122 WNT4 . . . A 0.27
rs430727 3p22.1 CTNNB1 . . ° T 0.47
rs6959212 7pl4.l STARD3NL T 0.33
rs3801387 7931.31 WNT16 . . . A 0.74
rs7851693 9g34.11 FUBP3 G 0.37
rs163879 11p14.1 DCDC5 T 0.66
rs1286083 14g32.12 RPS6KA5 T 0.81
rs4792909 17q21.31° SOST . . . G 0.62
s227584 17921.31 Cl7orf53 ° A 0.67

Odds Ratios (OR) estimated per risk allele copy for any low-trauma fracture among cases as
compared with controls. Q, , is the Cochran’s Q statistic and F’ is the measure of heterogeneity.
rs7521902 and rs4792909 are secondary independent signals. °Freq is the frequency of the

risk allele. Boldface indicates gene names from novel loci and/or P<5x10%. Black dots in the

six functional evidence columns indicate that: first: SNP is an expression quantitative trait loci
(eQTL); second: there is a knockout mouse with skeletal phenotypes (MGl database 2011); third:
candidate gene has been involved in a monogenic syndrome with skeletal phenotypes (OMIM
database 2011); fourth: most significant SNP tags a SNP predicted to have impact on function of
the candidate gene; fifth: gene is best candidate in GRAIL analysis; and sixth: candidate gene is
part of a bone active pathway.

104



Meta-analysis without studies

included in BMD discovery Combined meta-analysis results
25,605 cases, 31,016 cases,
80,535 controls 102,444 controls
Qhet

OR (95% Cl) P OR (95%Cl) P P 12
1.07 (1.04-1.09) 1.4x107 1.06 (1.04-1.08) 2.6x10® 036 6
1.06 (1.04-1.09) 8.8x107 1.06 (1.04-1.09) 1.7x10°® 1.00 0
1.08 (1.05-1.10) 1.0x10® 1.08 (1.05-1.10) 5.9x10*  0.03 31
1.09 (1.06-1.13) 7.2x107 1.10 (1.06-1.13) 9.0x10° 0.64 0
1.09 (1.05-1.12) 2.1x10° 1.09 (1.06-1.13) 1.4x10°% 0.78 0
1.06 (1.04-1.09) 6.4x107 1.08 (1.06-1.10) 8.8x10  0.12 20
1.06 (1.03-1.09) 2.4x10* 1.07 (1.04-1.10) 3.6x10°  0.07 24
1.10 (1.06-1.14) 3.5x10° 1.09 (1.06-1.13) 1.4x107 087 O
1.05 (1.03-1.08) 2.4x10° 1.06 (1.03-1.08) 2.9x107 0.93 0
1.04 (1.02-1.07) 1.0x10° 1.05 (1.02-1.07) 7.2x10° 043 2
1.08 (1.05-1.11) 4.9x10° 1.06 (1.04-1.08) 2.7x107 0.69 0
1.04 (1.01-1.06) 1.9x10° 1.05 (1.02-1.07) 3.5x10° 0.65 0O
1.06 (1.03-1.09) 6.4%x10° 1.05 (1.03-1.07) 3.3x10°  0.05 28
1.05 (1.02-1.08) 9.8x10* 1.05 (1.03-1.08) 7.2x10° 0.01 34
1.07 (1.04-1.11) 4.0x10° 1.07 (1.04-1.10) 6.9x10° 0.31 10

_ %104 _ %105
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Figure 2. Association of BMD loci with fracture risk. a) Phenotype-wide effect for the BMD
loci associated with fracture and those part of the OPG/RANK/RANKL pathway. Genetic effect
estimates (£ 95%Cl) are shown for fracture (circles), lumbar-spine BMD (rectangles) and femoral-
neck BMD (diamonds) for the 14 loci associated with fracture risk. Horizontal lines represent 95%
confidence limits. Effect estimates are shown after transformation of the standardized mean
difference(SMD) in the BMD effect to odds ratio equivalents®** (e.g. a 0.02 SMD in the BMD effect
corresponds to an OR of 1.04). Secondary signals for markers rs227584 and rs6426749 are marked
with an asterisk and the signals mapping to the OPG (rs2062377), RANK (rs884205), and RANKL
(rs9533090) genes are marked with double asterix. b) Regional association plot for the 18p11.21
locus displaying the P-values for the top SNP associated with fracture (rs4796995) together with
P-values of the BMD discovery (Stage 1) and combined with the BMD replication (Stage 1 + 2).
SNPs are plotted by position in a 500Kb window of chromosome 18 against association with FN-
BMD (—log10 P). Estimated recombination rates (from HapMap) are plotted to reflect the local LD
structure. SNPs surrounding most significant SNP are coded with different gray-levelts to reflect
LD between markers (pairwise r?). Genes, exons and transcription direction are derived from the
UCSC genome browser.

[0.73-0.77])) did not substantially increase discrimination (AUC 0.76 (95%Cl [0.74
-0.78])). A similar pattern was observed for fracture discrimination with an AUC of
0.57 (95%Cl [0.55-0.59]) in a model with the score alone and of 0.62 (95%Cl [0.60-
0.64]) in a model with age, weight and height. A model considering all 63 SNPs did
not change the AUC for fracture risk prediction (0.57 (95%Cl [0.54-0.59])).

Functional annotations and pathway analyses
1000 Genomes Project (1KGP). For the purpose of fine-mapping and identifying
additional SNPs with putative functional implication using linkage disequilibrium

(LD), a subset of nine discovery studies (FN-BMD n=21,699; LS-BMD n=20,835)
used 1KGP data (Release June/2010) to re-impute genotypes contained in the 55

106



1200 08 1200 22 1200 — 30

20 28

26

06 1000 1000

1000 18 o 24
2 . 2 ! 16 & ] 22 o
3 Z 2 800 Y 2 800 20 &
z @ = 14z = @
3 2 g = 5 18
H 5 £ — 12 2 s — 16 5
4 N S 60 ! 2 S 600 2
o o 2 —— 10 @ 2 14 2
£ g £ g £ T
2 T H s 5 2 L lg
400 S| Z 40 . 10 2
o5 7 | os ®

200 04 200 AL 06

——r 04

02 02

0 ! ! ! 06 0 00 o 00

<44 44-43 4852 5256 >=56 <44 4448 4852 5256 >=56 <3 3645 4554 5463 >=63
(n=247) (n=672) (n=978) (N=695) (n=244) (n=247) (n=672) (n=978) (N=695) (n=244) (n=160) (n=649)(n=1,190)(n=670) (n=167)

Genetic Score Genetic Score Genetic Score

Figure 3. Combined effect of BMD-decreasing alleles and fracture risk-increasing risk alleles
modelled in the population-based Prospective Epidemiological Risk Factor (PERF) study (n=2,836
women) on A) Baseline FN-BMD standardized residuals (Z-scores), B) Risk for Osteoporosis and C)
Risk for Any type of fracture. The genetic score of each individual for A) and B) was based on
the 63 SNPs displaying genome-wide significant association with BMD (55 main and 8 secondary
signals), and for C) was based on the 16 BMD SNPs associated with fracture. Both genetic scores
are weighted for relative effect sizes estimated without the PERF study. Weighted allele counts
summed for each individual were divided by the mean effect size making them equivalent to the
percent of alleles carried by each individual and binned into 5 categories. Histograms describe
counts of individuals in each genetic score category (left axis scale). Diamonds (right axis scale)
represent A) mean FN-BMD standardized levels, risk estimates in the form of odds ratio for B)
Osteoporosis (defined as NHANES T-score<-2.5) and for C) Any type of Fracture using the middle
category as reference (OR=1). Vertical lines represent 95% confidence limits.

autosomal BMD loci (see Supplementary note for details). In 13 of the 55 BMD
loci (X-chromosome SNP not included) we identified markers in a surrounding 1
Mb region that were imputed from 1KGP, and that were more significant than the
original HapMap signal (Supplementary Tables 10 and 11) highlighting the benefit of
using a denser reference panel of markers. All HapMap markers in LD with variants
with functional annotation and displaying higher significance in the 1KGP meta-
analysis are shown on Supplementary Table 12. In 14 of the 56 discovered BMD loci
a marker from the HapMap imputation was highly correlated (r? >0.8) with at least
one putative functional variant annotated in the 1KG reference. Three of the 14 BMD
loci associated with fracture contained putative functional variants tagged by the
top SNPs of the BMD meta-analysis. These included the known rs3736228 functional
marker in LRP5 (encoding p.Alal1330Val),!*8 the intronic marker rs3779381 within a
promoter and/or regulatory region of WNT16, and one intronic marker (rs4305309)
within a promoter and/or regulatory region of SPTBN1.

eQTL analyses. Expression profiles at the GWS BMD loci were analyzed within
four datasets (see Supplementary Note). In trans-iliac bone biopsies, expression of
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five genes correlated with LS-BMD and/or FN-BMD of the donors with P < 0.001
including PSME4 (2p16.2), DKK1 (10921.1), C170rf91 (17p13.3), SOST (17921.31_1)
and DUSP3(17921.31_1) (Supplementary Table 13). Among them DKK1 (10g21.1) was
the most significantly correlated with FN-BMD (P=1.3x10°) and LS-BMD (P=3.2x10%).
Variants in all these BMD loci (with exception of 17p13.3) were also associated with
fractures. The SNP-eQTL analyses were performed across diverse tissues examining
the correlation between marker alleles and transcript levels at the associated
BMD loci. Fourteen of the BMD-associated SNPs correlated with the expression of
one or more of the nearby genes with P < 5x10° and were either the strongest
cis-variants, or good surrogates thereof, for those genes (Supplementary Tables 14
and 15). The most significant BMD-SNP eQTL was observed for rs10835187[T] with
reduced expression of the LIN7C gene at the 11p14.1 locus (P = 2.8x10%* in adipose
tissue). Of particular interest were BMD-SNP cis-variants at three loci that were
also associated with fracture including: 1p36.12, 4922.1 and 17q21.31. At 1p36.12,
rs6426749[G] correlated with reduced WNT4 expression in fibroblast, osteoblast and
adipose tissue; at 4922.1 rs6532023[G] correlated with reduced SPP1 (osteopontin)
expression in adipose tissue and at 17q21.31 rs227584[A] correlated with increased
C170rf65 expression in monocytes, adipose tissue, whole blood and lymphoblasts.

GRAIL analysis. We applied the GRAIL text-mining algorithm?® to investigate
connections between genes in the 55 autosomal BMD loci. This analysis revealed
significant (GRAIL SNP P<0.01) connections between genes in 18 of the 55 input
loci (Fig. 4 and Supplementary Table 16). The strongest connections were seen for
members of three key biologic pathways: RANK-RANKL-OPG pathway (TNFRSF11A-
TNFSF11-TNFRSF11B); mesenchymal stem cell differentiation (RUNX2, SP7, SOX9);
and Wnt-signalling (LRP5, CTNNB1, SFRP4, WNT3, WNT4, WNT5B, WNT16, AXIN1)
with the ten most frequently connecting terms being: ‘bone’, ‘catenin’, ‘signaling’,
‘differentiation’, ’rank’, ‘osteoblast’, ‘diacylglycerol’, ‘kappab’, ‘development’, and
‘osteoclast’. To assess the significance of this “biological” gene connection enrichment
we applied GRAIL to 2000 random matched sets of 55 SNPs (See Supplementary note
for details) and we did not observe any set with 15 or more loci with significant
enriched connectivity (Supplementary Fig. 9) providing strong statistical evidence of
the significant clustering of our BMD loci (P < 0.0005).

DISCUSSION
In this, the largest GWAS for osteoporosis traits to date, we identified 32 novel

genomic loci bringing to 56 the number of loci robustly associated with BMD
variation. Furthermore, we report for the first time that six of these BMD loci are
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Figure 4. Graphic representation of GRAIL connections between SNPs and corresponding
genes for the 18 SNPs as determined with GRAIL P<0.01. The top 10 keywords linking the genes
were: ‘bone’, ‘catenin’, ‘signaling’, ‘differentiation’, ‘rank’, ‘osteoblast’, ‘diacylglycerol’, ‘kappab’,
‘development’, and ‘osteoclast’. Thicker lines imply stronger literature-based connectivity. Gray

and black boxes depict loci boundaries represented per top-associated marker (outer circle) and
per gene in the region (inner circle).

associated with low-trauma fractures at P<5x10%. In terms of other complex traits,
our results indicate hundreds of variants with small effects may be contributing to
the genetic architecture of BMD and fracture risk.?° Our hypothesis-free assessment
of common variants of the genome provides novel insights into biology, implicating
several factors clustering in bone-active pathways.

