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General Introduction

1.1 Function of vitamin D endocrine system

The Vitamin D endocrine system, consisting of the metabolites of vitamin D
protein (involved in their synthesis and metabolism) and the vitamin D receptor
(VDR) as well as its cofactors, plays an essential role in calcium and phosphate
homeostasis and skeletal metabolism. This classical biological action includes intes-
tinal calcium and phosphate absorption, bone modeling and remodeling, and renal
calcium and phosphate reabsorption. The neoclassical actions of the system have
an important role in hematopoietic, immune, nervous and endocrine systems"*. 1
a, 25-dihydroxyvitamin D, (1,25(OH),D,, the active form of vitamin D) suppresses
proliferation and induces differentiation of mouse myeloid leukemia cells into mac-
rophages’, and induces differentiation of human promyelocytic leukemia cell into
macrophages®. The immunosuppressive actions of 1,25(OH),D, have been applied
to control autoimmune diseases such as rheumatoid arthritis, systemic lupus ery-
thematosus, type I diabetes, and transplant rejection. Vitamin D also contributes to
hair growth and skin development, and 1,25(OH),D, or its analogs have potential
therapeutic effects on psoriasis™, alopecia’ and cancer™. In this thesis, we will only
focus on the classical action of the system: skeletal and calcium metabolism.

The vitamin D receptor (VDR) mediates the pleiotropic effects of the vitamin
D endocrine system. Inter-individual differences in aspects of the vitamin D endo-
crine system have been well documented. For example, circulating vitamin D levels
vary by the season and latitude but also vary between individuals'®!. Furthermore,
it is known that subjects respond differently when vitamin D analogs are adminis-
tered'* ™. Such inter-individual variability can also contribute to the differences in
risk for diseases in which vitamin D plays an important role. They could be caused
by genetic differences in important proteins in the vitamin D endocrine system,
such as the VDR. The VDR mediates most effects of its ligand, 1,25(OH),D, (see
Fig. 1). Thus, one approach to understand inter-individual differences in the vitamin
D endocrine system is to study the influence of variations in the DNA sequence
of important proteins of this system. For example, Mutations in the VDR gene,
such as in the DNA binding domain®, the ligand-bind domain'®, or in splice sites",
cause the hereditary vitamin D-resistant rickets (HVDRR), which is characterized
by growth retardation and small body size. More subtle sequence variations are
“polymorphisms” that are defined as sequence variations that occur at a frequency
of > 1% in the population. Their influence on the vitamin D endocrine system is
currently under scrutiny in relation to a number of so-called complex diseases and
traits, such as aspects of bone health and osteoporosis in particular on which we
focus in this thesis.

1.2 Structure of the VDR gene
After the cloning of the human VDR ¢cDNA in 1988 by Baker et al.”®, it took
almost 10 years before major parts of the genomic structure of the human VDR

gene became clear as described by Miyamoto et al.”. Simultaneously, Croft et al.*
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General Introduction

demonstrated multiple tissue-specific transcripts (exon 1d to 1f) that differed at the
5-end of VDR gene. Although much of this became known well before the Human
Genome Project was finished, the data from Croft et al. is still not integrated in the
Celera or NCBI gene databases. The size of the VDR gene and the exact location of
the 5-end exons were still unknown (Fig. 2). The location of the VDR gene on the
physical map of chromosome 12 was indicated first by linkage mapping by Labuda
et al.”! and later on somewhat more refined by Fluorescent in Situ Hybridization
(FISH) and radiation hybrid mapping by Taymans et al.>>. However, these studies
defined the position of the VDR gene in very general terms and this is insufficient
for understanding the role of VDR polymorphisms in disease. The major reason to
understand the exact gene structure and its size is coming from genetic association
studies. Since mostly anonymous polymorphisms have been used in association
studies, one explanation of an association observed was that not only the VDR
gene but also another gene nearby could explain the association. It is therefore
important to know which genes are also present in the area and how close they are
to the VDR gene, and how likely it is that these other genes play a role in explaining
the associations.

5” Promoter 3’ Regulatory

1f le la 1d 1b 1c 2 3 45 6 78 93°UTR

CIT -G 3-UTR
I—I I—I variants
RFLP: Bsm| Tru9| EcoRV ApalTaql*
bp: G/IA G/A GIA G/T T/IC
Haplotypes (RFLP): 1= b a T
(bp) G G T
2= B A t
A B C
3=b A T
G B T

Figure 2 Genomic structure of the VDR gene and position of known polymorphisms before our
study. The dashed line between exons indicates the distance between the two exons is uncertain.

* indicates that these polymorphisms are in the coding sequence.

1.3 VDR Polymorphisms

Studies of VDR polymorphisms were initially focused on the 3-end of the
gene, ever since an association of the VDR polymorphisms with bone turnover
and bone mineral density (BMD) was reported by Morrison**. A partial correc-
tion of the data on the BMD association appeared a few years later in which the
association was much diminished”. In the lower portion of Fig.2, a number of
the VDR polymorphisms are depicted that were known before the start of this
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project. In the region of intron 8 and exon 9, Apa I*°, EcoR V*, Bsm I*°, Taq I** and
Tru9 I* restriction fragment length polymorphisms (RFLPs) were discovered and
used in association studies. For the 3’-untranslated region (UTR) of the VDR gene,
Mottison et al.** sequenced two individuals, who were homozygous for the most
frequent Bsm-Apa-Taq haplotypes: BAt-BAt and baT-baT, and reported 13 distinct
polymorphic sites including a poly(A)-tract with a varying number of adenosines.
Durrin et al. expanded this approach and sequenced the 3-UTR region in eight
subjects and identified seven polymorphisms, of which four were common and
three were rare in the eight annalysed subjects®. However, the number of subjects
analysed in these studies is still limited and they were highly selected, so it is likely
that more as yet uncovered polymorphisms exist in the complete 3>-UTR.

So far only two polymorphisms were reported in the coding exons of the VDR
gene. One is the Taq I RFLP which is located in exon 9 but does not change the
amino acid sequence of the VDR protein. Another is the Fok I RFLP. On compari-
son of the original Baker sequence of the VDR ¢DNA", two potential translation
initiation start sites (ATG) were observed and subsequent sequence comparisons
have shown that a T to C polymorphism exists (ATG to ACG) at the first potential
start site**". This polymorphism, also referred to as the Start Codon Polymorphism
(SCP), was later on defined using the FoklI restriction enzyme in an RFLP test’.
Thus, two protein variants can exist corresponding to the two available start sites:
a long version of the VDR protein (the T nucleotide allele detected as the “f”
allele, also referred to as the M1 form, i.e., the methionine at first position) and
a protein shortened by three amino acids (the C nucleotide allele detected as the
“I” allele, also referred to as the M4 form, i.e., the methionine at fourth position).
This is the only known protein polymorphism in the VDR gene so far. Brown et
al. sequenced the VDR coding region in 59 parathyroid tumors to find mutations™.
Apart from the previously reported Taq I and Fok I polymorphisms, they reported
no polymorphism in the coding region and found two intronic polymorphisms
near exon 2 and 8.

