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Summary

Most common age-related diseases such as osteoporosis,
have strong genetic influences and therefore intense efforts
are ongoing to identify the underlying genetic variants. Knowl-
edge of these variants can help in understanding the disease
process and might benefit development of interventions and
diagnostics. Association studies have now become the stan-
dard approach to uncover the genetic effects of common vari-
ants. Yet, in all fields of complex disease genetics — including
osteoporosis — progress in identifying these genetic factors
has been hampered by often controversial results. Because of
the complicated genetic architecture of the diseases and the
small effect size for each individual risk alleles, this is mostly
due to low statistical power and limitations of analytical meth-
ods. It is now recognised that association analysis followed
by replication and prospective multi-centred meta-analysis is
currently the best way forward to identify genetic markers for
complex traits, such as osteoporosis. To accomplish this,
large (global) collaborative consortia have been established
that have large collections of DNA samples from subjects with
a certain phenotype and that use standardized methodology
and definitions, to quantify by meta-analysis the subtle effects
of the responsible gene variants. The GENOMOS consortium
has played such a role in the field of osteoporosis and has ini-
tially identified and refuted associations of well known candi-
date genes. This consortium is now expected to play an im-
portant role in validation of risk alleles coming from Genome
Wide Association Studies (GWAS) for osteoporosis, some of
which have just been published. Together with genetic studies
on more rare syndromes, the GWA approach in combination
with the GENOMOS consortium, is likely to help in clarifying
the genetic architecture of complex bone traits such as BMD,
and - eventually — in understanding the genetics of clinically
relevant endpoints in osteoporosis, i.e., fracture risk. Such ge-
netic insights will be useful in understanding biology and are
likely to also find applications in clinical practice.
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Osteoporosis has genetic influences

Certain aspects of osteoporosis have been found to have
strong genetic influences. This can be derived, for example,
from genetic epidemiological analyses which showed that, in
women, a maternal family history of fracture is positively re-
lated to fracture risk (1). Most evidence, however, has come
from twin studies on bone mineral density (BMD)(2-6). For
BMD the heritability has been estimated to be high: 50-80%
(2-5). Thus, although twin studies can overestimate the heri-
tability, a considerable part of the variance in BMD values
might be explained by genetic factors while the remaining
part could be due to environmental factors and to gene-envi-
ronment interactions. This also implicates that there are
“bone density” genes, variants of which will result in BMD lev-
els that are different between individuals. These differences
can become apparent in different ways, for example, as peak
BMD or as differences in the rates of bone loss at advanced
age. While this notion has resulted in much attention being
paid to the genetics of BMD in the field of osteoporosis, it is
likely that this attention is also due simply to the wide-spread
availability of devices to measure BMD. This does not neces-
sarily imply that BMD is the most important biological para-
meter of bone strength to consider. At the same time it is im-
portant to realize that (low) BMD is but one of many risk fac-
tors for osteoporotic fracture, the clinically most relevant end-
point of the disease.

Heritability estimates of fracture risk have been — understand-
ably — much more limited due to the scarcity of good studies
allowing precise estimates. Collecting large collections of re-
lated subjects with accurate standardized fracture data is no-
toriously difficult in view of the advance age at which they oc-
cur. While documenting a fracture event is now possible in
several longitudinal studies, excluding a fracture event in
those who report no fracture (“the controls”) is more difficult
because they could still suffer a fracture later in life. One op-
tion to overcome this might be to take controls which are
(much) older. In the case of hip fracture patients (with a mean
age of 80 yrs) this would require control subjects of 90-100
yrs. It is questionable whether such healthy survivors are
proper controls for fracture cases.

Andrew et al. (5) recently studied 6570 white healthy UK fe-
male volunteer twins between 18 and 80 years of age, and
identified and validated 220 non traumatic wrist fracture cases.
They estimated a heritability of 54% for the genetic contribution
to liability of wrist fracture in these women. Interestingly, while
BMD was also highly heritable, the statistical models showed
very little overlap of shared genes between the two traits in this
study.

Michealsson et al. (6) studied 33,432 Swedish twins (including
6,021 twins with any fracture, 3,599 with an osteoporotic frac-
ture, and 1,055 with a hip fracture after the age of 50 years)
and concluded that heritability of hip fracture overall was 48%
but was 68% in twins younger than 69 years, and decreased to
3% in elderly twins 79 years and older. Indeed, another Finish
study of elderly twins showed very little heritability for risk of
fracture (7). Altogether, this suggests that although fracture risk
is genetically determined, at older age other factors, perhaps
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environmental factors, are more important in explaining vari-
ance in fracture risk.