Our results highlight the highly polygenic nature underlying BMD variation and
the critical role of several biological pathways influencing osteoporosis and fracture
susceptibility (Supplementary Fig. 10). On top of the Wnt factors known to be
associated with BMD (CTNNB1, SOST, LRP4, LRP5, WLS, WNT4, MEF2C) several of
the newly discovered loci also implicate additional Wnt signalling factors (including
WNT5B, WNT16, DKK1, PTHLH, SFRP4 and AXIN1). Another clearly delineated
pathway is that involved in mesenchymal cell differentiation, including the newly
identified RUNX2, SOX4 and SOX9 BMD loci along with the previously known SP7.
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Another bone-relevant pathway includes that of “Endochondral Ossification”
which involves essential processes during the fetal development of the mammalian
skeleton and which implicated several of our identified BMD loci including: SPP1,
MEF2C, RUNX2, SOX6, PTHLH, SP7 and SOX9. In addition, the biological relevance
of our associations is accentuated by the identification of genes underlying rare
monogenetic forms of osteoporosis and/or high bone mass such as SOST, CLCN7,
LRP5 (refs. 21-23) (Supplementary Table 17) which also contain common variants
involved in normal BMD variation at the population level.'***¢ This is supportive of
a genetic architecture where both common and rare genetic variation may reside
in the same locus.?* Other genes have not been reported to be associated with
monogenic forms for osteoporosis but have clear involvement in bone development
in animal models. For example, SNPs in the 16g12.1 BMD locus map near CYLD.
Human mutations in this gene have been described to cause familial cylindromatosis
a condition without phenotypic skeletal manifestations. However, it has been shown
that Cyld knock-out mice have significant bone loss leading to a severe osteoporosis
phenotype?® and also that CYLD regulates osteoclastogenesis.?® Moreover, evidence
from the GWAS and eQTL analyses also suggests some loci contain more than one
common variant with independent effects on BMD and fracture risk. On the other
hand, when no correlation is observed between gene expression and a particular
SNP, it is difficult to draw conclusions. A correlation might be missed if the expression
of the transcript was not measured in a relevant tissue or if the expression of a
particular splice-variant was not measured.?”

BMD and fracture genetic effects correlate to some extent, but some important
fracture risk variants may have minimal impact on BMD and vice versa. This is
the case for the 18p11.21 signal (Fig. 2B) mapping to a gene coding for a protein
of unknown function, which despite a modest effect on BMD (0.02% variance
explained) displayed the most significant association with fracture risk (OR=1.08,
95%CI[1.06-1.10], P=8.8x103). This is in contrast to variants with known stronger
effects on BMD which were not significantly associated with fracture risk. For
example, variants in the RANK-RANKL-OPG pathway, known to play a critical role
in osteoclastogenesis, had clear associations with BMD but not fracture risk (Fig.
2A). Even though loci discovery was based on the BMD phenotype, these findings
reflect the heterogeneous and complex nature of the mechanistic pathways leading
to fracture. Therefore, given our study design, we cannot rule out the possibility that
yet unidentified genetic loci are influencing risk of fracture independently of BMD.
Future well-powered GWAS meta-analyses on fracture risk will address this question
while corroborating the associations with fracture that we report for some of the
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BMD loci (particularly those not associated with fracture at P<5x10%).

Our study also provides indication that there is sex- and site-specificity underlying
BMD variation. One of the GWAS signals (Xp22.31) was only significant in the sex-
stratified analysis in men and displayed significant sex heterogeneity (P, =1.62x10%).
This is expected considering the sexual dimorphism of bone.?®% In fact, in a recent
GWAS, the rs5934507 SNP mapping to Xp22.31, which is associated with BMD in the
current study, has been previously associated with male serum testosterone levels.*
Thus, it is likely that rs5934507 affects serum testosterone, which in turn regulates
BMD. In line with the different types of bone composition at the different skeletal
sites (predominantly trabecular at the lumbar spine while predominantly cortical
at the femoral neck) we observed some indication of site specificity in 10 of the 56
BMD loci, suggesting differential genetic influences on BMD determination across
skeletal sites. As has been previously shown3!, we did not find in our results major
differences in effect sizes between individuals of European and East Asian ancestry
(Supplementary Fig. 7). However, this may be due to reduced power given the smaller
number of individuals of East Asian ancestry. We tested a genetic risk score to identify
individuals at risk of osteoporosis and fracture and showed that cumulatively, the
identified variants generate a gradient of risk. These gradients reach ORs of 1.56 for
osteoporosis and 1.60 for fractures when comparing participants with the highest
risk scores with those reflecting the mean score. Yet, at present there is limited
clinical utility in using this score as evidenced by the non-significant contribution
to case discrimination after considering clinical risk factors with strong effects on
osteoporosis and fracture risk (like age and weight). This is not unexpected given
the small fraction of genetic risk for either BMD or fracture that has been identified
thus far.

Our study has limitations. The identified SNPs are probably not the causal
variants; it is more likely that these markers are in LD with the underlying causal
variants. Additional analyses on potential functional SNPs identified in this study
will be required to determine if they are causal to these relationships with BMD.
Moreover, the causal genes underlying the GWAS signals may be different from
the candidate genes we describe, considering that our understanding of their role
in bone biology is limited. Further exploration of these loci with more detailed
sequencing, gene expression, and translational studies will be required. Such studies
can also disentangle the diverse types of complex relationships we currently cannot
distinguish in the BMD loci with secondary signals, i.e., if these are the result of true
allelic heterogeneity or if they are driven by a second gene in the same region.*?
Similarly, despite our large sample size, power limitations still play a role for
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detecting additional associations with smaller effect sizes and/or arising from rarer
variants. Finally, given the different levels of data availability and the difficulties
for standardization across studies, we did not evaluate the effect of additional
risk factors for osteoporosis, such as menopausal status and smoking, which can
influence the genetic associations with BMD. Nonetheless, despite these limitations
we have identified many novel and previously unsuspected associations with BMD
variation and fracture risk.

Finally, the relatively weak effects of the variants discovered by GWAS do not
undermine the biological relevance of the genes identified, as exemplified by the
identification of genetic signals at the location of genes coding for proteins currently
targeted by novel osteoporosis treatments (Supplementary Fig. 10). The novel genes
identified in our study may represent new candidates to target for osteoporosis
drug discovery. Most established treatments for osteoporosis currently focus on
curtailing bone resorption (eg. bisphosphonates, RANKL inhibitors) while only few
anabolic treatments are currently approved for the treatment of osteoporosis (i.e.
recombinant truncated or altered PTH). Other anabolic compounds under Phase Il
development include PTHrP fragments and Wnt-signaling enhancers such as anti-
Sclerostin antibodies.?* Several of the variants robustly associated with BMD map
in or close to genes of proteins involved in these pharmacologic pathways, namely
osteoprotegerin (TNFRSF11B), RANK (TNFRSF11A), RANKL (TNFSF11), PTHrP (PTHLH),
Low-density lipoprotein receptor-related protein 5 (LRP5), Sclerostin (SOST), and
Dickkopf-1 (DKK1).

In conclusion, these findings highlight the highly polygenic and complex nature
underlying BMD variation, shedding light on the pathophysiological mechanisms
underlying fracture susceptibility and may contribute to the identification of future
drug targets for the treatment of osteoporosis.

METHODS

Study design. This study is part of the GEnetic Factors for OSteoporosis
consortium (GEFOS), a coalition of teams of investigators dedicated to identify the
genetic determinants of osteoporosis. The discovery samples comprised 17 GWA
studies (n=32,961) from populations across North America, Europe, East Asia and
Australia, with a variety of epidemiological designs (Supplementary Table 18A) and
patient characteristics (Supplementary Table 18B); a subset of which had fracture
information (Supplementary Table 18C). Subjects from 34 additional studies with
BMD data (n=50,933) were used for replication while association with fracture was
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tested across 50 studies with fracture information, most of them also used for the
BMD analysis (n=31,016 cases and 102,444 controls) (Figure 1 and Supplementary
Tables 19A-C and 20A-C). All studies were approved by their institutional ethics
review committees and all participants provided written informed consent.

BMD measurements and fracture definition. BMD of the lumbar spine (LS-BMD)
and femoral neck (FN-BMD) was measured in all cohorts using dual-energy X-ray
absorptiometry following standard protocols (Supplementary Tables 18B, 19B and
20B). Three clinically-distinct fracture definitions were used: 1) Any type, consisting
of low-trauma fractures at any skeletal site (except fingers, toes and skull) occurring
after age 18 years assessed by X-ray, radiographic report, clinical record, clinical
interview and/or questionnaire; 2) Validated non-vertebral, consisting of fractures
occurring after age 50 years with diagnosis confirmed by hospital records and/or
radiographs; and 3) Radiographic vertebral fractures, from lateral morphometry
scored on X-rays. The first is most-inclusive, while the latter two are more stringent
fracture definitions commonly used in randomized trials.3>3¢ Controls were defined
as individuals without a history of fracture using for each fracture type the same age
limit categories of the cases.

Stage 1 Genome-wide association analysis. Genotyping and Imputation: GWAS
genotyping was done by each study following standard protocols followed by
imputation to ~2.5 million SNPs from HapMap?’ Phase Il release 22 using Genome
Build 36. Quality control was performed independently for each study. To facilitate
meta-analysis, each group performed genotype imputation with BIMBAM?,
IMPUTE?®®, or MACH*® software using genotypes from the HapMap Phase Il release 22
(CEU or CHB/JPT as appropriate). HapMap release 21 was used as reference for SNPs
residing on the X chromosome and IMPUTE software was used for imputation. Overall
imputation quality scores for each SNP were obtained from IMPUTE (proper_info)
and MACH (rsq_hat) statistics. Details on the genotyping platform used, genotype
quality control procedures and software for imputation employed for each study are
presented in the Supplementary Tables 18D and 19D.

Association analysis with BMD: each study performed genome-wide association
analysis for FN-BMD and LS-BMD using sex-specific, age- weight- and principal
components-adjusted standardized residuals analyzed under an additive (per
allele) genetic model. Analyses of autosomal and chromosome X markers were
done separately. Analysis of imputed genotype data accounted for uncertainty in
each genotype prediction by using either the dosage information from MACH or
the genotype probabilities from IMPUTE and BIM-BAM. Studies used MACH2QTL*
directly or via GRIMP* (which uses genotype dosage value as a predictor in a
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linear regression framework), SNPTEST?*®, Merlin*?, BIM-BAM or the linear mixed
effects model of the Kinship and ProbABEL* (Supplementary Tables 18D and 19D).
For analysis of the X-chromosome either SNPTEST or R package was used in each
participating study. We coded “effect allele homozygous genotype” as “2” and
“other allele homozygous genotype” as “0” in the genotyped SNPs in men on the X
chromosome. The imputed genotypes were coded as continuous variables from 0 to
2 to take into account imputation uncertainty. The genomic control method** was
used to correct the standard error (SE) by the square root of the genomic inflation
factor (lambda): SE_ . =SE x Vlambda.