Another VDR polymorphism was found through sequence analysis of a targeted
area in the promoter region of VDR gene. After Yamamoto et al. found a binding
site for Cdx-2, an intestinal-specific transcription factor, in the VDR 1la promoter
region (based on the genomic structure of VDR from Miyamoto et al.”?), Arai and
colleagues reported a G to A sequence variation in this binding site among Japanese
women™.

1.4 Linkage Disequilibrium and Haplotypes of VDR Gene

Linkage Disequilibrium (LD) measures describe the association (or co-oc-
currence) of alleles of adjacent polymorphisms with each other’. This means in
practice that the genotype of one polymorphism can predict the other adjacent
“linked” one because very little recombination has occurred between them over
the time of evolution and population history. High levels of LD in a certain area



General Introduction

will coincide with a limited number of “haplotypes” in that area. Haplotypes are
blocks of linked alleles of adjacent polymorphisms, whereby the length of such a
block coincides with the strength of LD aross the area. In practice, this means
that relatively few polymorphisms have to be genotyped to “cover” the variance
in a certain area. Therefore, a massive effort is currently under way to determine a
haplotype map of the human genome’**.

It follows that the LD (or haplotype) structure of a certain candidate gene, such as
the VDR, is important for association analyses to understand how the polymorphic
variation in such a gene can contribute to risk of disease and population variance of
certain phenotypes of interest. When a certain allele of one polymorphism has been
found to be associated with “risk” of fracture (e.g), it follows that this association
might be explained by the effect of a particular allele, or by one (or more) other
alleles that happen to be linked to this allele within the haplotype block, because
of LD and the haplotype structure. Once we know which haplotype carries this
risk allele, we can determine by cell biological and molecular biological functional
analyses which of the variants on that haplotype allele truly cause this effect.

Based on some of the known polymorphisms shown in Fig. 1, several studies
have analyzed the extent of LD especially at the 3-end of the VDR gene. Since
these analyses have used only a small number of polymorphisms, accurate infor-
mation on LD and haplotypes has been very limited so far. Nevertheless, strong
LD at this region has been observed for the Bsm I, Apa I, EcoR V, and Taq I
RFLPs as well as the poly(A) variable number of tandem repeats (VNTR) in the
3-UTR**%%57 Thus, an LD map using a high density of polymorphisms across
the VDR gene is necessary to be determined, to use the haplotype information in
association studies.

1.5 Osteoporosis and VDR Polymorphisms

Osteoporosis is defined as a systemic skeletal disease characterized by low bone
mass and microarchitectural deterioration of bone tissue, with a consequent increase
in bone fragility and susceptibility to fracture®. It is a complex genetic disorder,
which involves interaction between environmental and genetic factors. Because of
the importance of the vitamin D endocrine system for a proper bone homeostasis,
it quickly became a target for genetic association studies. Many genetic association
studies have since demonstrated a relationship between the polymorphisms of the
VDR gene (depicted in Fig. 2) with decreased bone mineral density (BMD), and
increased fracture risk, but there are also many negative studies.

BMD is one of the most important predictors of osteoporosis, especially for
postmenopausal women. Low BMD in this population results from a low peak
BMD or/and faster bone loss with aging, and is a strong determinant of fracture
risk. Morrison et al. first demonstrated that the Bsm I RFLP in the last intron of the
VDR gene was related to serum osteocalcin concentration, which is an important
biochemical marker of bone turnover”. They subsequently found the Bsm I RFLP
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to be associated with differences in BMD in a twin study and in postmenopausal
women®*. Although the initial observations on the twin study (but not those on
postmenopausal women) have been withdrawn®, in the following years dozens of
papers were published analyzing the same RFLP in relation to BMD. However,
also controversial observations of the relationship between the commonly used
RFLP and BMD were reported. Three studies™*' summarized association studies
between the 3’ and Fok I VDR polymorphisms and BMD, but still conflicting
conclusions were drawn and some questions remained from those analyses.

The recently described G to A sequence variation in the Cdx-2 binding site just
upstream of exon 1a has also been found to be associated with BMD™. This site is
suggested to play an important role in intestinal-specific transcription of the VDR
gene. As the intestine is the site where the calcium absorption predominantly takes
place, the Cdx-2 site is thought to influence the vitamin D regulation of calcium
absorption. The A-allele has been demonstrated to have higher affinity than the G-
allele for binding to the Cdx-2 transcription factor, and thus having more transcrip-
tional activity . With more VDR expression in the intestine, the A-allele thereby can
increase the transcription of VDR downstream genes, especially, calcium transport
proteins such as TRPV5, TRPVO, calbindin-D, , and calbindin-D,, . This could
enhance the intestinal absorption of calcium and result in increased BMD. Indeed,
this increased BMD has been demonstrated for Japanese postmenopausal women
who carry the A-allele. However, because the population analysed encompassed
only 55 postmenopausal women, the power of this study was low. In addition, this
study did not analyse the relationship with fracture, the clinically most relevant
endpoint in osteoporosis. The association between this polymorphism with other
endpoints of osteoporosis such as fracture and bone geometry parameters is there-
fore interesting to be investigated in other preferably large populations, including
those of different ethnic background than Japanese.

Fracture is an import clinical endpoint to assess in genetic studies of osteopo-
rosis but also has some drawbacks. The etiology of different types of fracture (e.g.,
vertebral fracture versus hip fracture versus wrist fracture) is likely to be different.
For example, the mean age at which fractures occur at the hip and the wrist is
around 80 years and 65 years, respectively*. In addition, fractures are not detet-
mined by bone strength alone. Also falling risk plays a role, as well as cognitive
and neuromuscular fitness contribute to the overall risk of suffering a fracture.
Finally, the few studies that have analysed the heritability of fracture risk showed
low heritability ranging from 20 — 45%%-*. This low heritability could be explained
by the factors discussed above, which might also involve a large contribution of
environmental factors. Polymorphisms in the 3’-end of the VDR gene, especially
Bsm I and Taq I RFLPs, are most commonly used in VDR gene association stud-
ies, but they are highly linked to polymorphisms in the 3>-UTR, which is thought
to be the potentially functional region involving the stability of VDR mRNA.
Eighteen association studies (written in English) have so far analysed the relation-
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ship between VDR polymorphisms and fracture risk but with conflicting results.
The reason of this controversy could be small study size, diverse study designs
and use of different study populations, but also involve heterogeneity in types of
tractures studied. The Fok I RFLP has been analysed in relation to fracture in two

47 but no evidence of an association between Fok I and fracture risk was

studies
observed. So far, no meta-analysis has systematically reviewed the published data
of this polymorphism.