While it might be difficult to demonstrate fracture risk is heri-
table, one can also argue that it follows from simple logic rea-
soning that aspects of osteoporosis, including fracture risk,
must have a genetic influence. We know that DNA is the
blueprint of life, and that the genotype differs between individ-
uals, and that phenotypes differ between individuals. Thus,
the difficulties in demonstrating heritability of fracture risk are
probably due to limitations of our methods and approaches of
measuring it.

The heritability estimates of osteoporosis indicate a consider-
able influence of environmental factors which can be modifying
the effect of genetic predisposition. Gene-environment interac-
tions one can think of, in this respect, include diet, exercise and
exposure to sunlight (for vitamin D metabolism), for example.
While genetic predisposition will be constant during life, envi-
ronmental factors tend to change during the different periods of
life resulting in different “expression levels” of the genetic sus-
ceptibility. Ageing is associated with a general functional de-
cline resulting in, for example, less exercise, less time spent
outdoors, changes in diet, etc. This can result in particular ge-
netic susceptibilities being revealed only later on in life after a
period when they went unnoticed due to sufficient exposure to
one or more environmental factors.

Taking all this into account it becomes evident that osteo-
porosis is, not very surprisingly, considered a truly “complex”
genetic trait. This complex character is shared with other
common and often age-related traits with genetic influences
such as diabetes, schizophrenia, Alzheimer’s disease, os-
teoarthritis, cancer, etc. “Complex” means that a trait is multi-
factorial as well as multi-genic. Thus, genetic risk factors (i.e.,
certain alleles or gene variants) will be transmitted from one
generation to the next, but the expression of these genotype
factors in the final phenotype (“the penetrance”) will be de-
pendent on interaction with other gene variants and with envi-
ronmental factors.

Given that the Human Genome Project has now resulted in the
identification of nearly all genes in the human genome, it is not
very surprising that most attention in the analysis of gene-envi-
ronment interactions has gone to the genes, also referred to as
the “genocentric” approach. The idea behind this is that once
we know which gene variants are involved, it will be more

straightforward to analyse the contribution of environmental
factors and their interplay with genetic factors.

Risk gene identification in complex genetic diseases

Most common diseases such as diabetes, osteoporosis and
cardiovascular diseases as well as many disease-related so-
called intermediate traits or endophenotypes such as choles-
terol levels, glucose levels, and bone mineral density, have
strong genetic influences meaning that genetic variants will ex-
ist that contribute to explain this heritability. Yet, the identifica-
tion of genetic factors underlying these disorders and traits and
clarifying their genetic architecture has been very problematic,
given the complex nature of the phenotypes and the limited
molecular tools available at the time to identify the underlying
genetic factors.

Complex diseases are typically influenced by many genetic
variants each with modest effect size while the variability in
expression of the disease phenotype is most likely also influ-
enced by environmental factors in interaction with the genetic
factors. Figure 1 shows the approaches most commonly used
in the past two decades to identify genetic susceptibility fac-
tors for such complex diseases: the top-down genome-wide
approaches and the bottom-up candidate gene approaches. It
is safe to say now that linkage approaches in related subjects
have been unsuccessful to identify genetic factors in complex
disease. This is most likely due to the low power of this ap-
proach to detect the subtle effects and to the low “genetic res-
olution” meaning that very large chromosomal areas were po-
tentially identified but with many possible candidate genes in
them. On the other hand, the candidate gene approach in as-
sociation studies has frequently suffered from irreproducible
results mostly due to limited samples size and lack of stan-
dardization in phenotyping and genotyping. The GENOMOS
consortium was started to address the problems in the candi-
date gene association analysis in particular, but since then
has shown to be useful also for other approaches such as
Genome Wide Association Studies (GWAS). | will first briefly
discuss the classical association study design, followed by a
description of the GENOMOS consortium, and then end with
the recent GWAS on osteoporosis and the start of the GEFOS
project.

- Belected regions (e.g., exons, gene regions)

Type of approach_ Resolution Effectiveness

Common risk alleles Rare risk alleles
“Top-down” / hypothesis free
* Genome-Wide Linkage Analysis 5-20 million bp - +/-

- Pedigrees

- Sib-pairs

- Human, mouse

* Genome-Wide Association (GWA) Analysis  5-50 thousand bp + -
- 100K - 2000K SNP analysis in casesfcontrols
‘G Wide Sequencing 1bp (’)) (’P) _ .