Meta-analysis of the GWA studies: before performing meta-analysis on the
genome-wide association data, SNPs with poor imputation quality scores (rsq_hat
< 0.3 in MACH, proper_info < 0.4 in IMPUTE or the ratio of observed to expected
dosage variance < 0.3 in BIMBAM) and markers with a minor allele frequency < 1%
were excluded for each study. All individual GWAS were genomic control corrected
before meta-analysis.* Individual study-specific genomic control values ranged from
0.98 to 1.08. (Supplementary Table 18D). A total of 2,483,766 autosomal SNPs were
meta-analyzed across: 17, 16 and 13 studies for FN-BMD (Pooled, women-only, and
men-only analyses, respectively) and 16, 13 and 12 studies for LS-BMD (Pooled,
women-only, and men-only analyses, respectively). A total of 76,253 X-linked SNPs
were meta-analyzed across: 14, 13 and 10 studies for LS and FN-BMD (Pooled,
women-only, and men-only analyses, respectively). In our discovery analysis, we
chose to implement a fixed effects models approach as it is generally preferable for
the purposes of initial discovery, where the aim is to screen and identify as many
of the true variants as possible.** SNPs present in less than three studies were
removed from the meta-analysis yielding ~ 2.2 million SNPs in the final results.
Genomic inflation factors (A) were 1.11, 1.09, 1.06 for FN-BMD BMD (Pooled,
women-only, and men-only analyses, respectively) and 1.13, 1.09, 1.06 for LS-BMD
(Pooled, women-only, and men-only analyses, respectively). A second GC correction
was applied to the overall meta-analysis results, although such second correction
is considered overly conservative.*” Significance for BMD association was set at
P<5x10® while a Bonferroni correction was used for the association with fracture.*

Selection of SNPs for follow up: we took forward the most significant 96 SNPs for
replication. Based on power estimations, after adding 30,000 samples in stage 2
these variants had a priori Power >=85% to reach P=5 x 108 in the meta-analysis. Loci
were considered independent when separated by at least 1 Mb down and upstream
of the top GWAS signal. The 96 variants included the 82 index SNPs representing
each of the 82 loci reaching P<5x10° in Stage 1, 9 SNPs that lie within the same 2Mb
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windows as the 82 and were independent from the main signal (secondary signals),
and the top-five most associated SNPs of the X-chromosome (with P<5x107).
Association analyses with fracture risk: effect estimates (odds ratio) for association
of allele dosage of the top hits with fracture risk were obtained from logistic regression
models adjusted for age, age? weight, sex, height and four principal components.
The proportion of the fracture risk explained by FN-BMD was calculated from the

regression coefficients as (3 in a subset of replication

unadjusted BBMDadjusted)/ Bunadjusted
samples for which both FN-BMD and complete fracture information was available.

Stage 2 follow up. Samples and genotyping: fracture association results were
also obtained for the 82 most significant SNPs from 54,244 individuals of European
ancestry from 7 GWAS (in-silico genotyping) that had not been included in the stage
1 analyses (Supplementary Tables 19A, 19B and 19C). Subjects from 34 studies of
the GENOMOS consortium with BMD and/or fracture information were studied for
replication (Supplementary Tables 3A, 3B and 3C). De-novo replication genotyping
was done in the UK (Kbiosciences), Iceland (deCODE Genetics), Australia (University
of Queensland Diamantina Institute) and the USA (WHI GeCHIP) using KASPar,
Centaurus, OpenArray and iSelect assays respectively (Supplementary Note).
Minimum genotyping quality control criteria were defined as: Sample call rate >
80%, SNP call rate > 90%, HWE P > 1x10*, MAF > 1%.

Association analyses and meta-analysis: We tested the association between the
96 SNPs and BMD and fracture risk in each in-silico and de-novo “Stage 2” study
separately as described for the “Stage 1” studies. We subsequently meta-analyzed
effects and standard errors from the “Stage 2” studies, followed by a meta-analysis
of the summary statistics of both “Stage 1” and “Stage 2” using the inverse-variance
method in METAL. At this replication stage, where more than 30 studies were
synthesized, we chose to first assess the underlying heterogeneity considering both
the Cochran’s Q statistic and the |12 metric. If the heterogeneity was not significant
fixed effects models were applied. If the Cochrane Q P-value<0.0005 and the I?> was
> 50% we used the more conservative random effects models.

Additional analyses. Further analyses were performed for the SNPs carried forward
for replication. Each of these analyses is described in detail in the Supplementary
Note.

In brief, we performed: 1) a conditional genome-wide association analysis to
examine whether any of the 82 BMD loci harbored additional independent signals;
2) tested gene-by-gene pair-wise interactions between these BMD loci; 3) assessed
within the independent setting of the PERF study (for details on study design
see Supplementary Tables 20A, 20B & 20C) the predictive ability derived from
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the cumulative effect of the 63 genome-wide significant autosomal BMD SNPs in
relation to BMD levels and osteoporosis risk; and that of the 16 BMD SNPs also
associated with fracture risk in relation to fracture risk; 4) identified SNPs having r2 >
0.80 with the lead SNP that were potentially functional (nonsense, non-conservative
non-synonymous, synonymous, exonic splicing, transcription factor binding sites,
etc) using regional imputation with the 1000 Genomes data (June 2010 release); 5)
tested the relationship between gene expression profiles from a) trans-iliacal bone
biopsies and BMD in 84 unrelated postmenopausal women*® and b) also examined
cis- associations between each of the 55 significant BMD SNPs and expression of
nearby genes in different tissues including lymphoblastoid cell lines®**2, primary
human fibroblasts and osteoblasts®, adipose tissue**, whole blood** and circulating
monocytes®®; and finally 6) evaluated the connectivity and relationships between
identified loci using the literature-based annotation with Gene Relationships across
Implicated Loci (GRAILY) statistical strategy.
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In this thesis, genetic variants were tested to characterize the genetic architecture
of osteoporosis-related traits like BMD, height and fracture risk. The main objective
of this thesis was to identify novel genetic risk factors for osteoporosis-related traits
using the hypothesis-free Genome-wide Association Study (GWAS) approach. This
chapter places the main findings of this thesis under a unifying perspective together
with a discussion on methodological considerations. Finally, recommendations for
future research on the genetics of osteoporosis are presented.

MAIN FINDINGS

Analytical Methods for GWAS

At the time when this thesis was started (2008), the first meta-analysis of GWAS
data from large cohort studies was setting up the grounds for an explosion of genetic
discoveries® . After four years, in 2012, the NHGRI GWAS Catalog www.genome.gov/
gwastudies. (Accessed in 04/01/2012) contains 6,897 genetic variations identified
via 1,130 published GWAS papers. Considering that before 2006 only a handful of
common genetic variants were successfully replicated in candidate gene approaches,
these numbers illustrate the advantage as in the highly-powered hypothesis-free
GWAS approach. Most of the recent papers incorporate the use of imputed data
using a common reference panel such as the International HapMap which contains
~ 2.5 million SNPs in the CEU panel. In Chapter 2.1 we described a web- and grid-
based solution GRIMP which allows the parallel analysis of multiple phenotype
from different studies. This user-friendly interface provides access to distributed
computing resources for primarily biomedical researchers with or without experience
in the field, but who still need to run analyses with extreme computational demands.
This solution has enabled the genetic discoveries presented in this thesis and also
of many others which are not presented. GRIMP also ensures that regardless of
the number of markers, phenotypes or covariates, the association analysis will be
performed in less than 3 hrs, thus setting the grounds for future imputed datasets
of even larger size.

Genetics of human stature

Human stature is a classic phenotype that has inspired researchers since
several decades.?? It is not only a precise and easily measured trait but it is also

161



General discussion

highly heritable (h?~80%)*. Therefore, one could say that the study of the genetic
architecture of human height can serve as a model for other quantitative human
traits. From the osteoporosis-research point of view, height is also a very important
bone trait as it is associated with increased risk of fracture, independently of BMD.
When this thesis was started, 44 genetic variants had been identified arising from
five GWAS of height.>®

In Chapter 3.1 we aimed to identify common genetic variants associated with
heightina GWAS run on a geographically restricted setup including 10,074 individuals
of Northwestern European ancestry with replication of the most significant findings
in 6,912 individuals. In this effort, we identified a novel genetic variant (rs6717918)
on chromosome 2q37.1 associated with height at P=3.4x10°. This variant is located
near the natriuretic peptide precursor type C (NPPC) gene. In addition, we also found
a SNP (rs10472828) located on 5p14 near the natriuretic peptide receptor 3 (NPR3)
gene, encoding a receptor of the NPPC ligand, associated with body height. Finding
genetic variants mapping near both the ligand and the receptor of a given gene
associated with a complex trait points strongly to the identification of the underlying
biology. Our finding of involvement of the NPPC/NPR3 pathway is corroborated by
the observation that NPR3 knock-out mice were previously found to have significant
skeletal overgrowth.® After our paper was published, it was shown that the product
of NPPC (CNP) can rescue impaired growth and early death of chondrodysplastic
CNP knockout mice.'®! Finally, a study on rodent pups with GH deficiency showed
evidence supporting the use of CNP peptide concentrations as biomarkers of linear
growth.?? Taken together our results and those in mice models, it has been proposed
that CNP-based therapies may be developed in the future for treating short stature
syndromes.® Considering that the common genetic variant we identified confers a
height change of 0.44 cm per allele, these results highlight that the identification of
genetic loci with common gene variants might be of more value for the development
of future treatments and/or biomarkers rather than for risk prediction applications.

In Chapter 3.2 we increased the discovery sample size by one order of magnitude
compared to the previously described study. This was only possible with the
collaboration of the Genetic Investigation of ANthropometric Traits (GIANT)
consortium which by that time included a Stage | discovery set of 46 GWAS (133,653
individuals) plus 50,074 individuals of European ancestry in the Stage Il replication.
In this chapter we showed that hundreds of variants in at least 180 loci (the ones
reaching P < 5x10%) are associated with height. While the 180 loci explain on average
10% of the phenotypic variation of height, including markers associated at lower
significant levels (0.05>P>5x10%) can increase the variance explained to 13.3%
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(range 9.7-16.8%). In this chapter, we also showed that the 180 identified loci are
not randomly distributed in the genome, have an overrepresentation of factors
involved in monogenetic syndromes and show a significant level of connectivity
based on known biological function described in published literature (GRAIL
P=0.016). Another important observation from this research is the broad presence
of secondary signals in at least 10% of the loci which may be driven by allelic
heterogeneity. Methodological considerations of the secondary signals analysis are
described further below. The results shown in this chapter are not only of relevance
for the study of the genetic architecture of adult height but also for the study of
common complex diseases in general.

Genetics of Osteoporosis

In chapters 4.1, 4.2 and 4.3 we report results from three meta-analyses of GWAS
on BMD. Chapter 4.1 used the setup of the Genetic Factors for Osteoporosis (GEFOS)
consortium including 5 studies with GWAS data on Femoral Neck (FN-) and Lumbar
Spine (LS-) BMD. In this, the first attempt to capture common variation underlying
BMD using imputed and genotyped data we increased the number of BMD loci from
7 to 20. These 13 novel loci included: 1p31.3 (WLS), 2p21 (SPTBN1), 3p22 (CTNNB1),
4921.1 (MEPE), 5q14 (MEF2C), 7p14 (STARD3NL), 7921.3 (FLJ42280), 11p11.2 (LRP4,
ARHGAP1, F2), 11p14.1 (DCDC5), 11p15 (SOX6), 16924 (FOXL1), 17921 (HDACS)
and 17912 (CRHR1). In this chapter we started identifying further members of the
Wnt pathway in addition to the well known LRP5 gene and including: CTNNB1, WLS
(previously known as GPR177) and LRP4. The variance explained by these loci was
2.9% for LS-BMD and 1.9% for FN-BMD. In this study, we tested the association of
the genetic risk score with fracture risk in a limited subset of 4,865 individuals of the
Rotterdam Study I. Allele scores for LS- and FN-BMD were significantly associated
with vertebral and non-vertebral fractures, respectively. Evidence for site-specificity
was found for 3 loci: MEF2C and SOX6 for association with FN-BMD, and RANKL with
LS-BMD. Such skeletal site-specificity is expected given that the genetic correlation
between the two BMD measurements is considerably less than 1.