Body height is another skeletal phenotype with a strong genetic background.
Several twin studies indicate a heritability of up to 90%*°. Bone size is an impot-
tant determinant of bone strength, and thus, a risk factor for osteoporosis. Vitamin
D is known to regulate the proliferation, differentiation, and maturation of cells
responsible for skeletal growth, bone modeling and remodeling. Hence, genetic
variations in the VDR gene might contribute to inter-individual differences in bone
dimensions, growth and skeletal size characteristics, expressed as differences in
height/stature, vertebral area, or femur shaft diameter. Not only deleterious muta-
tions in the VDR gene cause HVDRR (which is characterized by growth retarda-
tion and small body size), but VDR polymorphisms also seem to be associated with
differences in body height’'™*, but not consistently”. Altogether, the data indicate
that several polymorphisms of the VDR gene might be associated with anthropo-
metric differences. A meta-analysis is necessary to systematically review the data,
and more polymorphisms across the VDR gene are interesting to be investigated in
different populations to test the consistency of the association.

1.6 Functionality of VDR Polymorphisms

The interpretation of association studies using VDR polymorphisms is severely
hindered by the fact that most of the polymorphisms used are anonymous, i.e., have
an unknown functional effect. The likely explanation for any observed association
is then to assume the presence of one or more truly functional sequence variations
elsewhere in the gene which is — to a certain extent — in linkage with an allele of the
anonymous (or marker) polymorphism used. As can be understood from the com-
plex organization of the VDR gene (Fig. 1), the identification of these functional
polymorphisms in the VDR gene is a challenging enterprise.

To identify functional sequence variations in the VDR gene most investigators
have focused on the 3’ regulatory region because this is close to the anonymous
markers used mostly in association studies. While the Bsm I, Apa I, and Taq I
RFLPs are located in the 3’-end of the gene, and LD extends into the 3’-UTR which
contains several polymorphisms*. The 3’-UTR of genes is known to be involved
in regulation of gene expression, especially through regulation of mRNA stability.

Morrison et al.?? earlier provided evidence of different luciferase activity in monkey

COS-7 and rat ROS 17/2.8 cell lines for the two 3-UTRs that are linked to the two
most frequent haplotypes “bal” and “BAt” according to Bsm I, Apa I and Taq I
RFLPs (see Fig. 2). Durrin et al. demonstrated that certain parts of the 3’-UTR,
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so-called destabilizing elements, are involved in determining stability of the VDR-
mRNA?. However, the UTRs linked to the “baT”” and “BAt” haplotypes were not
found by them to differ with respect to mRNA stability. Furthermore, heterologous
constructs (human VDR-UTR sequences coupled to a rabbit beta-globin gene) and
cell types (mouse NIH3T3 cells) were used to test for functionality. Especially,
since it is known that 3>-UTRs display cell type specific effects on mRNA stability,
this could be important in demonstrating functionality of sequence variations in
the UTR.

Several studies®>°

~? have been carried out to find evidence for the functionality
of the non-anonymous polymorphism, detected as an Fok I RFLP, in the initial
coding region of the VDR gene. From those studies, it appears that the Fok I poly-
morphism seems to be functional and the 424 aa VDR variant (F-allele) is somewhat
more active than the 427 aa variant (f-allele) in terms of its transactivation capacity
as a transcription factor. However, no consistent association studies support those
functionality findings so far. The Cdx-2 polymorphism, which is located in the
VDR promoter region, has been well-characterized by studies of Yamamoto et al.
and Arai et al.”™®. Although the functionality of this polymorphism has indeed been
convincingly demonstrated and the association of the polymorphism and BMD is
also described in a small Japanese population, the exact mechanism whereby the
polymorphism would relate to the risk for fracture has not been elucidated yet and
requires further study.

1.7 Aim and scope of the study

The main purpose of this study is to characterize functional sequence variations
across genes of the vitamin D endocrine system, in particular the VDR gene, and
to study association of such polymorphisms to aspects of osteoporosis. To this
end we performed studies to find polymorphisms, to analyse the patterns of LD
across the gene area, and we analysed functional aspects of several combinations
of polymorphisms. This research involves several approaches including molecular
genetics, genetic epidemiology, bio-statistics, bioinformatics and cell biology.

1.8 Description of Chapters

Chapter 2 Genome structure, homology analysis and re-sequencing of the 1”DR gene: In
this chapter, we first describe the updated genome structure of the human VDR
gene according to the integrated data from publications and web resources. The
result of homology analysis between human and mouse VDR gene genomic DNA
is presented for the determination of potentially functional regions across the hu-
man VDR gene. We present sequence variations that we found in a re-sequencing
study of those regions across the VDR gene.

Chapter 3 LD structure of the 1" DR gene: This chapter presents high resolution LD
maps and race-specific tagging SNPs to describe the haplotype block structure of
the VDR gene. This information forms the basis for furthre association studies.

10
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Chapter 4 Cdx-2 polymorphism and susceptibility for fracture risk: This section dem-
onstrates an ecological study of the correlation between the Cdx-2 genotype with
hip fracture risk for different ethnic populations, and the association of the Cdx-2
polymorphism and fracture risk in a subset of the Rotterdam Study.

Chapter 5 VDR haplotypes and susceptibility for fracture risk: In Section 5.1 we
demonstrate the relationship of haplotypes across the VDR gene (according to the
genotyping of haplotype tagging SNPs) and risk of different types of fractures in
the complete Rotterdam Study population. Section 5.2 presents a meta-analysis
of published data on the relationship between the VDR Bsm I polymorphism and
fracture risk.

Chapter 6 I"DR haplotypes and body height: This chapter presents association stud-
ies of VDR haplotypes and body height, and bone geometry parameters in two
Dutch populations. A meta-analysis of published data on the relationship between
VDR Bsm I polymorphism and body height was performed.

Chapter 7 Functionality studies of VDR polymorphisms: In this chapter we pres-
ent functionality studies of EMSA and transactivation experiments for SNPs in
the promoter region, and studies of VDR mRNA level and stability by 3’-UTR
haplotypes in different cell lines.

Chapter 8 Interaction of 1”DR and DBP haplotypes on fracture: This chapter presents
the LD map of the DBP gene using bioinformatics. The correlation of DBP haplo-
types and serum vitamin D level, interactions between DBP haplotype with dietary
calcium intake and VDR haplotype on fracture risk are demonstrated.