- full genome not yet feasible on large scale : : Figure 1 - Some characteristics of the most com-
monly used molecular approaches to identify
susceptibility alleles for complex disorders. “Res-

“Bottorn-up” / up-front hypothesis olution” indicates the size of the chromosomal
* Association Analyses of Candidate 1bp +!_ +/_ area that is |dent|f|eq as being I|nke§/assomated
i to the phenotype of interest, and which can vary

Gene Polymorphisms (based on biology) from one base pair to many millions of base

pairs. “Effectiveness” indicates the success rate
* Candidate Sequencing 1bp + + of the method to identify risk alleles for complex

genetic diseases and phenotypes, either com-
mon or rare, as derived from publications.
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Association analysis of candidate gene polymorphisms

The bottom-up approach to identify genetic risk factors for os-

teoporosis builds upon biology, i.e., the known involvement of a

particular gene in aspects of osteoporosis, e.g., bone metabo-

lism. This gene is then referred to as a “candidate gene”. The
candidacy of such a gene can be established by several lines
of evidence:

1. Cell biological and molecular biological experiments indicat-
ing for example bone cell-specific expression of the gene.

2. Animal models in which a gene has been mutated (e.g., nat-
ural mouse mutants), over-expressed (transgenic mice), or
deleted (knock-out mice) and which result in a bone-pheno-
type.

3. Naturally occurring mutations of the human gene resulting in
monogenic Mendelian diseases with a bone phenotype.

4. More recently, any “hit” from a Genome Wide Association
Study (GWAS).

Subsequently, in the candidate gene frequently occurring se-
quences variants (polymorphisms) have to be identified which
supposedly lead to subtle differences in level and/or function of
the encoded protein. We distinguish mutations from polymor-
phisms purely on the basis of frequency: polymorphisms occur
in at least 1% of the population, mutations in less. The most
common DNA sequence variant now being studied is the Sin-
gle Nucleotide Polymorphism or SNP, which is the most com-
mon type of variation in the human genome, but of course sev-
eral other types of sequence variation need consideration such
as variable number of tandem repeats (VNTR) and copy num-
ber variations (CNV). Yet, these require specialised technology
to study in large populations, and therefore will await later stud-
ies, where as for SNPs most technology seems now in place,
resulting in many studies on SNPs in relation to complex dis-
eases.
Several databases are now available which contain informa-
tion on DNA sequence variation, especially on the common
variants in any gene of the Human Genome (e.g., dbSNP
from, NCBI, Celera, HapMap, and several more specialized
databases such as from the Program for Genomic Analysis
(PGA). Common DNA sequence variations were usually re-
garded as just polymorphic (so called “anonymous” polymor-
phisms) until proven otherwise, but this view is changing.
Many of them have now been now shown to have conse-
quences for the level and/or activity of the protein encoded
(functional polymorphisms). These can include, e.g., sequence
variations leading to alterations in the amino acid composition
of the protein, changes in the 5’ promoter region leading to dif-
ferences in mRNA expression, and/or polymorphisms in the 3’
region leading to differences in mRNA degradation. In particu-
lar, the GWAS (see below) have identified polymorphisms
which can be very far away from the actual gene of interest
and most likely are involved in fine regulation of the gene of in-
terest. As a result of this large amount of evidence that is being
accumulated for DNA polymorphisms we are now regarding all
of them them as potentially functional, until proven otherwise.

Polymorphisms of interest are usually first tested in population-

based and/or case-control “association studies”, to evaluate

their contribution to the phenotype of interest at the population
level. However, association studies do not establish cause and
effect; they just show correlation or co-occurrence of one with
the other. Cause and effect has to be established in truly func-
tional cellular and molecular biological experiments involving,
e.g., transfection of cell lines with allelic constructs and testing
activities of the different alleles. This can occur at different lev-
els of organization and depends on the type of protein
analysed, e.g., enzymes, vs. matrix molecules vs. transcription
factors. Acknowledging these complexities it will remain a chal-
lenge, once an association has been observed, to identify the
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correct test of functionality. And vice versa once functionality
has been established, to identify the correct endpoint in an epi-
demiological study.

Because functional polymorphisms lead to meaningful biologi-
cal differences in function of the encoded “osteoporosis” pro-
tein this also makes the interpretation of association analyses
using these variants quite straightforward. For example, for
functional polymorphisms it is expected that the same allele will
be associated with the same phenotype in different popula-
tions. This can even be extended to similar associations being
present in different ethnic groups, although allele frequencies
can of course differ by ethnicity.

Out of the lines of evidence mentioned above, numerous can-
didate genes for risk of osteoporosis have emerged. These in-
clude “classical’” candidate genes for osteoporosis such as col-
lagen type |, the vitamin D receptor, and the oestrogen recep-
tors. Yet, also recently identified “bone” genes, such as LRP5,
can become candidate genes because their involvement in
bone biology has now been established. These early genetic
studies on monogenetic pedigrees in which an LRP5 mutation
was segregating (such as in the High Bone Mass phenotype
pedigrees or in osteoporosis pseudoglioma pedigrees) have
identified LRP5 as a candidate gene for osteoporosis, but of
course not established its role as a genetic risk factor for osteo-
porosis at the population level. Yet, very interestingly, work
from the GENOMOS consortium as well as the recent GWAS
have also identified LRP5 as a risk gene for osteoporosis (see
below).