To overcome the low powered setting to evaluate risk of fracture, in Chapter 4.2
we expanded the GEFOS consortium to 17 GWAS studies of BMD and in addition
included 34 replicating studies of the GENOMOS consortium with DNA and no
GWAS information. In the Stage | + Stage Il meta-analysis 83,894 samples were
combined for FN-BMD and 77,508 for LS-BMD. Finally, all independent variants with
a P< 5x10°% (including known and novel) were tested in 31,016 any type of fracture
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cases and 102,444 controls. As a result we identified 56 loci (32 novel) associated
at genome-wide significant with either FN- or LS-BMD. The first male-specific BMD
variant was found mapping in the Xp22.31 chromosome. Following the trend of the
previous chapter, we identified six additional loci displaying site-specificify: 2q14
(INSIG2), 12p11.22 (PTHLH) and 16q12.1 (CYLD) for LS-BMD and 8q13.3 (LACTB2),
10p11.23 (MPP7) and 10q22.3 (KCNMA1) for FN-BMD. More importantly, given the
higher powered setting, we were able to identify fourteen BMD loci also associated
with fracture risk at P<5x10*, of which six reached P<5x10® including: 18p11.21
(FAM210A), 7921.3 (SLC25A13), 11q13.2 (LRP5), 4922.1 (MEPE), 2p16.2 (SPTBN1)
and 10g21.1 (DKK1). We also evaluated the significance of connectivity between
candidate genes underlying the BMD associations in the same way as in chapter 3.2
for Height and found an even more significant connectivity between the identified
loci (P < 0.0005 for BMD, P=0.016 for Height). This time the relevance of the WNT
pathway for BMD determination was highlighted by the identification of 6 additional
member of the WNT pathway: WNT5B, WNT16, DKK1, PTHLH, SFRP4 and AXIN1.
These results show that the BMD is not only a good predictor of fracture but in
fact, a great phenotype characterizing bone biology. In this effort we also applied
the same procedure as of chapter 3.2 to identify secondary signals and found that
8 of the BMD loci (14% of the total) showed at least one additional independent
signal. Novel methods for the identification of additional independent signals may
increase the proportion of loci with secondary signals (See discussion below on
Methodological considerations). The identification of these 56 loci did not lead to
a significant improvement in prediction of either osteoporosis nor fracture risk on
top of the known (non-genetic) risk factors, suggesting that many more need to be
identified. In line with the observation of potential therapeutic application for other
genes discovered by GWAS, we also noted that several of the current osteoporosis
drug targets are also identified by our GWAS, such as PTHLH, DKK1, RANKL, OPG,
and SOST. In this chapter we also investigated the effect of regional imputation using
a denser reference panel (1000Genomes June06 Pilot version) further discussion
on these denser panels can be found in the Methodological considerations section
below.

The contribution of sex-specific genetic factors for osteoporosis has been widely
postulated.'® While on chapter 4.2 we found indication of sex-specificity in only one
locus at the X chromosome, no autosomal variant has been identified to be either
sex-specific or more formally, with a gene by sex interaction. Therefore, in Chapter
4.3 we examined genome-wide gene-by-sex autosomal interactions for LS-BMD
and FN-BMD including 25,000 individuals from seven GWAS of BMD. Twelve SNPs
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with an interaction P < 1x10° were followed-up in 24,000 additional samples. In
this study we were not able to identify any autosomal locus reaching the strict P
< 5x10°® threshold for gene-by-sex interaction, which means that if any autosomal
loci has a significant interaction with sex, it must have a very small effect (i.e., less
than 0.08% of the variation of these traits). We discuss the power issues in similar
scenarios such as gene x environment GWAS in the Methodological considerations
section below.

All previous chapters focused on the study of common variation, in Chapter
4.4 we aimed to evaluate the contribution of another type of genetic variants,
the Copy Number Variations (CNVs) which are a type of structural variants of the
genome in which large (>1Kb) segments of the genome are either lost or duplicated.
Considering that common CNVs are well tagged by common SNPs,’> we sought to
identify low-frequency CNVs in 5,178 individuals from the Rotterdam Study | cohort
as a discovery set and then assessed the association with osteoporotic fractures. A
rare 210Kb deletion in 6p25 was identified in the RSI study and further replicated
in other array-based studies (p=0.02). We attempted replication by sequencing the
breakpoints and genotyping the deletion in ~10,000 cases and 16,542 controls from
15 studies across Europe and Australia, however, using this method only 6 from the
9 studies identified the deletion compromising the power of the replication phase.
There is some indication that the prevalence of the deletion is geographically. Despite
large sample sizes no single deletion was identified in some countries (i.e. ~38,000
subjects in the DeCode study from Iceland, 4000 subjects in UFO study from Sweden)
while successful identification of the deletion was observed in samples from Spain,
Netherlands and England. This study highlights the importance of regional replication
of such low-frequency variants in studies of genetic epidemiology. Technical aspects
of reasons for not replication are discussed on the paper.

The studies described in this thesis cover only a part of the recent research of the
genetics of osteoporosis-related traits, mostly describing the state of the art of the
genetics of BMD and height. We and others have published more than 20 different
GWAS for osteoporosis-related traits in the last 5 years. Published results have been
summarized in recent reviews.®!®

METHODOLOGICAL CONSIDERATIONS

In chapter 3.2 we showed that the largest study to date of common genetic variants
associated with adult height identified 180 loci which together can explain 10% of
the variance of this classic phenotype. If we consider that the heritability of this
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trait is 80%, we have explained 10%/80% = 12.5% of the narrow sense heritability of
height. By using a different methodology, the group of Peter Visscher has suggested
that common SNPs explain a larger proportion (45%) of the heritability of height.*
This method does not identify the exact loci underlying the association, but rather
estimates a genomic-average by using all the SNPs in the microarray. In this section
we discuss, among other issues, the research areas under development that may
help for the identification of genetic variants and/or increase the proportion of
variance explained for traits similar as the ones discussed in this thesis.

Improvements in discovery sample size

Increasing sample size is clearly a key factor for the identification of novel genetic
factors of complex diseases. This is evident from results in this thesis from restricted
geographic studies in only 10,000 individuals in the discovery (chapter 3.1) to a study
of major scale in 130,000 individuals in chapter 3.2, allowing to increase dramatically
the number of identified novel loci. The same applies to the study of BMD. In Figure
1, we have summarized the number of loci discovered for BMD, Height and BMI. One
can see that the genetic architecture of BMD and Height seems to be similar while
BMI shows a different pattern. There are four main reasons that might explain the
success on the discovery of GWAS loci for these traits as compared to BMI:

1) Both BMD and Height are more heritable than BMI

2) BMD and Height are more precise and stable measurements

3) These phenotypes are easily standardized across studies.

4) Possible differences in the genetic architecture (common vs rare variants)

We have demonstrated in chapter 3.2 that just increasing the sample size to a
hypothetical number of half million samples with GWAS on height would increase
the number of height loci to ~ 700, but these would only explain ~15% of the
variance. However, that analysis does not take into account variants of weaker
effects than those detected there. Using the same method?°, we predicted using
the results from chapter 4.1 that around 44 loci explaining 7% of the BMD variance
would be identified in a meta-analysis including 100,000 samples (Fig. 2).%* In fact,
these predictions were validated in chapter 4.2, however we noted some limitations
of this method. First, only variants with at least 1% of power of detection can be
included, otherwise over-inflation occurs. Consequently, this method only predicts
the discovery of variants for which the individual effect sizes are equal or larger than
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Figure 1. Number of loci identified as function of GWAS discovery sample size. Examples for
studies of BMD, Height and BMI

ones used for the prediction. Given the complexity of even larger meta-analyses,
other options need to be considered in addition to increasing the sample size.

Additional variants in the same locus

As discussed previously, in chapters 3.2 and 4.2 we showed that about 10 to 14% of
the known Height and BMD loci contains at least an additional variant independently
associated with the trait. We say at least one because the method we used to assess
independence adjusted the phenotypes against the effect of the already identified
genetic variants. In the second univariate association, multiple SNPs can still be
independently associated with the trait but only the most significant is usually
selected as the “secondary signal”. While additionally independent variants may
exist in the same locus, these could not be fully identified without reiterating the
conditional analysis. An alternative would be to use multivariate analysis but this
can be extremely computationally intensive at a genome-wide scale. A novel method
to identify additional variants in the same locus has been recently proposed.?? This
method requires only individual level data of one of the largest GWAS included
in the meta-analysis is required to approximate the conditional analysis from
summary-level statistics from a GWAS meta-analysis. Using this new method, 36
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height loci show 49 additional SNPs associated with height, which doubles the
variance explained by these 36 loci. Another point raised by that study?? is that in
some genomic regions, markers can be still in strong LD while being at a distance of
more than 1 Mb away. At least 20 regions have been reported with this long range
LD patterns.?® Other important aspect of doing multivariate association analysis is
that when pairs of associated SNPs have some level of correlation, the marginal
SNP effects can be either under or overestimated.? Also, it has been shown that
some of those secondary signals may be explained by a 3™ not yet genotyped
marker.?* Further, the study of secondary signals might be especially important in
the context of potential interactions between a common regulatory variant and rare
coding variants as shown for eQTLs* but also recently described for some complex
disorders such as Hirschsprung disease?. This type of genetic interaction between
variants is so far the only one showing conclusive results as the search of other gene
by gene interactions has been so far inconclusive.

Interaction of gene variants with other risk factors

The large majority of GWAS studies have focused on the study of main effects of
genetic variants across pooled samples. The term “Gene x Environment” interaction
refers to the situation when a environmental risk factor acts as an effect modifier
of a genetic risk factor. Sex is probably the strongest genetic phenotype (at least in
mammals), so in general terms it should not be considered an “environmental” risk
factor. Sex is also one of the strongest determinants of osteoporosis (56% of women
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above 50 have osteopenia or osteoporosis vs 18% in men) and many other human
conditions such as human stature (males are on average 20 cm taller than females).
Despite these strong differences across sexes, and the fact that we have performed
formal tests for interaction effects in autosomal chromosomes (chapter 4.3), we
have only identified one X-linked variant (chapter 4.2) showing significant difference
in effects between females and males. The same genetic variant on chromosome
Xp22.31 has been associated with testosterone levels in males. One could then
assume that genetic variants affecting sex-hormone levels such as testosterone for
males and estradiol for females may be key regulators of such strong sex differences.
However, the BMD genetic variants found at 6g21 near ESR1 (estrogen receptor
alpha) were equally associated in both females and males. The presence/absence of
sex-specific loci may be also trait dependent. In the 2" round of Giant meta-analysis
where three main traits were analyzed: Height?’, BMI® and waist-hip-ratio®®, only the
latter found (seven) loci with significant differences in effect sizes between females
and males. This should reflect underlying biology since we can rule out power issues
as the waist-hip-ratio was the smallest meta-analysis of the three. Interestingly,
one of those seven loci is a BMD locus, (RSPO3). Variants in this locus were also
strongly associated with FN-BMD in females, but not in males, however the test
for sex heterogeneity for FN-BMD was only marginally significant (P=0.04). The
development of better methods and the systematic evaluation of sex chromosomes
is required to identify further gene interactions with other risk factors.

Combining meta-analysis of related traits

Pleiotropic effects, that is a gene or gene variant having an effect on two or
more traits, is a common feature of human traits.?° By looking at the genome-wide
significant hits for height and BMD reported in chapters 3.2 and 4.2 we identified
five loci where the same variant is associated with both BMD and height (rs479336
near DNM3, rs1366594 near MEF2C, rs6959212 near STARD3NL and rs7851693
near FUBP3, rs7084921 near CPN1). Interestingly, three of those variants are also
associated with fracture risk at P <5x103 (Table 1). One can exploit this pleiotropic
properties to identify additional risk variants by combining two GWAS of disease-
related traits.3! Doing such bivariate or multivariate analysis normally requires
individual level data. A novel method has been recently proposed to use the GWAS
meta-analysis results of two traits to combine them while accounting for any possible
underlying correlation amongst them.3? Such methods would identify even more
pleiotropic loci beyond those already identified at genome-wide significance level.
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One limitation of these methods is the assumption that the same variant or a highly
correlated one must be highly associated with both traits. There are two loci where
two variants show an independent effect on BMD and Height (625.1 near ESR1,
6p21.1 near RUNX2). In such scenarios of both allelic heterogeneity and pleiotropy,
different methods for identifying pleiotropic loci need to be developed.

Improvements in density and sample size of reference panels

All the GWAS meta-analyses presented in this thesis were based in imputation
using HapMap Il CEU as reference panel. This dataset contains ~ 2.5 Million common
snps genotyped in 60 individuals. Thus, not very surprisingly, most of the genetic
variants found here and in other GWAS are common. A debate has started on the
relevance of common variants and has “divided” the field of human geneticists into
those considering that rare variants would have a greater impact on phenotype
variation®, in contrast to those considering the common disease, common variants
approach®. The problem is that rare variants have not been thoroughly assessed by
HapMap and where available are generally speaking difficult to impute. It has been
shown that to improve the imputation quality for low-frequency variants ( MAF <
5%), the best approach is to use a large and diverse reference set®. Despite the
HapMap Il covered a diverse set of populations in a considerable sample size (1000
samples), the coverage of that reference panel was lower than the HapMap Il (1.5
M vs 2.5M) and still focused largely on common variation. To overcome this gap, the
1000 Genomes project started in 2008, and has effectively shown that by means
of low-coverage whole-genome sequencing one can generate a better reference
panel for imputation. The first pilot releases of the 1000G data (March 2009 and
June 2010) were constructed with the whole-genome sequence of the same 60 CEU
individuals genotyped in HapMap Il. Therefore, there were no major improvements
in either the imputation quality or the coverage of rare variants (with 120 haplotypes
there is very limited power to find variants with a MAF <2.5%) . In chapter 4.2 we
evaluated the improvement in test statistics by regional imputation using the 1000G
June 2010 release in the 56 BMD loci. In 13 of these loci we identified at least one
variant with a p-value of an order of magnitude or more significant than the original
variant identified in the HapMap Il discovery meta-analysis. We also used this data
to suggest putative functional variants within the BMD loci. Again not surprisingly
given that the same 60 samples were used in the reference panel, there were no
low-frequency variants detected in this analysis.