Chapter 9 General discussions and conclusions: We finally summarize the overall
results of the thesis and pitfalls in the process, and the general discussion ends with
suggestions for further research.
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Chapter 2

ABSTRACT

Introduction: Polymorphisms of the vitamin D receptor (VDR) gene have
been reportedly associated with several complex diseases, including osteoporosis,
but by unknown mechanisms and with inconsistent results. Most studies have used
anonymous polymorphisms at the 3>-end and one in the initial coding region of the
gene. However, no functional effect of the polymorphisms has been described.

Materials and Methods: We therefore searched the complete VDR gene for
additional polymorphisms. We first corrected the genomic structure of the human
VDR according to bioinformatics analysis of different databases. We sequenced 22
kb in the regions displaying high homology between human and mouse genomic
VDR sequence, including the 3.2 kb 3’-untranslated region (3>-UTR), 4.1 kb of all
coding exons and flanking introns and 14.7 kb of the 6 promoter exons 1a - 1f, in
15 Caucasians.

Results: We determined the structural organisation of the VDR promoter
region by aligning our sequencing results and the Celera database, resolved a 500
bp gap in front of exon 1b. We identified 62 polymorphisms, including 55 SNPs
and 7 tandem repeats. 22 SNPs (40%) were new and not contained in the NCBI
and Celera databases. In the VDR promoter region, 14 polymorphisms change the
putative recognition sequences of transcription factors, while 4 SNPs are located in
destabilizing elements (DE) in 3’UTR.

Conclusions: We identified additional polymorphisms in potentially functional
regions across the VDR gene. The result is a fundamental step for our next study
of linkage disequilibrium (LD) analysis across the VDR gene.
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INTRODUCTION

The vitamin D receptor (VDR, 12q13, MIM 601769) is a steroid receptor acting
as a transcription factor responding to the biologically active form of the secosteroid
vitamin D hormone. The vitamin D endocrine system is pleiotropic and plays an
important role in skeletal metabolism, including intestinal calcium absorption and
regulation of osteoblast differentiation, but has also been shown to modulate the
immune response, insulin secretion, the renin/angiotension system, and growth of
cancer cells'.

Although Baker et al.? reported the human VDR ¢cDNA in 1988, Miyamoto et
al.’ and Croft et al.* described the genomic structure and multiple tissue-specific
transcripts at the 5-end of VDR gene in 1998, but the complete genomic structure
of the VDR gene is still not correctly described. The data from Croft et al. is still
not integrated in the Celera or NCBI gene databases. The size of the VDR gene and
the exact location of the 5-end exons were still unknown (see Fig. 2 of Chapter 1).

As shown in chapter 1 of the thesis, many studies have been carried out to
investigate the association of VDR polymorphisms with complex diseases, includ-
ing osteoporosis, but conflicting results were observed. One of the reason of that is
anonymous polymorphisms were used in most studies. To identify polymorphisms
in potentially functional region of the VDR gene, we currently determined an accu-
rate structure of the gene, and sequenced functional region across the VDR gene.

MATERIALS AND METHODS

Subjects

We sequenced genomic DNA from 15 young Caucasian individuals encompass-
ing five homozygotes for each major VDR 3-UTR haplotype, i.e., 11, 22, and 33, as
defined in a previous study’ based on Bsm I, Apa I and Taq I RFLPs.

Homology analysis

Human and mouse VDR genomic sequences (>105 kb from Celera database)
were analyzed with the Vista program® to visualise the pair-wise percentage identity
as calculated for every 100 bp.

Resequencing and sequence analysis

We sequenced 37 overlapping PCR fragments covering 22 kb of the VDR gene
(shown in the upper-part of Figure 3) in 30 chromosomes including the 3.2 kb
3-UTR, coding exons 2 to 9 and flanking introns (4.1 kb), and 14.7 kb promoter
area containing 6 exons (la-1f). PCR primers were designed according to published
sequences (]J03258% PAC clone, AC004466° AF080454-AF080456*") and the
Celera database. Melting temperatures of primers were calculated with DNAMAN
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(v4.0, Lynnon BioSoft). Primer sequence and PCR conditions are described in Table
1. The 50 pl PCR contained 20-80 ng of genomic DNA, 3-5 pmol primers, and 2
units Tag DNA polymerase (SUPER TAQ, HT Biotechnology LTD. UK, TP05c;
or Promega, M1665) and was done 25 - 38 cycles in a Thermal Cycler 480 (Perkin
Elmer) or a GeneAmp PCR System 9700 (Applied Biosystems, ABI). Taqg PCR
Core Kit (5 X Q-Solution from QIAGEN Ltd.) was used to amplify some GC-
rich PCR fragments in promoter regions (Table 1). Sequencing extension reaction
system (20 ul) consists of 11 ul purified PCR product, 4 pl of Terminator Mixture
(ABI PRISM® Big-Dye Terminator cycles sequencing Ready Reaction Kit), 4 ul
of 5 X buffer (400 mM Tris-Cl pH 9.0, 10 mM MgCl ) and 1 ul of 10 pM primer,.
We purified PCR and sequencing products by Quantum Prep® PCR Kleen Spin
Columns and Micro Bio-spin® Chromatography Columns (BIO-RAD 732-6301
and 732-6224). Sequencing products were analyzed on an ABI PRISM® 310, or
3100 automated capillary Genetic Analyzer. All sequencing data was analyzed and
aligned by Navigator (Perkin Elmer) and Sequencher (Gene Codes Corporation)
sequence analysis software.

We used the TFSEARCH program® from the TRANSFAC databases developed
by GBF-Braunschweig, Germany and MatInspector’ from Genomatix softwate
GmbH, to search for potential transcription factor binding sites (TFBS) around
promoter polymorphisms.

RESULTS

Genomic structure of the 1'DR gene

The physical organisation of the human VDR gene region on chromosome
12q12-14 (kbp 46950 - 47350; Fig. 1a) and the VDR gene structure (Fig. 1b) is
based on PAC clones (PAC228P16 and PAC1057120), two published data™, the
Celera database, and our re-sequencing efforts. The VDR gene encompasses at
least 105 kb: the large 5-region of non-coding exons 1f to 1lc is 60 kb, with exon
1f being 35 kb upstream of exon le, while exon le is 2 kb upstream of exon la.
The nearest genes are COL2A1 at 20 kb distance upstream, with a small gene-like
structure (MGC5576) close to the COL2A1 gene, and HDACT7A at 10 kb distance
downstream.