Genetic effects: large vs. small and common vs. rare

From the analysis of the few succesfully identified genetic risk
factors for complex disorders it is by now clear that for complex
disorders in general the risks associated with each individual
genetic variant are generally modest in terms of effect size. For
a number of DNA variants for several complex disorders a
trend can be discerned whereby the more common variants
are associated with smaller risks (such as PPARg Pro12Ala in
type 2 diabetes) than the more rare variants (such as FactorV
Leiden and thrombosis).

While the risk of disease for a human subject is indeed small
for such individual genetic risk variants, because there are so
many of these common variants in the human genome, the
combined effect — or genetic load — of these risk variants can
be substantial both for the individual as well as for the popula-
tion. One can speculate that evolution has allowed these com-
mon variants to float around in the human population because
they do not compromise reproductive success (or might even
enhance it) and only start to affect fitness of the individual car-
rying such variants late in life, far after the reproductive period.
On the other end of the spectrum more rare variants will be se-
lected out in evolution because they do affect reproductive suc-
cess and/or will be private to individuals as newly arisen muta-
tions.

Overall the current thought about underlying genetic risk vari-
ants of complex diseases such as osteoporosis, is that there
will be several (maybe up to a hundred) common variants con-
ferring risk, but any given individual will also carry several ge-
netic variants that are very rare in the population and might
have bigger associated genetic risks. As we will see below we
now have sufficient technology to start identifying these more
common effects with the smaller effect sizes. We will have to
wait though until cost effective total human genome sequenc-
ing techniques become available to identify in individuals the
collections of the much rarer sequence variants that perhaps
confer larger effects.

These small effect sizes also explain why it has been difficult to
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identify such risks convincingly, in spite of these genetic vari-
ants being so common. Common in this respect means allele
frequencies of a genetic risk factor of 5-50% and modest effect
sizes means odds ratio’s of 1.1-2.0. Statistical power calcula-
tions show that indeed very large study populations, of 1000 to
10,000 subjects of case-control collections and/or population-
based cohorts need to be studied in order to demonstrate con-
vincingly such small effects by association analysis. Only re-
cently such large study populations have become available and
consortia have been assembled to address these challenges in
a robust manner. Yet, such large combined sets of data require
meta-analysis to estimate true effect sizes of individual vari-
ants.

Meta-analysis

In the coming years we can expect to see more and more as-
sociation analyses to be performed of an ever increasing list of
candidate gene polymorphisms. It will therefore be necessary
to put all these data in perspective by performing meta-analy-
ses of the individual association analyses. Meta-analysis can
quantify the results of various studies on the same topic and
estimate and explain their diversity. Recent evidence indicates
that a systematic meta-analysis approach can estimate popula-
tion-wide effects of genetic risk factors for human disease (8)
and that large studies are more conservative in these esti-
mates and should preferably be used (9). An analysis of 301
studies on genetic associations (on many different diseases)
concluded that there are many common variants in the human
genome with modest, but real effects on common disease risk,
and that studies using large samples will be able to convincing-
ly identify such variants (10). This notion in the field of complex
genetics has led to the creation of consortia of investigators
working on the same disease, and then in particular on the ge-
netics of complex diseases and traits. Whereas these consortia
first operated in isolation, they are now sharing experience
through the HUGENET (http://www.cdc.gov/genomics/hugenet)
instigated network of networks (11,12). Among such consortia,
GENOMOS (http://www.genomos.eu) as the network of investi-
gators working on genetics of osteoporosis, was one of the first
starting in 2003 and was involved in the first Network of Net-
works meetings.

Meta-analysis initially had some drawbacks because it was
mostly based on combining sets of existing data resulting in
sometimes substantial bias in the outcome. This is mainly be-
cause there is publication bias in the literature (positive studies
reporting exaggerated effects) and there was virtually no stan-
dardization among investigators in methods of genotyping or
phenotyping and data analysis. Yet, with the advent of growing
consortia of investigators working on the subtle effects in com-
plex genetics, the concept of meta-analysis has developed into
one of prospective meta-analysis. Here, the investigators col-
lectively perform genotyping under standardized conditions and
agree on the outcomes, well before any outcome of individual
studies is known. This approach will therefore include positive
as well as negative studies on the polymorphism of interest.
The GENOMOS consortium was one of the first networks to
use such a prospective meta-analytic approach to start a sys-
tematic test of candidate gene polymorphisms in the field of os-
teoporosis.