In February 2012 the version 2 of Phase | data of 1000 Genomes was released.
This Phase | data consists on both low-pass whole-genome and high-pass exome-
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Table 2. Number of samples sequenced at low-coverage in the 1000G Phase | project.

Ethnic
Acronym Population Samples background
ASW African-Americans (SW US) 61 AFR
LWK Luhya individuals 97 AFR
YRI Yoruba individuals 88 AFR
CLM Colombian in Medellin, Colombia 60 AMR
MXL Mexican individuals from LA 66 AMR
PUR Puerto Rican in Puerto Rico 55 AMR
CHB Han Chinese in Beijing 97 ASN
CHS Han Chinese South 100 ASN
JPT Japanese individuals 89 ASN
CEU CEPH individuals from Utah 87 EUR
FIN Finnish individuals from Finland 93 EUR
GBR British individuals from England 89 EUR
IBS Iberian populations in Spain 14 EUR
TSI Toscan individuals 98 EUR

Total 1,094
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sequence of 1,094 individuals (Table 2). Besides being the largest reference set in
terms of samples, this reference panel contains a large number of SNPs (~¥39M) and
other type of genetic variants such as Indels and large deletions (Table 3).

The methods to impute and test those indels and deletions into the GWAS data
are still under development. A large proportion (~¥50%) of these variants are rare
(MAF < 1%), actually many are singletons (only found in one sample), thus making
them very difficult to be imputed. Using the 1000G Phase | alpha release, we imputed
11.2 million autosomal SNPs with a sufficient imputation quality (MACH_RSQ > 0.5)
in the RSI cohort. Half of those 11.2 million SNP, had a MAF < 5% (data not shown).

A recently proposed approach employs next-generation sequencing of subsets
of individuals (such as extreme cases and controls) and uses those novel variants
to impute the full GWAS cohort.**3” Such approach has already been deployed to
identify low-frequency variants in individuals of Iceland by the deCode study.?’°

Another option is to generate regional reference panels to improve the chances
of finding low-frequency variants. The Genome of the Netherlands (GoNL, http://
www.dutchgenomeproject.com/)* is currently in the final analysis phase of 250
trios (500 independent samples) with whole-genome sequence at 12x. Also, the
Rotterdam Study is currently assembling a dataset of 3000 random samples with
exome-sequencing at an average 30 x coverage. These resources will create a denser
reference panel which may help identifying low-frequency variants in individuals of
Dutch origin.

Clinical applications — Risk Prediction

One of the expectations from genetic studies of common diseases is to be able
to improve risk prediction.”* We have shown that in general there is little added
value in terms of prediction so far. This is due to several factors, the most important
being that the genetic variants we have identified explain less than 10% of the
phenotypic variance of these osteoporosis-related traits. In chapter 4.2 we used the
BMD association results to create a genetic risk score to categorize individuals in
five groups of low, low-normal, normal, high-normal and high genetic risk score bins.
There we saw that the group with a high genetic risk score had an ORs of 1.56 for

III

osteoporosis and 1.6 for fractures when comparing them with “normal” risk score
involving 34% of the population. In the same way the group with a low genetic risk
score had an ORs of 0.40 for osteoporosis and 0.5 for fracture risk, or protective ORs
of 2.62 and 2 for osteoporosis and fracture risk, respectively. So it seems that the

accumulation of BMD-increasing alleles in average has a higher “protective” effect
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Table 3. Type and number of genetic variants included in the Phase | v2 of the 1000
Genomes Project.

Type of variant No. variants
Autosomal SNPs 38,200,000
X-chromosome SNPs 1,451,000
InDels 3,800,000
Deletions 14,000

than the accumulation of BMD-decreasing alleles. It is also possible that at some
point in the distribution the accumulation of protecting common alleles would have
a higher effect than the accumulation of risk alleles. A similar behavior has been
recently reported in astudy onindividuals of the extremes of the height distribution.*?
In that paper it is shown that while the polygenic model can explain the associations
in the 1% tails of height of extremely short individuals, their observed data indicate
that the polygenic model breaks near the 0.25% lowest percentile. Using simulated
data, it has also been shown that for those extremely short individuals it would
be more likely that 10 rare variants with a modest effect of 1 SD could explain this
behavior than a combination of up to 180 additional common variants. Sibling
analysis in the same paper suggested that either de-novo and/or recessive models
would better explain the observed data. These results fit with another recent paper
from the same group showing an excess of rare large deletions associated with short
stature.*®

Clinical applications — Identifying potential drug targets

Bone remodeling repair micro-damages and provides calcium from bone to
preserve homeostasis. This dynamic process enables interventions that limit
resorption (antiresorptive therapy) or augment formation (anabolic therapy).
Treatment with antiresorptive agents (such as bisphosphonates and RANKL
inhibitors) inhibits bone resorption by osteoclasts. Therefore, these treatments only
prevent further loss of bone and they do not stimulate new bone formation.* As of
today, the only FDA-approved anabolic therapy is recombinant parathyroid hormone
(PTH). However, PTH is a protein that needs to be administered subcutaneously, it
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has potential side effects (e.g., hypercalcemia and hypercalciuria) and the duration
of treatment with this drug is limited to a maximum therapy duration of 18 months
in Europe and 24 months in the US, because rodents administered high doses of PTH
were shown to develop osteosarcomas.*4¢

We have identified several new candidate genes related to either height and/
or bone mineral density. Our results for BMD show that several of the current drug
targets for osteoporosis are detected in our unbiased GWAS approach. Given the
large number of known and newly discovered loci, we propose seven points which
might help prioritize them for potential clinical use.

Identify causal variant. Identifying a significant associated SNP does not
necessarily mean the marker itself is the functional allele that causes disease risk.
It is more likely that the observed association at a marker might be the result of
linkage disequilibrium (LD) of the associated variant with the causal allele. Dense
genotyping of markers in an associated locus can refine the number of potential
candidates. Other option is to use studies of different ethnic backgrounds (individuals
from Caucasian or Asian ancestry have wide LD blocks, individuals from African
ancestry have smaller LD blocks), to refine the association signal. High-throughput
sequencing in sufficient sample sizes might help to investigate if rare variants are
driving the association in a given locus.

Identify causal gene. Only 1% of the human genome codes for proteins. An
association in this region might be more promising to identify the underlying gene
driving the association. However, only about ~12% of the GWAS hits can be explained
by coding markers.*” Further, the GWAS approach does not pinpoint genes directly.
For the majority of the intronic or intergenic GWAS hits other options such as eQTL
analysis might help to pin point candidate genes. Two main types of eQTLs can
be used for this purpose, the most common is the SNP vs gene expression eQTL
mapping. But one can also use direct association of gene expression patterns vs the
phenotype of interest. In chapter 4.2 we show that both techniques can provide
complementary answers to candidacy.

Animal model with relevant phenotype. Sometimes the closest gene or a nearby
has a knockout mice with a relevant phenotype to the one studied in the GWAS. That
was the case of the height-associated NPPC signal explained in chapter 3.1 among
others. The availability of such animal data with a biological involvement can give
candidate genes a higher priority.

Known Mendelian forms of disease. Further candidacy of nearby genes can be
enriched by the identification of known variants associated with Mendelian forms
of the studied disease. As we pointed out in the introduction, several genes were
identified in severe forms of bone diseases. We note that for most of them (LRP5,
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COL1A1, SOST, CLCN7) common markers in or nearby those genes are also associated
with normal BMD variation. For height, we found that the 180 loci contained 21 of
241 genes found to underlie human syndromes characterized by abnormal growth.

Tissue specificity of candidate gene expression. Many of the GWAS signals can
point to a well known candidate gene, however if the expression of that gene is
ubiquitous, then a potential therapy on that gene product may have many side
effects. For osteoporosis treatment, genes that are mostly acting in bone-active cell
types such as osteocytes, osteoblasts and osteoclasts are preferred for further follow-
up research. Tissue specific expression profiles can be a useful way to approximate
therapeutic applications.

Identifying biological mechanism. As the number of significant loci increases one
can make us of computational methods such as GRAIL to identify main pathways
involved in the phenotype of interest. The overrepresentation of genes in a given
network can predict which are the most candidate genes and the mechanism
underlying the association.*® The identification of underlying pathways was a hallmark
with Wnt and TGT-Beta arising as prominent for BMD and height, respectively.

Summarizing evidence to select candidates. By identifying which loci have an
enrichment of the points previously described can help in prioritizing genes for
further investigation in clinical settings. While an equal weight to each point can
be given, one could argue that some points such as having tissue specificity and/or
having a known Mendelian form of disease may have a higher weight than knowing
the causal variant.

Table 4 contains a list of candidate genes for osteoporosis treatment based on
the categories mentioned above. This list was obtained from the GWS hits for BMD
described in chapter 4.2. High in the rank is a well known bone-related gene, LRP5.
Both SOST and DKK1 suppress WNT signaling by binding to different domains of
LRP5. The expression of DKK1 in multiple tissues might eventually limit the efficacy
of DKK1-targeted therapies. On the other hand, SOST is primarily expressed in
bone tissue (mainly osteocytes). Inhibiting sclerostin is an attractive mechanism to
stimulate bone formation and is currently progressing preclinical testing.** Another
gene identified as associated with BMD in chapter 4.1 (MEF2C) has been recently
shown to be essential for the transcription of SOST.*>* However, MEF2C is expressed
in many different tissue types, thus its use as drug target is probably limited by a
higher propensity to see side effects as seen for DKK1.

The next two candidates on Table 4 are TNFRSF11A and TNFRSF11B which code
for RANK and OPG, respectively. RANK is activated by RANKL. Denosumab inhibits
this maturation of osteoclasts by binding to and inhibiting RANKL. This protects bone
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from degradation and helps counter the progression of osteoporosis.®> The drug
therefore mimics the effects of OPG. Denosumab has been recently approved to treat
osteoporosisinthe Netherlands and in other countries. The last two candidates genes
are SP7 and SOX9 which code for the transcription factors Osterix and Sox9 which
are master transcription factors for osteogenesis and chrondrogenesis respectively.
Both have in common their interaction with another transcription factor, RUNX2. The
interplay between SOX9, RUNX2 and Osterix regulates the fate of the mesenchymal
cells into osteoblasts or osteocytes.”® To our knowledge, these molecules are
currently not being considered as potential targets for drug treatments despite
their high biological relevance. While RUNX2 is mostly bone-specific expressed, it
has also been shown that it can suppress breast cancer proliferation.>* These dual
beneficial effects need to be taken carefully into account. A previously approved
drug for the treatment of breast cancer (tamoxifen) was also found to be useful for
the treatment for osteoporosis. However, tamoxifen was later linked to increased
risk of endometrial cancer and therefore it is currently only approved for patients
with high risk of breast cancer recurrence.>® Raloxifen, which is also an estrogen
receptor modulator is currently used for the treatment of osteoporosis.

We also note that other interesting loci might also be those with a significant
fracture risk association even though not much of their biology is known. That is
the case of the two more significant fracture loci (near the genes FAM210A and
SLC25A13)identified in chapter 4.2 (Table 5). These discoveries open completely new
research lines that warrant further investigation to fully characterize the biological
mechanisms underlying the observed associations.