Homology analysis

The overall percentage-identity between the entire human and mouse genomic
sequence of the VDR gene is 28.8% (Fig. 2). While coding exons are found in
highly conserved region (from 86.5 to 92.6% identity), except for exon 5 (61.2%).
We also observed high homology regions in intronic areas, i.e., in total 14 kb of
regions between 1f and le, 5kb of regions between exon 1b and Ic, and a small
500 bp region between exon 2 and 3. Interestingly, there is a lack of homology of
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the human exons 1b, le, and 1f with the mouse gene, while 1a, 1d and 1c are well
conserved. Overall, much of the lack of homology can be explained by presence
of Alu-repeats in the human VDR gene. We detected 62 Alu-like sequences mostly
located in introns and between exons 1f and le, while one is located in the 3>-UTR
(data not shown).

Resequencing of the 1”DR gene

We found 62 polymorphisms (Table 2 and Fig. 3) including 57 SNPs and 5 vari-
able number tandem repeat (VNTR) polymorphisms, of which 18 polymorphisms
(15 SNPs) were not present in the Celera database (chromosome 12, location from
47033000 to 47139000, April 2005 freeze/ NCBI Human Genome Build 35.1),
NCBI dbSNP (dbSNP build 123), the Human Gene Mutation Database (HGMD),
the HGBASE database and/or in publications. Nine (out of 62) polymorphisms
locate in highly conserved non-coding regions (identity rate > 70%) in the 3>-UTR
and in the promoter region. The average frequency of variation across 22 kb was
1/355 bp, which ranged from 1/247 bp (13/3.2 kb) in the 3>-UTR, 1/315 (13/4.1 kb)
in exons (2 - 9) and surrounding introns, to 1/408 (36/14.7 kb) across the promoter
region. 50 SNPs, with a minor allele frequency (MAF) > 5% in the 15 subjects, were
identified as “informative SNPs”.

Three informative polymorphisms were located in the so-called “destabilizing
elements (DE; described before'’) in the 3>-UTR of the VDR gene (Fig. 3.). Four
informative SNPs were observed in coding exons 2-9: a previously known C to
T substitution (E2-C4T; detected as a Fokl RFLP), E2-C59T and E8-C2T are
synonymous substitutions; and a previously known synonymous SNP (E9-T32C;
detected as a Taq I RFLP). In the promoter region exons la-1f, we found 36
sequence variations, including 5 VNTRs and 31 SNPs. One SNP in exon 1b (1b-
C25A) would change the predicted amino acid sequence by threonine to lysine
(Ib-Thr8Lys). TRANSFAC analysis of the 5" upstream regions of promoter exons
la-1f indicated that 14 polymorphisms change the core recognition sequence of
potential transcription factors (Table 2).

DISCUSSION

The VDR gene is an important candidate gene of osteoporosis, and it has been
studied for more than 17 years in genetic association analyses. However, the ge-
nomic structure of the gene described in the NCBI and the Celera databases still
does not cover the whole length of the gene. In our current study, we determined a
more accurate genomic structure of the human VDR gene, especially at the 5-end
of the gene. The length of the gene by our data is one third longer as compared to
other databases. The borders of the VDR gene seem indicated by the homology and
linkage analyses.
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Since the human VDR gene is a complex (with six extra exons in 5-end) and
large gene (at least 105 kb), it was a time and money consuming design to sequence
the complete VDR gene for functional variations. Especially in the beginning of
this study, no high-throughput sequencing equipment was available. The homology
analysis was therefore used to identify potentially functional regions of the VDR
gene, we therefore sequenced in total 22 kb (instead of 105 kb) of the VDR gene.
Those fragments covered most potentially functional region: all coding exons, the
complete 3’-UTR and 2 kb promoter region of all extra exons in 5-end.

One limitation of our homology analysis is we only compared the VDR se-
quence between human and mouse, because in the beginning of our study (1999),
only human and mouse VDR sequences were available. Now more species genomic
sequences are available for the homology analysis to identify commonly conserved
fragments among those species.

The analyses in this chapter (determining the VDR structure, homology analy-
sis and sequencing analysis) are time-consuming (cost 2.5 years) but they are the
fundamental steps for our following studies.
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ABSTRACT

Introduction: After 62 polymorphisms across the VDR gene were detected,
the next questions were: a. what is the allelic association between them [i.e., link-
age disequilibrium (LD)], b. how many functional polymorphisms were among
them, and c. how to identify them. Haplotype and LD analysis is a powerful tool
to examine the relationship between polymorphisms in a gene. This analysis can
cluster polymorphisms as haplotype blocks according to linkage level, and deter-
mine haplotype tagging polymorphisms for association and functionality studies to
identify potentially functional regions or polymorphisms in a gene.

Materials and Methods: We genotyped 47 single nucleotide polymorphisms
(SNPs) in 234 Caucasians, 107 Asians and 58 African Americans. We analysed
several databases and determined the race-specific haplotype structure and hap-
lotype tagging SNPs (htSNPs) across the whole VDR gene for different ethnic
population.

Results: LD analysis of common SNPs (frequency = 5 %) revealed 4 — 8 high
linkage haplotype blocks (D’ > 0.8) which are conserved among Caucasians and
Asians, but more fragmented in Africans. The haplotype frequencies differ ex-
tensively among the ethnic groups. Fifteen htSNPs are diagnostic for the VDR
haplotype blocks for large-scale association studies in Caucasians, 10 htSNPs for
studies in Asians and 28 for studies in Africans.

Conclusions: These htSNPs can be used for further studies to investigate the
relationship between VDR haplotypes and clinical outcomes in different ethnic
populations.
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INTRODUCTION

The interpretation of polymorphic variations in the VDR gene is severely hin-
dered by the fact that until now only few polymorphisms in this large gene have been
studied, and that most of these are anonymous (non-functional) polymorphisms.
To explain the associations observed with complex diseases they should be in link-
age disequilibrium (LD) with truly functional polymorphisms. Haplotype-based
methods offer a powerful approach to study association of genetic variation with
complex disease'. Following a recent comprehensive study of VDR polymorphisms?
we here present a detailed description of the genomic organisation of the VDR
gene region, the identification of 62 polymorphisms across relevant areas of the
gene, and analysis of LD and haplotype diversity of VDR variations in different
ethnic groups. We also compared our haplotype data with data from Nejentsev et
al. and data in several databases including Perlegen, HapMap and SNPbrowser.

MATERIALS AND METHODS

Subjects

We studied LD in 234 random blood Caucasian bank donors, and in DNA from
107 Asian and 58 African individuals (the Coriell Institute, Camden, NJ. USA:
90 Chinese Han (HD100), 9 Chinese (HDO02), 8 Japanese (HDO07), 47 African
Americans [HD04 and HD50) and 9 Africans from south of the Sahara (HD12)].