The GENOMOS consortium

The EU-sponsored GENOMOS (Genetic Markers for Osteo-
porosis) consortium attempts to perform such studies using
standardized methods of genotyping and phenotyping. The
GENOMOS project involves the large-scale study of several
candidate gene polymorphisms in relation to osteoporosis-re-
lated outcomes in subjects drawn from several European cen-
ters. Its main outcomes are fractures and femoral neck and
lumbar spine BMD. The general research program is presented
in Figure 2, while an overview of the participating centers and
groups is given in Figure 3. Design details are further de-
scribed in the first meta-analysis of individual-level data on the
ESR1 gene (13).

Apart from it being a very large study of genetics of complex
disease with at the moment > 25,000 subjects included, an im-
portant aspect of this study is its prospective multi-center de-
sign. This means the genotype data are generated for all cen-
ters only after which the association analysis is done, thereby
rendering it immune to possible publication bias. The targets of
the study are polymorphisms for which some a priori evidence
for involvement in osteoporosis is present already; it is not de-
signed to be a risk gene-discovery tool and currently therefore

STRUCTURE OF EU-FP5 GENOMOS WORKPLAN

WP2
‘ GENOTYPING | | FAMILY DATA | ‘ HAPLOTYPING ‘ ‘ MONOGENIC GENES ‘ ‘ DNA POOLING ‘
DATA GENERATION l Figure 2 - An overview of the research program

| GENERATE GENOTYPE DATA OF POPULATIONS |

of the EU-FP5 sponsored GENOMOS project.

— \

There are several work packages that have
helped in the phase of data generation, one of
which is the actual genotyping of the participat-

v META-ANALYSES ing populations (WP1). The other work pack-

DATA ANALYSIS ages were investigating other methods to opti-
WPG- ASSOCIATION WITH WP 7: GENE prp— mize the process of genotyping and finding new

FRACTURE, BMD, BONE LOGS ENVIRONMENT ENVIRONMENT candidate genes. In the phase of meta-analysis

INTERACTIONS: INTERACTIONS: GENOMOS investigated the contribution of

L G lent i ponse-to-Ti candidate gene polymorphisms to the main
— v endpoints BMD and fracture risk, and explored
* * the possibilities to determine the contribution of

gene-environment interactions, in gene-drug in-
Pr— S%SSTCEQ,';?;E’,S{L? DIETARY TREATMENT teraction with HRT and in gene diet interaction
COMMERCIALISAT ALLELES MODIFICATION MODIFICATION with dietary calcium intake. In the final phase
fon we identified the true risk alleles and their effect

size.
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Figure 3 - A) A geographical overview of the initial
participating centers in the GENOMOS consortium
at the start in 2003. These include the centers with
study populations used for genotyping and associa-
tion analysis, and a centre specializing in finding
causative genes in monogenetic bone disorders
(Antwerp, Belgium), and the statistical centre for
meta-analysis (loannina, Greece). B) Idem, but at
the end of the contractual period in early 2007. The
Aarhus == number of centers with study populations has
) Total number of grown to now include > 36.000 subjects.
subjects: 18.917

14.622 women
4.295 men

GENOMOS (START 2003)

"Genetic Markers for Osteoporosis”
EU FP5 sponsored g Aberdeen
3 mil euro

Jan 2003 - Jan 2007

Cambridge

4,952 fractures
1.072 vertebral fx

Firenze

Barcelona
, =

t + Epidemiological Cohort

-

pant

subjects
(2007):

37,760

24,177 women
15,585 men

8,933 fractures

| 2,146 vertebral fx

-al Cohort

cannot, for example, assess all genetic diversity across a gene.
While fracture has been debated as an endpoint in genetics of
osteoporosis studies, this was chosen in the GENOMOS study
because it is clinically the most relevant endpoint. Statistical
power of the GENOMOS study to detect genetic effects on
fracture risk is high with > 5,000 fractures.

An overview of all the meta-analyses published by the
GENOMOS consortium so far is presented in Table I. The very
first GENOMOS meta-analysis of three polymorphisms in the
ESR1 gene (intron 1 polymorphisms Xbal and Pvull and the
promoter (TA) variable number of tandem repeats micro-satel-
lite) and haplotypes thereof, among 18 917 individuals in 8 Eu-
ropean centres, demonstrated no effects on BMD but a modest
effect on fracture risk (19-35% risk reduction for Xbal homozy-
gotes), independent of BMD (13). We then went on to study the
Sp1 COLIA1 gene polymorphism (14), 5 polymorphisms in the
vitamin D receptor gene including the Cdx2 promoter variant,
the Fokl variant, and the Bsml, Apal and the Tagl variants (15),
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5 polymorphisms in the TGFbeta gene (16), and the exon 9
and exon 13 variants in LRP5 and the exon 9 variant in LRP6
(17).