The scope of this thesis focused on providing additional genetic factors for adult
stature and osteoporosis. So far we have only identified genetic variants (mostly
SNPs) that are nearby potential candidate genes. Further research is required to
demonstrate that the candidate gene is the one driving the association. Additional
research would be required to find potential drug compounds. We envision that
specialized groups will take the results driven by this thesis to propose novel drug
compounds for osteoporosis. We recently learned that such is the case for the
research of future therapies for mental disorders where pharmaceutical companies,
such as Novartis, GlaxoSmithKline and AstraZeneca, are shutting down the
traditional neuroscience research divisions globally because of the expensive costs
and little success of their clinical trials.*® Instead, these companies are partnering
with experts in the field of genetics of psychiatry and cognitive disorders to create
a new research division that will follow the leads of recent genetic studies driven by
GWAS, sequencing and copy number analyses.>®

177



Iscussion

General d

ON uonesqIsso Sk 097809 TZ€86 ELN 6X0S CE6LTCSI
|edpuoyodopuy
ON uopenpuataylp S3A 678€T9 89S€STTC S3A LdS 99¢79T0¢CS4
JSIN
Joyqiyul DINVY S3A 080¢09 L8S60T S3A dTT4ISHINL  LLETI0TS4
TINVY /MINVY/9d0
Joyqiyul DINVY S3A 080¢09 T68VTET 6€8E00 NN S3A VIT4SHINL  SOCt88sd
TINVY /MINV¥/9d0
1S0S UM S3A swes 7€9L09 STE8LTT S3A Sdi 8TC9€ELESI
pue THNQA 4104 0L16SC
sajpoquue
|BUO|D0UOIA|
édlqe|ieny Aemyred Auond  jueuen (nino) (1Io) 1109 auag auad amng yum
juswieal] 1VYO *30un4 adAjouayd adAjouayd 1S9S0|)  9jepipue)  pIjelosse
|enquajod  |BI9I3)S YUm |e13|3%s dNS
awoipuls yum asnow
J1uadouolp noypouy

95u3PIA |e2150]0Iq UO paseq Yd4easal JaYling 10y siso10doa1so 10y sauas jo Adepipue) ‘p d|qeL

178



s 0TX9°C ON 60€G0ETST S3IA INdG1dS 6V6EECTS]
s0TXL'T ON uoneayisso S3A 68€86 785000 AN IddS €202€S9s!
|edpuoydopuy
s0TxV'T 1S0S UM S3A 8CC9€LES) €909 STE€8LTT S3A Sdy1 8C9€ELES)
-hQue pue 0£46S¢
Dg-puy
¢0T*0°6 a-buy UM 0706CZ€T Da V00€ELETSS
1-0TX6°9 ON S3A E€IVSZO1S  8EELTLYSI
e1-0Tx8°8 ON S3A VOTZWYV4  S6696L1S4
=d ST < I 1ot I ouas LY} sInpery
aJnyesy jusawneal) 7vYD |euondungy adAjouayd adAjousyd 1S950|)  @jepipue) pue
|enualod [EIEYH [ZEIENH amng yam
yum yym asnow paieosse
awolpuAs  1noyoouy dNS
a1uagouon

SM 34N30BJH YHIM SJUBLIEA JO UOLIRIDIOSSE 119y} UO PIseq Ydaeasal Jayuiny oy siso10d0a1so 104 sauas jo Adepipue) g a|qeL

179



General discussion

FUTURE DIRECTIONS

In this thesis we have shown that hundreds of variants affect adult height and
it is the same case for many other complex traits such as bone mineral density.
We have applied the novel hypothesis-free approach of GWAS to identify those
loci harboring at least one variant affecting these osteoporosis-related traits. It is
expected that many additional variants (both common and rare) in the same locus
are independently associated and adding those will increase the percentage of
variation explained. Future research to identify these additional variants is currently
underway for height in the GIANT consortium using an extended set of studies
genotyped with the MetaboChip®’, a microarray enriched with variants identified
in different GWAS of metabolic traits. A similar approach may be envisioned to look
for other osteoporosis-related traits which are currently under analysis within the
GEFOS consortium.

Another possible next step is to increase the coverage of the genotyped data sets.
Currently, the most cost-effective option is to use imputation on GWAS data using
the sequencing-based reference sets such as the 1000 Genomes Project, or other
regional reference panels such as the GoNL project. This will lead to meta-analyses
of thousands of samples of > 40 million SNPs. These large samples sizes are required
to identify low-frequency variants with subtle effects. However, this solution has
the drawback that at some point (i.e. MAF <1%) imputation will not be sufficient to
fully characterize those variants. To fully characterize those rare variants de-novo
re-sequencing data will be required. The number of sequenced samples required
to have enough power to detect significant associations will be probably only be
achieved within two to three years if the sequence costs continue decreasing at the
same rate as of today.

Finally, better characterization of the novel loci is required; we can speculate that
this may be especially relevant for those loci for which we have shown a significant
effect on fracture risk which have a higher prior to be important for future therapies
for the treatment of osteoporosis and its sequela.

CONCLUDING REMARK

We have expanded our understanding of the genetic architecture of adult stature
and osteoporosis. Many more factors still need to be discovered to improve the
current prediction models for osteoporosis and fracture risk. Hopefully, the insights
provided by our research will eventually be translated into clinical interventions.
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CHAPTER 6
SUMMARY




Summary

Osteoporosis is a common complex disease mostly characterized by decreased
bone mineral density (BMD). In this thesis we aimed to identify novel genetic
risk factors of osteoporosis-related traits using the hypothesis-free Genome-wide
Association Study (GWAS) approach.

In Chapter 1 we begin with an introduction to the relevance of the study of
osteoporosis and provide background information on previous studies on the
genetics of osteoporosis-related traits.

In Chapter 2 we present a novel web- and grid-based tool (GRIMP), which was a
used for the GWAS described in this thesis. This software is of major importance for
the enlargement of GWAS with the whole-genome sequence data available from the
1000 Genomes Project.

In Chapter 3 we focus on studies of genetics of adult height. In Chapter 3.1 we
identified a novel genetic variant (rs6717918) on chromosome 2g37.1 associated
with height at P=3.4x107°. Our results suggest that variation in the C-type natriuretic
peptide signaling pathway, involving the NPPC and NPR3 genes, plays an important
role in determining human body height. Further, using 183,727 individuals with
GWAS data, we show in Chapter 3.2 that hundreds of genetic variants, in at least
180 loci, influence adult height, a highly heritable and classic polygenic trait

In Chapter 4, we focus on the study of genetics of osteoporosis. In Chapter 4.1
we performed the first meta-analysis of imputed data of GWAS of femoral neck
(FN-) or lumbar spine (LS-) BMD and identified 20 loci that reached genome-wide
significance, of which thirteen map to regions not previously associated with BMD:
1p31.3 (GPR177), 2p21 (SPTBN1), 3p22 (CTNNB1), 4921.1 (MEPE), 5914 (MEF2C),
7p14 (STARD3NL), 7921.3 (FLJ42280), 11p11.2 (LRP4, ARHGAP1, F2), 11pl4.1
(DCDC5), 11p15 (SOX6), 16424 (FOXL1), 17921 (HDAC5) and 17912 (CRHR1). In
Chapter 4.2 we increased the discovery sample size of a meta-analysis of FN-BMD
and LS-BMD to more than 30,000 samples and included an additional set of more
than 50,000 samples for replication. We identified 56 loci (32 novel) associated
with genome-wide significance with either FN-BMD or LS-BMD. Furthermore, we
found fourteen BMD loci also associated with fracture risk at P<5x10*, of which
six reached P<5x10?% including: 18p11.21 (FAM210A), 7921.3 (SLC25A13), 11q13.2
(LRP5), 4922.1 (MEPE), 2p16.2 (SPTBN1) and 10g21.1 (DKK1). In Chapter 4.3 we
attempted to identify gene-by-sex interactions for BMD in 25,000 individuals with
GWAS data. We did not identify any autosomal loci reaching the strict P < 5x10%
for gene-by-sex interaction, although some loci remained suggestive after adding
24,000 samples in the replication phase. In Chapter 4.4 we assessed the effect of
Copy Number Variants (CNVs) on fracture risk using the Rotterdam Study | (RSI) as
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discovery set. A rare (minor allele frequency [MAF]=0.1%) 210Kb deletion in 6p25
was associated with increased fracture risk in the RSI study and further replicated
in other array-based studies (P=0.02). Geographically constrained prevalence of this
deletion was suggested.

Finally, in Chapter 5 the results are discussed in a more general manner, and
findings are placed in a broader context. In addition, methodological considerations
regarding the studies contained in this thesis are discussed. Future directions are
also presented at the end of Chapter 5.
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Summary

SAMENVATTING

Osteoporose is een vaak voorkomende, complexe aandoening. Deze ziekte wordt
gekenmerkt door een verminderde bot mineraal dichtheid (BMD). In dit proefschrift
hebben wij getracht om nieuwe genetische risicofactoren voor osteoporose-
gerelateerde fenotypen te identificeren. Daarvoor maakten wij gebruik van de
hypothese-vrije genoom-brede associatie studie (GWAS) onderzoeksopzet.

In Hoofdstuk 1 beginnen wij met een inleiding over de relevantie van studies
naar osteoporose en geven wij achtergrondinformatie over eerdere studies naar de
genetica van op osteoporose-gerelateerde fenotypen.

In Hoofdstuk 2 presenteren wij een nieuwe grid-gebaseerde web applicatie
(GRIMP), die werd gebruikt voor de GWAS beschreven in dit proefschrift. Deze
software is van groot belang voor de uitbreiding van GWAS met de whole-genome
sequence gegevens van het 1000 Genomen Project.

In Hoofdstuk 3 concentreren wij ons op studies van genetica van volwassen
lichaamslengte. In Hoofdstuk 3.1 ontdekten wij een nieuwe genetische variant
(rs6717918) op chromosoom 2q37.1 geassocieerd met lichaamslengte met
P=3.4x10°. Onze resultaten suggereren dat variatie in de C-type natriuretic peptide
signaling pathway, waaronder de genen NPPC en NPR3, een belangrijke rol heeft in
het bepalen van de volwassen lichaamslengte. Vervolgens analyseerden wij GWAS
gegevens van 183.727 individuen en laten wij in Hoofdstuk 3.2 zien dat honderden
genetische varianten, in minstens 180 chromosomale loci, bepalend zijn voor de
volwassen eindlengte. Lichaamslengte bij de mens is grotendeels erfelijk en volgt
een klassieke, polygenetische overerving.

In Hoofdstuk 4 richten wij ons op de bestudering van genetica van osteoporose.
In Hoofdstuk 4.1 voerden wij de eerste meta-analyse uit met geimputeerde data
van GWAS voor BMD in de femurnek (FN-) en lumbale wervelkolom (LS-) en
identificeerden hierbij 20 loci die genoom-brede significantie bereikten, waarvan
dertien gelokaliseerd zijn in gebieden die nog niet die eerder met BMD waren
geassocieerd: 1p31.3 (GPR177), 2p21 (SPTBN1), 3p22 (CTNNB1), 4921.1 (MEPE),
5q14 (MEF2C), 7p14 (STARD3NL), 7q21.3 (FLJ42280), 11p11.2 (LRP4, ARHGAPI,
F2), 11p14.1 (DCDC5), 11p15 (SOX6), 16924 (FOXL1), 17921 (HDAC5) en 17912
(CRHR1). In Hoofdstuk 4.2 breidden wij de grootte van de meta-analyse voor BMD
uit met meer dan 30.000 deelnemers en voegden daar nog eens meer dan 50.000
deelnemers aan toe voor replicatie. Wij identificeerden 56 loci (waarvan 32 tot
nog toe onbekend waren) met een genoom-brede significantie voor FN-BMD of
LS-BMD. Voorts ontdekten wij dat veertien BMD loci ook geassocieerd waren met
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fractuur risico met P<5x10*, waarvan zes met P<5x10%, met inbegrip van: 18p11.21
(FAM210A), 7921.3 (SLC25A13), 11913.2 (LRP5), 4q22.1 (MEPE), 2p16.2 (SPTBN1)
en 10g21.1 (DKK1). In Hoofdstuk 4.3 onderzochten wij gen-om-sexe interacties voor
BMD in 25.000 deelnemers met GWAS data. Wij vonden echter geen autosomale
loci die een P < 5x10® voor gen-om-sexe interactie bereikten, alhoewel sommige loci
wel suggestief bleven nadat gegevens van 24.000 deelnemers werd toegevoegd in
de replicatie fase. In Hoofdstuk 4.4 bestudeerden wij het effect van kopie nummer
variaties (CNVs) op fractuur risico binnen de Rotterdam Studie | (RSI) als zijde de
ontdekking fase. Een zeldzame (‘minor’ allel frequentie [MAF]=0,1%) 210Kb deletie
in 6p25 was geassocieerd met een verhoogd fractuur risico in de RSI studie en dit
werd gerepliceerd in andere array-gebaseerde studies (P=0.02). De uitkomst van de
studie suggereert een geografisch beperkte prevalentie van deze deletie.