Genotyping

We genotyped 47 SNPs (Table 1) in 3 ethnic groups with the high throughput
TaqMan allelic d1scr1m1nat1on assays. The Assay Mixes (including unlabelled PCR
primers, FAM™ and vic” dye-labelled TaqMan MGB probes) of three Assays-
on-Demand® and 36 Assays-by-Design™ were designed and provided by ABI.
The reaction system contained 1 - 5 ng of drled genomic DNA, 2.5 pl of TagMan®
Universal PCR Master Mix, No AmpErase UNG (2 X), 0.125 pl (40 X) or 0.0625
wl (B0 X) of Assay Mix, and adjusted with Milli-Q H,O to a total volume of 5
ul. The genotyping results were analyzed with an endpoint reading in the ABI
Prism 7900HT independently by two operators, and 5% random samples were
independently repeated to confirm genotyping results.

Linkage disequilibrinm (1.D) and haplotype analyzes

We first analyzed LD among all 62 polymorphisms based on the 15 sequenced
Caucasian samples to select 37 SNPs, and also nine additional SNPs (A to I in Table
1) from the Celera database, which are flanking the VDR gene, and the E8-G+284A
(Bsm I RFLP?). Selection criteria for VDR SNPs in the LD analysis is based on:
A. Minor allele frequency (MAF) > 10 % (3/30 alleles) from our sequence analysis;

35



Chapter 3

Table 1 Allele frequencies of 47 SNPs in different ethnic groups

Minor allele frequency (%) '

Code! SNPs ID ! Allele Caucasian Asian African
(# chr = 468) (# chr = 214) (# chr = 116)
Intergenic region of COL 2A1 - VDR (5 SNPs)
A hCV2615323 (G/A) A 10 38 4
B hCV8724908 (G/C) C 44 15 27
C hCV2626648 (G/A) A 1 33 4
D hCV8724903 (C/G) G 7 1 5
E hCV8724902 (C/T) T 12 34 28
Promoter (24 SNPs)
1 1£-G-1904A A 46 5 10
3 1£-C-1570T T 27 78 66*
5 1£-G-1344A A 46* 5% 10*
6 1£1-1198G G 28* 17* 12%
7 1£-G-777A A 13* 29% 23%
F 1e-T-3743C C 17 48 76
10 1e-C-2090T T 43 3 6*
12 le-G-1739A (Cdx-2) A 17* 49% 75%
15 le-C-577A A 42 3 10%*
17 1a-G-1521C C 43 3 6
18 12-A-1012G (GATA) G 43* 3 6*
22 1b-T-2746C C 34 3 13*
23 1b-G-2528A A 28 66 75%
24 1b-C-2481A A 10%* 0.0 3
25 1b-A-2225G G 27 64 74
26 1b-T-1748A A 38 31 10
28 1b-G-886A A 25% 44 9%
29 1b-C-673T T 10* 0 2
30 1b-T-391C C 39 31* 10*
31 1b-C25A (Thr/Lys) A 32% 3 12%
33 1¢-T-1930C C 40 34 14
34 1c-G-1633C C 28* 20% 30%
35 1c-C-1453T T 41* 33% 51%
36 1c-G-1156A A 29 17 11*
Coding (8 SNPs)
38 E2-C4T (Fok I) T 34% 51* 21*
41 E4-A-62G G 42 75 35%
44 E7-D+75G G 2 1 22%
# E8-G+284A (Bsm 1) A 42 6 36*
46 E9-G-111C C 13 17 10
47 E9-G-94A A 2 1 14*
48 E9-T-48G (Apal) G 44 76 26
49 E9-T32C (TaqI) C 43 8 31*
UTR (7 SNPs)
50 U-A311C C 45% 76* 31
51 U-C440G G 2 0.5 1
52 U-G464T T 13* 17* 10*
53 U-D796T T 44 24 59%*
57 U-A1909C C 44 75 29%
61 U-G2795A A 2 1 16*
62 U-A2978T T 2% 0.5 1
Intergenic region of VDR HDACT7A (3 SNPs)
G hCV3290614 (A/T) T 35 75 23
H hCV3290610 (T/C) C 46 64 42
1 hCV16253844 (T/C) T 46 36 33

I: The SNP codes from A to I indicate SNPs which are selected from the Celera database, SNP A is a mis-sense mutation in
exon 53 of COL 2al; # indicates the RFLP SNP, E8-G+284A (Bsm I)’. The number is according to Table 2 in chapter 2.
II: The SNP ID is according to the Celera database and the resequencing result in Table 2 in chapter 2.

III: Minor alleles are based on the frequency in the Caucasian population.

*: VDR Tagging SNPs for association study in different ethnic groups
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B. In potential promoter TFBS or destabilising element in 3>-UTR; C. in a highly
conserved region; D. a tagging SNP (based on the 15 sequenced subjects).

We then genotyped 47 SNPs in Caucasians, Han-Chinese and African-Americans
to calculate allele frequencies (Table 1). We determined the race-specific SNPs,
whose MAF is > 3% in either of the ethnic study populations, and identified 42
SNPs for Caucasian, 33 for Asian and 41 for African American. We constructed
haplotype structure by the PHASE program?*, then used PHASE outcome to calcu-
late the pait- wise standardized disequilibrium coefficient (D’) with the “haploxt™
to estimate the linkage magnitude between two SNPs, and depicted the graphic
overviews of LD by the GOLD program®. We identified haplotype blocks and
calculated haplotype frequency in each block by HaploBlockFinder program’.
Selection of the htSNPs in each ethnic group was based on: A. the minimal com-
bination of htSNPs in each haplotype block to represent = 95% of the haplotypes;
B. potential functionality in 3-UTR or promoter; C. SNP is unlinked to any block
e.g., BE2-C4T (Fok I).

LD data comparison

We compared our data with the data from Nejentsev etal.? (including 68 SN Ps for
Caucasians), and data from Perlegen® (including 48 SNPs for European American),
HapMap’ (Haploview version 3.0, including 33 SNPs) and SNPbrowset'” (version
3.0, including 11 SNPs)

RESULTS

Linkage disequilibrinm (1.D) and haplotype analyzes

Genomic structure and polymorphisms of the VDR gene were presented in
Figure 1a. In Caucasians, we identified 5 blocks with high LD (coded 1 to 5 in Fig.
1b and 2a) which range in size from 2 - 17 kb. SNPs in such a block are in strong LD
with the other SNPs inside the block but show very little LD with SNPs outside the
block. Four blocks (1-4) were found in the promoter region, while the largest block
5 is encompassing 17 kb and includes exons 4-9 and the 3>-UTR. Block 2 and 3,
encompassing the 1b-le promoter region, could not be considered as one LD block
in our analyses even when D’ > 0.50 is taken as cut-off to define a block. There are
also clear areas of very low (or absent) LD, i.e., between exons le and 1f (block 1
and 2), between exons 2 and 3 (block 4 and 5), and at the end of the VDR gene (3’
of block 5). The E2-C4T SNP (detected as a Fok I RFLP) has no LD with any of
the other SNPs and cannot be assigned to any of the blocks. The most distal 3’ hap-
lotype block 5 shows no LD with SNPs after the VDR gene and the most proximal
5" block 1 shows only weak LD with more 5> SNPs near and in the COL2A1 gene.
At least 7 blocks can be identified when we compared different sources on VDR
LD block structures (Fig. 2b). It is difficult to define the exact boundaries of these