Overall, the major results of the GENOMOS study included the
identification of the LRP5 variants as true osteoporosis risk
variants but with modest effects size. The LRP5 effects were
very consistent across different populations rendering very low
p-values for the overall effect (although it was small), probably
indicating that this is a universal genetic effect for osteoporosis
which can be expected to pop-up in close to every population
studied. In addition, we identified the ESR1 SNPs as fracture
risk factors and not so much as BMD associated variants and
also showed that the Sp1 COLIA1 variant was associated with
a modest increase in vertebral fracture risk, as we did for the
Cdx2 variant in the VDR gene. These results show that the
candidate gene approach is fruitful in identification of osteo-
porosis risk alleles, but only when applied as rigorously as we
did in GENOMOS. In addition, it showed that the effect size of
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Table | - Overview of results on candidate gene associations from the GENOMOS study.

Gene SNPs Sample Associations with OP phenotypes Publication

= =17
(n=6) (n=17) 4 BMD (SD) Fracture (Odds Ratio)

Femoral neck Lumbar spine Vertebral Non vertebral

ESR1 3 18,917 - - 1.2-1.3 1.1-1.2 loannidis et al., JAMA 2004 (13)
COLIA1 1 20,786 0.15 0.15 1.1 (Sp1) - Ralston et al., PLOS Med 2006 (14)
VDR 5 26,242 - - 1.1 (Cdx1) - Uitterlinden et al., Ann Int Med 2006 (15)
TGFbeta 5 28,924 - - - - Langdahl et al., Bone 2008 (16)
LRP5 2 37,760 0.15 0.15 1.12-1.26 1.06 -1.14 Van Meurs et al., JAMA 2008 (17)
LRP6 1 37,760 - - - - Ibid. (17)

SNPs = single nucleotide polymorphisms; OP = osteoporosis.

the risk alleles is modest. This could be simply due to our
choice of candidate genes (not being able to picking out the
most important risk genes for osteoporosis), but might also sig-
nal the general allelic architecture of BMD. In view of the recent
GWAS results we think the latter is indeed the case.
Finally, we excluded these 5 TGFbeta variants to contribute to
osteoporosis and most likely also other variants in the coding
region of this prominent candidate gene for osteoporosis. This
is equally important as finding risk alleles, as it signals to the
scientific research community to not study TGFbeta variants
further in relation to osteoporosis.
In the course of the GENOMOS project we have also evaluat-
ed several different approaches to find new potential genetic
markers for osteoporosis. Of these, the work package on
analysing monogenetic families (WP4) has been very success-
ful in identifying new candidate genes, including LRP5 which
was also identified in our consortium as a prominent risk gene
or osteoporosis. Other approaches such as linkage analysis in
families or TDT testing in sib pairs selected on (mild) osteo-
porosis (WP2) was found to be not successful. In addition, we
tested some techniques for genetic association studies which
were found to be helpful (WP3 on haplotyping) or not so helpful
(WP5 LD mapping in pooled samples). These are all important
messages to the scientific community on how to progress in
the most efficient way in complex genetics.
No major effect of hormone replacement therapy (HRT) use
was seen for the effect of ESR1 genotype on BMD or fracture
risk, but the study was hampered by lack of standardised meth-
ods to assess HRT use and quality of the datasets. No major
effect of dietary Ca intake was seen for the effect of VDR geno-
type on BMD or fracture risk, but the study was hampered by
lack of standardised methods and quality of the datasets.

In conclusion we can now say that:

a. GENOMOS is now the largest consortium of research
groups working on genetics of osteoporosis

b. GENOMOS has fulfilled a pioneering role in setting the
stage for research in complex genetics.

c. GENOMOS has identified and refuted genetic risk factors
for osteoporosis

d. The effects sizes of the identified genetic risk factors for os-
teoporosis is modest at best, with effects of 0.1 SD in BMD
and 20-30% increases in risk for osteoporotic fracture.

e. The results of GENOMOS activities have not yet lead to
commercially interesting activities with any economic im-
pact. This is due to the candidate gene approach it has tak-
en so far, and the small effect sizes of individual genetic
markers.

Although successful, drawbacks of the GENOMOS consortium

include the fact that only well known candidate genes were an-
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alyzed, so we could not expect to generate much new biology
with the exception of WP4. GENOMOS only studied Cau-
casians so the generalizability of the findings is unknown for
other ethnicities. The endpoints were limited to the classical os-
teoporosis endpoints BMD and fracture risk. Both of these are
cumbersome to interpret in biological and clinical ways, and not
telling the complete story about osteoporosis. Finally, no risk
modeling was performed to assess the contribution of the ge-
netic risk factors we identified in GENOMOS in relation to well-
established osteoporosis risk factors such as age, gender,
BM, use of a walking aid, etc.