Ten slotte, bediscussiéren wij in Hoofdstuk 5 de resultaten in de meer algemene
zin en plaatsen wij ze in een bredere context. Tevens worden methodologische
overwegingen voor de studies in dit proefschrift besproken. Ook presenteren wij
aanbevelingen voor toekomstig onderzoek aan het eind van Hoofdstuk 5.
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APENDIX 1. SUPPLEMENTARY INFORMATION

The chapters in Table 1 contain supplementary information and can be found in
their respective journal websites.

Table 1. URL for supplementary materials

Chapter URL
3.1 http://hmg.oxfordjournals.org/content/suppl/2009/07/01/ddp296.DC1/ddp296supp.pdf
3.2 http://www.nature.com/nature/journal/v467/n7317/extref/nature09410-s1.pdf
4.1 http://www.nature.com/ng/journal/v41/n11/extref/ng.446-S1.pdf
4.2 http://www.nature.com/doifinder/10.1038/ng.2249

Selected supplementary materials from these published papers, and full
supplementary information for unpublished manuscripts are presented in this
chapter.
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Appendices

Chapter 4.3 Assessment of Gene by Sex Interaction Effect on Bone Mineral Density
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Supplementary Figure S1. Genome-wide association plots for a) FNBMD, b) LSBMD
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Chapter 4.3 - Supplementary Information

METHODS

Candidate Gene Analysis: SNP-by-Sex Interaction

We also tested eighty-two previously reported BMD-associated SNPs identified
through a meta-analysis of 83,894 subjects® for SNP-by-sex interactions. This
hypothesis-driven analysis also afforded us the opportunity to focus on the most
promising SNPs from the BMD GEFOS Il meta-analysis while reducing the penalty
due to multiple testing®. In addition, this sex by SNP interaction analysis allows
exploring whether the reason for 26 of those SNPs not replicating in the GEFOS Il
BMD meta-analysis can be attributed to sex-specificity.

Functional Interaction Network

Studies have suggested that genes under the same linkage analysis peak, and genes
with similar expression profiles are related within hierarchical genetic networks or
pathways?. To further understand the potential functions of the genes annotated to
the most significant SNPs in our analyses, we focused on their functional interactions
with sex hormones (specifically B-estradiol and testosterone), and Wnt signaling
pathway members, because these pathways are critical in skeletal development,
which is when skeletal features begin to differ between the sexes. We constructed
functional interaction networks using Ingenuity Pathways Analysis (IPA) (Ingenuity,
Redwood City, CA). The Ingenuity database is a knowledge repository of networks
and biological relationships that have been systematically encoded into ontology
based on more than 200,000 original peer-reviewed articles on mammalian biology.
Details are available in the IPA Web site (www.ingenuity.com). Direct molecular

interactions and regulatory events among genes/proteins have been manually
extracted and curated from full text peer-reviewed articles of experimental findings
in human, mice and rats to create the IPA database.

The details of the algorithm used to construct networks has been described
elsewhere®. In brief, after annotating the SNPs from each of our top SNP-sex
interaction GWAS associations to a gene, we overlaid results onto a global molecular
network from the Ingenuity database to form a sub-network. With the assumption
of biological commonalities among top associated genes for a specific disease,
sub-networks are then combined into small-networks that maximize their specific
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connectivity, which is a reflection of their interconnectedness with each other
relative to all molecules they are connected to in the Ingenuity database. Additional
molecules from the Ingenuity database are used to connect small-networks by
merging them into a larger one. The finalized functional interaction networks are
limited up to 35 molecules (genes/proteins) each to keep them to a usable size.
A graphical network of the functional relationships between gene/gene products
was extracted. Genes/gene products are represented as nodes, and the biological
relationship between two nodes is represented as an edge (line). Nodes are displayed
using various shapes that represent the functional class of the gene products. Edges
are displayed with various labels that describe the nature of the relationship between
the nodes. Statistical significance was calculated as a p-value of the probability of
the genes forming a specific network in comparison to all possible networks, with
the right-tailed Fisher’s Exact Test based on the hypergeometric distribution.

RESULTS

Candidate Gene Analysis of SNP-by-Sex for Previously Reported SNPs

Table 3 displays results for previously reported BMD-associated SNPs that
demonstrated a significant interaction signal. One SNP, rs344081 (in FLJ16641),
showed a significant sex interaction for FNBMD, however it should be noted that
none of these SNPs from discovery were successfully replicated. The results for the
complete list of BMD-related loci are presented in Supplementary Table S3.

Functional Interaction Networks with Sex Hormones & Wnts

We constructed functional interaction networks using 10 of the final 12 gene-
sex interaction loci (see main paper table 1) with functional information along with
sex hormone relevant proteins and genes. Due to lack of biological or functional
annotation, RELL1 and C4orf32 were excluded from analyses. A functional interaction
network that linked to B-estradiol was constructed (Supplementary Figure S3), and
we found that 8 out of 10 gene-sex interaction genes were physically (GALR1 and
SERPINA1) interacting with or indirectly linked to (DOCK5, GRM7, MAT2B, TYRP1,
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UBE4B and UGCG genes) B-estradiol (p=10%). The indirect links between DOCKS5,
GRM7, MAT2B, TYRP1, UBE4B and UGCG genes and B-estradiol are through their
direct interaction with PPP2CA, TGFB1, SP1, TP53 and TNF molecules (gene, mRNA
or protein). For example, UBE4B has been found to negatively regulate the level
of p53 and to inhibit p53-dependent transactivation and apoptosis®. Based on
chromatin immunoprecipitation assays, studies found p53 to be recruited to the
Estrogen Receptor (ER)-a promoter along with other transcription factors, such as
CARM1, CBP, c-Jun, and Sp1 and that this complex was formed in a p53-dependent
manner, which suggests that p53 regulates ER expression through transcriptional
control of the ER promoter®. B-estradiol increases expression of human SERPINA1
MRNA®, Estradiol and progesterone also have been shown to decrease expression of
rat Galrl mRNA?®.

We also constructed functional interaction networks with the same 10 gene-sex
interaction loci (excl. RELL1 and C4orf32 as above) along with Wnt signaling pathway.
As is shown in the functional interaction network (Supplementary Figure S4), UGCG,
TYRP1 and SERPINA1 were found to be functionally interacting with Wnt signaling
pathways (p=107!) and UGCG and SERPINA1 to be regulated by protein-protein
complex that consists of human B-catenin’.
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APPENDIX 2: SUPPLEMENTARY TABLES

Chapter 4.3 Assessment of Gene by Sex Interaction Effect on Bone Mineral Density

Supplementary Table S1. Description of Participating Cohorts

Age FNBMD LSBMD
Study Gender N (yrs) Height (cm) Weight (kg) (g/cm2) (g/cm2)
mean (SD) mean (SD) mean (SD) mean (SD) mean (SD)
Discovery Cohorts

AMISH Males 443 51.3 (15.5) 171.00 (6.40) 77.90 (12.20) 0.85(0.13) 0.97 (0.13)
Females 475 52.2 (14.6) 160.00 (5.90) 72.20 (14.50) 0.82 (0.14) 0.94 (0.15)
Combined 918 51.7 (15.1) 165.00 (8.60) 74.90 (13.70) 0.84 (0.14) 0.96 (0.14)
CHS Males 340 77.0 (4.8) 172.70 (6.50) 78.40 (12.20) 0.76 (0.14) 1.12(0.24)
Females 568 76.3(4.2) 158.90 (6.40) 65.80 (13.70) 0.63 (0.11) 0.91 (0.24)
Combined 908 76.6 (4.4) 164.10(9.30) 70.50 (14.50) 0.68 (0. 14) 0.99 (0.25)
DECODE Males 1136 66.1(14.2) 176.50(6.70) 83.40(14.40) 0.80(0.10) 1.00(0.20)
Females 6469 59.7(13.8) 164.40(6.20) 71.10(13.40) 0.70(0.10) 0.90(0.20)
Combined 7605 60.7(13.9) 166.21(6.28) 72.94(13.55) 0.71(0.10) 0.91(0.20)
ERF Males 908 48.8(14.5) 174.44(7.23) 83.00(14.23) 0.97(0.15) 1.17(0.17)
Females 1191 47.7(14.4) 161.75(6.60) 69.18(13.76) 0.91(0.13) 1.12(0.16)
Combined 2099 48.2(14.5) 167.23(9.32) 75.21(15.59) 0.93(0.14) 1.15(0.17)
FRAMINGHAM Males 2561 54.9(15.3) 175.45(7.10) 86.54(14.58) 0.98(0.15) 1.31(0.20)
Females 3240 55.8(15.7) 161.40(6.83) 69.57(15.09) 0.88(0.16) 1.17(0.20)
Combined 5801 55.4(15.5) 167.61(9.85) 77.06(17.09) 0.93(0.16) 1.23(0.21)
HEALTHABC Males 833 73.9(2.9) 173.55(6.40) 81.51 (12.45) 0.76(0.12) 1.07 (0.19)
Females 734 73.6(2.8) 159.44 (5.88) 66.31 (12.15) 0.65(0.11) 0.91(0.17)
Combined 1567 73.8(2.8) 166.94 (9.36) 74.39 (14.46) 0.71(0.13) 1.00(0.20)
RS Males 2110 68.1(8.2) 174.85(6.76) 78.58(10.74) 0.92(0.14) 1.17(0.20)
Females 2794 70.3(9.6) 161.33(6.65) 69.59(11.29) 0.83(0.14) 1.04(0.18)
Combined 4904 69.4(9.0) 167.14(6.70) 73.46(11.06) 0.87(0.14) 1.10(0.19)
RS 11 Males 781 63.7(6.8) 176.05(6.47) 83.50(11.40) 0.97(0.13) 1.21(0.19)
Females 898 63.8(7.4) 162.87(6.19) 72.80(12.50) 0.89(0.14) 1.11(0.19)
Combined 1679 63.8(7.1) 169.00(6.32) 77.78(12.00) 0.93(0.14) 1.16(0.19)

Replication Cohorts
RS 1l Males 528 56.1(5.5) 178.80(6.70) 89.70(14.10) 1.00(0.10) 1.20(0.20)
Females 683 56.1(5.5) 165.00(6.20) 75.20(14.30) 0.90(0.10) 1.20(0.20)
Combined 1211 56.1(5.5) 171.02(6.42) 81.52(14.21) 0.94(0.10) 1.20(0.20)
SAFOS Males 370 42.4(15.5) 170.68 (6.47) 85.71(17.83) 0.90 (0.15) 1.05(0.13)
Females 611 44.2(15.3) 156.75(6.38) 76.65(18.03) 0.84 (0.14) 1.01(0.14)
Combined 981 43.5(15.4) 162.00 (9.31) 80.07 (18.48) 0.87 (0.14) 1.02(0.14)
TWINS UK 1 Females 2174 61.4 (12.2) 162.12 (6.20) 67.27 (12.23) 0.81(0.13) 1.00(0.15)
TWINS UK 23 Males 473 58.9(12.6) 175.26 (6.39) 81.85(11.69) 0.87(0.14) 1.03(0.15)
Females 3029 61.4(12.2) 162.12 (6.20) 67.27 (12.23) 0.80(0.14) 0.99(0.15)
Combined 3502 61.4(12.2) 162.39 (6.47) 67.57 (12.39) 0.81(0.14) 0.99(0.15)
HKOS Females 800 48.9(15.5) 155.11(6.71) 54.74(10.27) 0.70(0.17) 0.89(0.21)
GOOD Males 938 18.9(0.56) 181.4(6.75) 73.84(11.89) 1.17(0.16) 1.21(0.15)
AROS Males 171 54.3(15.7) 176.20(7.40) 78.10(12.40) 0.70(0.10) 0.90(0.20)
Females 605 61.8(12.9) 161.70(6.70) 63.80(11.00) 0.70(0.10) 0.80(0.20)
Combined 776 60.1(13.9) 165.00(9.00) 66.77(12.71) 0.67(0.14) 0.84(0.18)
BARCOS Females 1443 65.5(9.1)  157.00(6.00) 64.95(10.48) 0.69(0.11) 0.86(0.15)
CABRIO-C Males 529 63.9(8.5) 168.20(6.10) 81.50(11.00) 0.80(0.10) 1.00(0.20)
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Appendices