37



Chapter 3

\_

haplotype allele
baT
BAt
bAT
baT

DE3

IL8L6TV-N

78 93UTR
3.8
VI

I
0.7

D6061V-N

L1o6Ld-N
Ly9yrD-N
J1IEV-N1

ocel-6d
D8Y-L-64

JI11-D-64
V¥87+D-84d

6
1.1 0.6

45

47 50515253 54 5556 5758 5960 6162

WL/

3
0.5
464748

4445

43

0.6

DTO-V-vd

04 42

previously defined"

SA(402)
“A(379)
-A(116)

ST(32)

-C

Apal Taql

Bsm 1

-G-G-G-T-C-G-T

G

lc

1yD-cd

2.5

C

Fok I

373839

VOSII-D91
LESYI-O-21
DEE91-D01
J0¢€61-1L-91

~T-G402)
_C-G@282) T
C-A(26.9)

G
-G
C-

C
T
T

D

1h

VSsIO-a1
Dlee-L9ql
LELYD-AT
V988-D-d1
V8PLI-LAl
DeTTe-val
VI8YT-O-q1
V8CST-HAl
J9¥LT-L-91

II

lelald 1b
74
272829 30 31 23334353%

9.6

2223242526

A-G-C-C-C(27.6)
A-C-T-C(14.7)

_G-T —

C-G-C-A-T-G-C-T-A(314)
C-A-

T-G-A-A-A-G-C_C-C(10.0)
T-A-C-G-T-A-T- T-C (9.8)

G-
—A-C

19 2021

1a 1d
[]

OTI0I-V-E1
DITs1-Drel
VLLSD21
V6eLI-DO1
L060C-D-1
JevLed-o1

1e

GATA

T-T-G-A-C-G423)
TA(9T) T
~A(169) T

Cdx-2

NS A

VLLL-DIT
D86I1-LI1
Virer-DJ1

LOLST-OF1
Vy061-D31

789 1011121314 15161718

|

|

1f
2.6

{“

- T-G (44.6)
~G G (26.5)
~T-G(14.3)
“T-A(11.8)

A
G
-G
-G

A-C
G-C
G-T
G-T

I
Exon \f
1
n X

la

kb

SNP . 12345
1b

Cau

LD Block| 1

38



VDR LD Structure

"UAOUS ST ¢ ¥20[q Ut uontuyap I adL1ordey bey-edy-wsg snorasid no so3 suerseone)) 01
20uapu0dsaizon) "pautropun are (1°G 301deyd ur paqrrasap) sapaqre 2dLrordey ystx 91MIoes] (SINSIY) SINS Surssel odArodey a3 23ea1pUT SA[A[E PUe SINS PIOY "SY20[q
o1 mo[aq panuasaxd axe o,¢< Aouanbaiy © yirm y20[q yora ur sapa[[e 2d S1o1dey vowwon) ‘suonendod oruyI0 JUIAFIP Y3 JO YOI UT /G Z JO JVIN & Y3 SN UO paseq
‘SULIIIAWY-UEIII}Y PUE SURISY ‘SUBISLINE)) UT 2Ud3 Y A oY Jo dewr adfroderq qy 'z 303dey)) ur 7 9jqe], 03 39301 suonerrea 20uanbas ay3 Jo sroquinN] (., T 32 Ui
€29 7 ‘THQ) SIUAWI SUTZITIqeISIP LIIPUT Y, I, -.€ Y3 UT $9x0q £930) "suONerreA 79 243 Jo uonisod pue seaye paduanbag ef auas Y A uewny oy jo dew (7] 1 9im3r]

vd ¢d ud 1d q d [40) 10 g v
EeD-2-L-1-D-D
(6O L-V-L-1L-95-D
reDo-0-a(e)®-2-L-5-95-9 @@9)L-V- D= 2-9-0 (€0DL-V-2-V
®ENDH-V-Ad @eDDH-I-L-D-V-D 910H-D @®e¢DD-0 (€0DD-D @®L1-V- D- 2-V-D 09)D-L-1 Iz 9-5-2-9
(CSNV-0-a(€60)D-V-2-L-9-D (z99)V—-d 9) L VvV 2(@o9o-L ecDv-L VvV (€oDV-V- 9- L-V-D V @DOD-2-L Vv (TDL-95-2-D
(699)D-V-L(€60)D-V-L-1-9-9 T D-A v DO D 109)5-L (9LL)0-1L 9O (€eL)L-5- V- L-V-9 D (Uv)V-2-0 D (§s9L-D-L-D
coccllgerERE|l BT 3 T o sflsFl||lFzFlE|lFE 5 oFEE|T | iiEa|ln|RR R
6rglleg i S 88| 82 o8 B |83 |2T|6|5F B Eia|0|6b6 2|8 23883
Iz 2 52 e L L L I T & 5 == = 2 S e lglgn & Sz =| 928 = = oo
S S =20 % gz D3 2 = = s o © S l2[rN & S v || I3TRI|II 2 2 2 8
287|000 s3|| £8 2 s |2g||7A|2|E2 B sEE|>|g2&|5|8s2¢
> Q ) > Q > 3 Es) o > a8 £ & ana > = 0 Q> = >
3 L 9 S 14 € 4 I 30019 A1

(Swosowo.ayd 91 ur SGNS S€) ULILIdWY ULILY

d q a d A4
(€9)d- ad-9-2-L-H-H-H- 9] Le)L- H-1-D- V- V- O LYDH-L-V-0-V
T9)v- 1-9V-D-L-D-V- v 9DV -2-0-1L (6sDL- D-1-5- V- 9- L (€L1)D5D5-9-0-9
#sDv-  L-L-V-L-1-0-D- v o (€9D-L-9-0 (€190- D-V-vV- D- 9- L G60)V-L-95-1-9
(0zL)do- d-9-2-L-D-H-D- 9] 1 (LwDH-2-9-1 OeL- V-1-D- V- v- O (I8)H-1L-9-1-D
c C & o« O mm o les] [es] — e - _— = = —_ — —_ -
0 [ 1 1 e} o) Ne) 0 S _./w o (] (<] A..v q ﬂl ﬂ.. ﬂl ﬂ.. (o] n.v d’ 4: JJ wh dJ
2 3 2Z3500 > Q o0 3 = 95> 0 @ Sl e2e0o
= 2 sy s L g & 5 S 2 2 3N 0 = 4 I =50
g ~"=S808cz¢ 5 2 %8 2 = £&55 8 2 S| FgE2¢E
o o £ 3 388 o >822 g £ 3 a5 33
12 € 4 I Wolqai1

(CANMIACATIIN TTIN &T7 1T € TATC 07) TRICY

39



Chapter 3

low LD areas because not all studies analyzed a high density of SNPs across the
VDR gene. Interestingly, we observed LINE-1 repetitive elements to be localized
between the boundaries of the LD blocks of the VDR gene (Fig. 2b).