Therefore, to address these shortcomings of the GENOMOS
project we went on to compose a follow-up proposal. We were
lucky enough to see that under the FP7 program of the Euro-
pean Commission, a call for proposals was launched in which
complementary wording to our plans could be read. We there-
fore submitted a new proposal, called GEFOS, under the FP7
program and were indeed selected and funded: the son of
GENOMOS was born.

The GEFOS proposal (www.gefos.org) has started in march
2008 will use the several GWAS on osteoporosis as its starting
point, will increase the sample size of the GENOMOS consor-
tium for replication purpose of hits coming from the GWAS, will
include additional bone phenotypes (such as CT and ultra-
sound) to study as endpoints in the meta-analysis and/or
GWAS, and will introduce risk modeling of the identified genet-
ic risk factors in relation to other osteoporosis risk factors.

Genome-wide association studies

Due to technological developments the association study de-
sign has regained popularity, but now on a genome-wide scale
with an unprecedented density of genetic markers: the
genome-wide association study or GWAS (18). This renais-
sance has mostly been driven by the discovery of millions of
Single Nucleotide Polymorphisms or SNPs throughout the hu-
man genome and the development of so-called micro-array
technology to type such SNPs accurately on a massive parallel
scale.

Genome Wide Association Studies (GWAS; see Figure 4) have
only recently become available but already have had consider-
able success in identifying genetic susceptibility alleles. GWAS
consists of screening the genome of many hundreds to thou-
sands of subjects in a case-control study or population base
cohort study, with > 500.000 Single Nucleotide Polymorphisms
(SNPs), followed by a simple association analysis between a
phenotype and all the genetic markers. Such a GWAS then
identifies genetic markers associated to the phenotype of inter-

Clinical Cases in Mineral and Bone Metabolism 2009; 6(1): 35-43



The latest news from the GENOMOS study

Figure 4 - A schematic overview of the process
of performing a Genome Wide Association
study. Each of the DNA samples from, for ex-
ample, a typical case-control collection for a
disease consisting of 5,000 DNA samples, are
subjected to genome wide SNP genotyping us-
ing any of two platforms (lllumina and
Affymetrix). These will generate ~0.5 million
genotypes per DNA sample which combine to
2.5 billion genotypes across the 5,000 samples
which are then analyzed for association to the
disease by standard chi-square tests in pro-
grams such as PLINK. The output of such pro-
grams is usually depicted as so-called “Manhat-
X tan plots” whereby each dot represents the p-
value for association of one SNP (out of the 0.5
million). Selected SNPs are then identified (“the
low hanging fruit”) to be subjected to replication
* efforts in additional DNA collections with the

phenotype of interest. A meta-analysis on the
combined evidence will establish consistency of

DATA ANALYSIS (e.g., PLINK):
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association of one SNP in, e.g., 5000
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e
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Table Il - Comparison of two GWAS on osteoporosis.
TWINS UK/ ERGO NL deCODE/DK/AUS

Author Richards B, Rivadeneira F, et al. (23) Styrkarsdottir U, et al. (24)
Journal Lancet, april 29, 2008 NEJM, april 30, 2008
GWA discovery Twins UK (n = 1586) deCODE (n =5861)
Platform lllumina 317K lllumina 317K

Replication cohorts

Total n 8,557
gws hits: # BMD loci 2: LRP5, OPG
Also fx risk? 1 (LRP5)

Explained variance BMD ~1%

Rotterdam Study NL (n=4877)
Chingford UK (n=718)

Iceland (n = 4165)
Danish (n = 2269)
Australian (n = 1491)

13,786

5: OPG, RANKL, ESR1, ZFBTB40, MHC
3 (+ 3 post hoc)

~3%

est with a certain statistical significance. Because of the multi-
plicity of testing with so many markers certain thresholds have
been considered to declare an association “genome wide sig-
nificant” (gws). For example, when analyzing 500.000 markers
this threshold is 1.107 (0.05/500.000) but given more recent
imputation approaches to exploit the linkage relationships be-
tween the millions of SNPs in the HapMap database, 5.10® is
now a more widely used gws level in GWAS. Naturally, the
chance of seeing such gws associations is depending on fac-
tors such as the effect size of the markers on the phenotype,
and the size of the study sample. Usually, a typical GWAS con-
sist of a discovery sample with GWA data and a replication
sample with GWA data. From the discovery GWAS the “top-
hits” (for example, all genetic markers that reach a significance
of 1.10* or less will be analyzed in the replication GWA dataset
to see which markers will reach the gws level after combining
the two datasets). Following such a GWAS, the remaining top
hits (for example, any marker that has p<1.10%) will be ana-
lyzed in subsequent replication cohorts which do not necessari-
ly have GWA data but which can be genotyped for the particu-
lar genetic markers identified.