Supplementary Table S1. Description of Participating Cohorts

Age FNBMD LSBMD

Study Gender N (yrs) Height (cm) Weight (kg) (g/cm2) (g/cm2)
mean (SD) mean (SD) mean (SD) mean (SD) mean (SD)

Females 902 62.0(9.8) 155.90(6.00) 68.70(12.00) 0.70(0.10) 0.90(0.10)

Combined 1431 62.7(9.4) 161.00(8.00) 73.58(13.16) 0.76(0.13) 0.96(0.15)

CAIFOS Females 1082 80.2(2.7) 158.00(6.00) 67.64(12.10) 0.68(0.10) 0.95(0.18)
CAMOS Males 715 65.4(16.6) 174.10(7.10) 81.70(13.40) 0.80(0.10) 1.00(0.20)
Females 1593 67.3(14.9) 160.60(6.40) 69.40(13.70) 0.70(0.10) 1.00(0.20)

Combined 2308 57.9(14.0) 165.00(9.00) 73.03(14.40) 0.76(0.13) 0.98(0.17)

DOPS Females 1710 50.6(2.8)  165.00(6.00) 67.72(11.84) 0.80(0.11) 1.03(0.14)
EDOS Males 354 62.4(13.6) 170.60(8.80) 77.30(17.20) 0.70(0.10) 0.90(0.20)
Females 1615 66.2(12.4) 158.00(7.10) 65.10(13.70) 0.60(0.10) 0.80(0.20)

Combined 1969 65.5(12.8) 160.00(9.00) 67.30(15.15) 0.64(0.13) 0.81(0.18)

FLOS Males 159 53.9(14.7) 175.60(7.00) 80.80(13.60) 0.80(0.20) 1.00(0.10)
Females 834 60.9(12.0) 160.00(6.70) 61.80(9.30) 0.70(0.20) 0.90(0.20)

Combined 993 59.8(12.7) 163.00(9.00) 64.83(12.30) 0.72(0.17) 0.89(0.18)

GEOS Females 2377 53.8(9.6)  159.00(6.00) 64.99(11.86) 0.88(0.14) 1.11(0.17)
GEVUR Males 75 59.2(12.9) 170.80(7.50) 76.20(14.00) 0.90(0.20) 0.90(0.20)
Females 397 62.2(8.2) 159.30(6.30) 70.60(13.20) 0.80(0.20) 0.90(0.20)

Combined 472 61.8(9.0) 161.00(7.00) 71.25(13.37) 0.78(0.17) 0.89(0.18)

GROS Males 41 70.2(12.8) 164.80(10.40) 71.50(12.30) 0.80(0.20) 0.90(0.20)
Females 252 69.1(11.7) 161.80(7.30) 71.70(10.90) 0.80(0.10) 0.80(0.20)

Combined 293 69.3(11.8) 162.00(8.00) 71.68(11.12) 0.80(0.15) 0.82(0.17)

MrOSS Males 2893 75.4(3.2) 175.00(7.00) 80.70(12.07) 0.85(0.15) 1.15(0.22)
OAS Males 589 68.1(4.2)  174.00(7.00) 83.70(12.53) 0.76(0.11) 1.05(0.17)
SLO-PREVAL Males 121 67.9(6.5) 171.70(6.30) 81.60(12.60) 0.80(0.20) 1.00(0.20)
Females 590 62.1(10.6) 160.40(6.30) 69.10(12.20) 0.70(0.10) 0.90(0.20)

Combined 711 63.1(10.3) 162.00(8.00) 71.24(13.12) 0.71(0.13) 0.90(0.17)
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Supplementary Table 3.

Investigation of Sex-by-Gene Interaction for 56 BMD-related Loci

FNBMD LSBMD
Coded
Closest Allele/Non-

SNP Locus Gene coded Allele Allele Freq Beta SE P-value  Beta SE P-value
rs12407028 1p31.3 GPR177 tlc 0.6091 -0.0006 0.0024 8.00x10-1  0.0008 0.0036 8.24x10-1
rs6426749 1p36.12 ZBTB40 clg 0.1736  0.001 0.0032 7.53x10-1 -0.0037 0.0047 4.32x10-1
rs479336 1924.3 DNM3 tg 0.7402 -0.001 0.0027 7.20x10-1  0.0043 0.0041 2.95x10-1
rs4233949 2p16.2 SPTBN1 clg 0.3802 0.0009 0.0025 7.23x10-1 -0.0009 0.0037 8.07x10-1
rs7584262 2p21 LOC91461 t/c 0.2284 0.0059 0.0028 3.56x10-2 0.0012 0.0041 7.75x10-1
rs17040773 2q13 ANAPC1 alc 0.7706 0.0024 0.003 4.18x10-1  0.0021 0.0044 6.30x10-1
rs1878526 2q14.2 INSIG2 alg 0.2246 -0.0031 0.0029 3.00x10-1 -0.0098 0.0043 2.31x10-2
rs1346004 2q24.3 GALNT3 alg 0.4866 -0.0023 0.0025 3.46x10-1 -0.0075 0.0035 3.48x10-2
rs430727 3p22.1 CTNNB1 tlc 0.4728 -0.0012 0.0024 6.05x10-1 -0.0061 0.0036 8.35x10-2
rs1026364 3q13.2 KIAA2018 tg 0.3595 -0.003 0.0025 2.28x10-1 -0.0021 0.0036 5.60x10-1
rs344081 3925.31 LEKR1 tlc 0.8748 0.0136 0.0036 1.31x10-4 0.0105 0.0051 3.92x10-2
rs3755955 4p16.3 IDUA alg 0.1601 -0.0069 0.004 8.17x10-2  -0.006 0.0059 3.14x10-1
rs6532023 4q22.1 MEPE t/g 0.335 -0.0025 0.0025 3.01x10-1 -0.0021 0.0036 5.65x10-1
rs1366594 5q14.3 MEF2C alc 0.5261 0.0007 0.0023 7.56x10-1 -0.0012 0.0034 7.20x10-1
rs11755164 6p21.1 SUPT3H tlc 0.4012  0.002 0.0025 4.27x10-1 -0.0006 0.0037 8.77x10-1
rs9466056 6p22.3 CDKAL1 alg 0.38 -0.0051 0.0024 3.36x10-2 -0.01 0.0036 5.09x10-3
rs13204965 6q22.32 RSPO3 alc 0.7597 -0.0061 0.0029 3.59x10-2 -0.0023 0.0043 5.82x10-1
rs4869742 6025.1 C60orf97/ESR t/c 0.3151 -0.001 0.0025 7.01x10-1 -0.0014 0.0038 7.19x10-1
rs6959212 7p14.1 STARD3NL t/c 0.3351 -0.0008 0.0025 7.55x10-1 -0.0006 0.0037 8.69x10-1
rs4727338 79213 SLC25A13 clg 0.671 0.0006 0.0024 7.90x10-1 0.0065 0.0037 7.39x10-2
rs3801387 7q931.31 WNT16 alg 0.7406 0.0031 0.0027 2.42x10-1  0.0083 0.004 3.78x10-2
rs7812088 7936.1 ABCF2 alg 0.1215 0.0013 0.0036 7.25x10-1 0.004 0.0054 4.57x10-1
rs7017914 8q13.3 XKR9 alg 0.4945 -0.0054 0.0023 2.04x10-2 -0.0089 0.0034 9.74x10-3
rs2062377 8q24.12 TNFRSF11B a/t 0.5865 -0.0048 0.0024 4.47x10-2 -0.0003 0.0035 9.31x10-1
rs7851693 9q34.11 FUBP3 clg 0.6327 0.0002 0.0025 9.46x10-1 -0.0025 0.0038 5.12x10-1
rs3905706 10p11.23 MPP7 tlc 0.232 0.0001 0.003 9.62x10-1 -0.0034 0.0043 4.36x10-1
rs1373004 10921.1 MBL2 tg 0.1246 0.0062 0.0039 1.07x10-1  0.0139 0.0057 1.44x10-2
rs7071206 10922.3_1 KCNMA1 tlc 0.7576 0.0025 0.0029 3.92x10-1  0.0031 0.0043 4.65x10-1
rs7084921 10q24.2 CPN1 tlc 0.3985 -0.0039 0.0025 1.15x10-1  0.0023 0.0035 5.06x10-1
rs7932354 11p11.2 ARHGAP1  tlc 0.3277 -0.0012 0.0027 6.50x10-1 -0.0025 0.0039 5.22x10-1
rs10835187 11p14.1_1 LIN7C tlc 0.5401 0.0072 0.0024 2.34x10-3 0.007 0.0035 4.53x10-2
rs163879 11p14.1_2 DCDC5 tlc 0.658 0.0009 0.0025 7.10x10-1  0.0056 0.0038 1.39x10-1
rs7108738 11p15.2 SOX6 t/g 0.8224 0.0013 0.003 6.76x10-1  0.0012 0.0045 7.96x10-1
rs3736228 11913.2 LRP5 tlc 0.1539 -0.0045 0.0033 1.72x10-1  -0.005 0.0048 3.00x10-1
rs7953528 12p11.22 KLHDC5 alt 0.1837 0.0034 0.0031 2.78x10-1  0.0087 0.0048 6.89x10-2
rs2887571 12p13.33 ERC1 alg 0.7621 0.0024 0.0027 3.84x10-1 0 0.004 9.96x10-1
rs12821008 12q13.12 DHH tlc 0.3981 0.0019 0.0025 4.50x10-1 -0.0035 0.0037 3.48x10-1
rs2016266 12913.13 SP7 alg 0.6853 -0.0002 0.0025 9.27x10-1  0.0062 0.0038 1.01x10-1
rs1053051 12923.3 C120rf23 tlc 0.5072 0.0013 0.0023 5.78x10-1 -0.0029 0.0035 4.06x10-1
rs9533090 13q14.11 AKAP11/RAN t/c 0.4809 0.0026 0.0024 2.71x10-1  -0.001 0.0036 7.86x10-1
rs1286083 14q32.12 RPS6KA5 tlc 0.8009 -0.0041 0.0031 1.82x10-1  -0.006 0.0045 1.83x10-1
rs11623869 14932.32 MARK3 tg 0.3399 0.0019 0.0025 4.49x10-1  0.0035 0.0037 3.42x10-1
rs4985155 16p13.11 NTAN1 alg 0.6532 -0.0077 0.0025 1.96x10-3 -0.0041 0.0038 2.80x10-1
rs9921222 16p13.3_1 AXIN1 tlc 0.4554  0.001 0.0025 6.80x10-1 -0.0012 0.0036 7.42x10-1
rs13336428 16p13.3_2 LOC390667 alg 0.436 0.0006 0.0026 8.03x10-1  0.0041 0.0038 2.80x10-1
rs1566045 16912.1 SALL1 tlc 0.8015 -0.0031 0.0035 3.80x10-1  0.0025 0.0052 6.32x10-1
rs10048146 16924.1 FOXL1 alg 0.7974 0.0017 0.0032 5.93x10-1  0.0014 0.0048 7.66x10-1
rs4790881 17p13.3 SMG6 alc 0.6732 0.0033 0.0026 2.05x10-1 -0.0034 0.0039 3.77x10-1
rs227584 17921.31_1  C170rf53 alc 0.6694 -0.0014 0.0027 5.95x10-1 -0.0041 0.0039 2.98x10-1
rs1864325 17921.31_2  MAPT tlc 0.2204 0.0003 0.0028 9.11x10-1  0.0004 0.0042 9.24x10-1
rs7217932 17924.3 SOX9 alg 0.4574 0.0016 0.0024 4.96x10-1  0.0003 0.0036 9.39x10-1
rs4796995 18p11.21 C18o0rf19 alg 0.6083 0.0004 0.0024 8.68x10-1  0.0045 0.0035 2.09x10-1
rs884205 18921.33 TNFRSF11A alc 0.2533 0.0002 0.0028 9.36x10-1  0.0014  0.004 7.36x10-1
rs10416218 19913.11 GPATCH1  t/c 0.7204 0.0022 0.0027 4.27x10-1  0.0044  0.004 2.76x10-1
rs3790160 20p12.2 JAG1 tlc 0.4954 0.0007 0.0024 7.67x10-1 -0.0009 0.0036 8.07x10-1
rs5934507 Xp22.31 FAM9B alg 0.7436  -0.008 0.0044 6.67x10-2 -0.0159 0.0065 1.47x10-2
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