The explained genetic variance in diabetes mellitus by the re-
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cently uncovered common variants in risk genes by GWAS is
still limited to — at most — 10% (18), and similar figures are ob-
served for typical quantitative traits such as height (19-21). Yet,
we must realize these are still early days in complex genetics
because we have just uncovered the “low hanging fruit” in this
first round of GWAS. The complex genetics research communi-
ty has now organized themselves into still growing consortia of
research groups who join (GWAS) datasets and are providing
excellent forums for harmonizing phenotype definitions, such
as GENOMOS (www.genomos.eu). Such consortia will provide
a very good testing ground to uncover more genetic variants in
various disease areas.

GWAS of osteoporosis

The very first attempt to identify BMD loci through GWAS is
presented by investigators from the Framingham study using
the 100K Affymetrix platform and a limited sample size of
n=1141 men and women (22). This effort did not result in BMD
loci that reached the so-called genome wide significance and
made it clear that larger samples sizes were to be used and al-
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so genotyping platforms with a higher genome coverage such
as the lllumina 317K or 550K platforms. Recently, the first two
GWAS on BMD have been published that identified several loci
contributing to BMD that reached genome wide significance.
One study was coming from analysis of the TwinsUK cohort
and the Rotterdam Study (23), and the other study was from
deCODE (24) (see Table Il for an overview of the two studies).
These two studies represent the first large scale high density
GWAS efforts reporting BMD loci from a hypothesis free ap-
proach. One locus was overlapping between the two efforts,
i.e., the OPG locus on chromosome 8, while the TwinsUK./ER-
GO effort reported on additional locus, i.e., LRP5, and the de-
CODE GWAS reported 4 additional loci. LRP5 was interesting
because this gene and indeed this particular SNP (the exon 13
one) was just one month earlier reported by the GENOMOS
consortium to be associated with very high confidence to BMD
in the study by van Meurs et al.(17). The explained variance of
the genetic factors for BMD that was reached by both studies
was low (1-3%). This indicates that, very similar to the GWAS
results for height (19-21), BMD is a truly complex trait with
many loci (hundreds?) of small effect. This also indicates that
even larger samples sizes than the one used by the deCODE
study (n=13,000) are necessary to identify these additional
common factors. Taken together, this puts the GEFOS effort
now in the spot light because this consortium is able to eventu-
ally accumulate > 40,000 samples with GWAS data and there-
fore well-powered to identify the second wave of BMD loci in
combination with the expanded GENOMOS consortium to in-
clude >100.000 replication samples.

Rare variants

Thus, we have experienced a plethora of these GWAS that
have produced dozens of common variants that confer modest
risk for a variety of common disorders and traits. Yet, the cur-
rent round of GWAS tend to focus on this low hanging fruit
while we know that there are many more such common and
less common variants to be discovered with less impressive p-
values in the discovery phase due to even smaller effect size
and/or even smaller population frequency. Identifying such
small effects is possible but will require even larger sample
sizes to detect them in a statistically robust and convincing
way.

While all GWAS currently focus on the common variants (say,
>5% population frequency) we also suspect that there are less
common variants (0.5-5% population frequency) and even rare
variants (<0.5% population frequency) that will contribute to ex-
plain risk of disease or variance of a trait of interest. Examples
highlighting the existence of such less common variant was
demonstrated for sequence variations in cholesterol-related
genes, in relation to cholesterol levels. An example of this was
described by Cohen et al. (25) who tested whether rare DNA
sequence variants collectively contribute to variation in plasma
levels of high density lipoprotein cholesterol (HDL-C). They se-
quenced three candidate genes (ABCA1, APOA1, and LCAT)
that cause Mendelian forms of low HDL-C levels in individuals
from a population-based study. Non synonymous sequence
variants were significantly more common (16% versus 2%) in
individuals with low HDL-C (<fifth percentile) than in those with
high HDL-C (>95" percentile). Similar findings were obtained in
an independent population, and biochemical studies indicated
that most sequence variants in the low HDL-C group were
functionally important. Thus, rare alleles with major phenotypic
effects contribute significantly to low plasma HDL-C levels in
the general population. Similarly, such rare alleles of bone
genes might contribute to variation in BMD and other bone pa-
rameters, and even fracture risk in the general population.
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The challenge for the future will therefore be to identify also
such more rare variants through deep sequencing approaches
of the many genes identified through GWAS. Combinations of
such rare and the more common genetic variants in these par-
ticular genes can then be scrutinized for their diagnostic poten-
tial in large well phenotyped cohorts, also in relation to the
more classical risk factors. Such combinations of genetic risk
factors are expected to explain more of the genetic risk for par-
ticular common diseases than just the common variants or just
the (very) rare variants.
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