The LD map of Han Chinese is similar to that of Caucasians (Fig. 1b and 3a),
but with only 4 haplotype blocks and with areas of low LD co-localizing with those
in Caucasians. For Asians we observed a large haplotype block in the promoter
region (from 1e-T-3743C to 1b-T-391C) which corresponds to the combined Block
2 and 3 in Caucasians. This larger promoter block was also observed in Caucasians
when we used SNPs with MAF < 5% (data not shown). The LD map of African-
Americans is more fragmented and substantially different compared with that of
Caucasians and Asians (Fig. 1b and 3b). There are eight small haplotype blocks and
seven unlinked SNPs. Again, the E2-C4T SNP (the Fok I RFLP) was found to be
independent of any other haplotype block. Some areas of low LD are co-localizing
in all three ethnic groups, indicated as A in Figure. 1b (separating exon 1f from
the upstream region into COL2A1), B (separating exon le-1b from exon 1f), D
(separating exon lc from le-1b), E (separating exon 2 from exon 3-9/3’-UTR), and
F (separating the exon 4 - 3-UTR from the area downstream of VDR), while C
(separating exon 1f from exon le-1b) is shared between Caucasians and African-
Americans, but is absent in Han Chinese. In African-Americans two additional
areas of low LD (C1 and C2) can be distinguished.

We reconstructed haplotype alleles and analyzed diversity and frequencies
across ethnic groups (Fig. 1b; only haplotypes with MAF > 3% are shown). The
number of haplotype alleles in each of the LD blocks increases from Han Chinese to
Caucasians and is the greatestin African Americans. Only for relatively “conserved”
LD blocks across ethnic groups comparison is possible and this shows substantial
differences in haplotype allele frequencies. For example, in block 1 (around exon
1f) the most common allele in Caucasians has a frequency of 44.6% but this same
allele is 4.7% in Han Chinese and 10.3% in African-Americans. Similarly, the most
common allele in block 4 (around exon 1c) is 40.2% in Caucasians, 32.3% in Han
Chinese, and 13.8% in African Americans.

While for Caucasians 15 tagging SNPs (14 htSNPs and E2-C4T) are required
to cover the common genetic diversity across the VDR gene, this number is only
10 for Han Chinese but increases to 28 for African Americans. When only the tag-
ging SNPs were used to genotype a population (6,148 subjects form the Rotterdam
Study), a similar LD pattern was obtained compared to using the 34 original SNPs
with MAF > 5% in the smaller sample of 234 bloodbank donors, indicating that
the tagging SNPs are effectively predicting the other SNPs within the blocks.

We observed that the haplotypes constructed from the well-known Bsm I, Apa
I, and Taq I RFLPs, as described previously by our group', could correctly predict
all the common haplotypes at the 3’-UTR region in Caucasians as defined using the
9 SNPs with MAF > 5% (Fig. 1b). For Han Chinese such correspondence is lower
due to the U-D796T polymorphism which has changed phase, while for African
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Americans the haplotype structure of this area is much different.

DISCUSSION

We recently identified 62 polymorphisms in potentially functional areas of the
VDR gene (chapter 2), and now characterised the LD structures across the whole
VDR gene for three different ethnic populations. For Caucasian population we
identified 15 tagging SNPs to represent the common haplotypes of these blocks
in potentially functional areas of the VDR gene, we also combined several studies
and databases®*'*'? to conclude that there are 7 haplotype blocks across the VDR
gene in Caucasians.

We analysed the LD and haplotype structure of the VDR gene using 49 SNPs
with MAF > 5% in 234 subjects, and identified 5 haplotype blocks across the gene
tor Caucasian population (Fig 1b), haplotype pattern does not change when we
selected 50 random subjects in the same analysis. Nejentsev et al.?, analysed 68
SNPs with MAF > 10% in 916 subjects. Their analysis has the similar LD map of
the gene in Caucasians, although they described three haplotype block including
subset blocks. However, they missed one block structure around exon 1b, because
only one SNP was selected in the region; and since not analysing the intron2 and
3, we missed the block(s) in that region. Petrlegen® database defines three blocks
with high density SNPs (1 kb per SNP on average) in 23 Caucasians. HapMap’
and SNPbrowser'’ databases show some small haplotype fragments in the gene,
partially describe the LD map of the VDR gene. Combining all data together, we
conclude that there are seven haplotype blocks across the VDR gene. To determine
the reliable haplotype structure for the association study, one has to analyse high
density of informative SNPs (1 — 2 kb per SNP and MAF > 5%) in the relatively
big study population (> 50).

Using the D’ threshold of 0.8, we gained five clear border blocks with a few
common haplotypes (MAF > 5%) which cover > 95% haplotypes in the associa-
tion population. Using a few common haplotypes in association study, we limited
the number of analysis against the multiple testing.

We constructed the LD map and identified htSNPs of the VDR gene for three
major ethnic populations. There are several further approaches to identify the (set
of) responsible functional SNPs in the LD areas where we identified risk haplotype
alleles. Since African Americans have in general smaller LD blocks, replicating
the associations in African Americans could “zoom in” on a smaller region with
concomitantly less SNPs to test functionally. Subsequently, the functionality test
we will show (Fig. 2 and 5 in chapter 7) can be repeated but now with constructs of
promoter and 3>-UTR variants that differ at less and down to only 1 position.
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Chapter 4

ABSTRACT

Introduction: A single nucleotide polymorphism (SNP) within a binding site
of the intestinal-specific transcription factor Cdx-2 in the promoter region of the
human Vitamin D Receptor (VDR) gene was previously reported. It was found to
modulate the transcription of the hVDR gene and to be associated with decreased
BMD in a small group of postmenopausal Japanese women. In this study we inves-
tigated the relationship between the VDR Cdx-2 genotype and risk of fracture.

Materials and Methods: We first determined the location of this SNP in the
VDR gene by sequencing analysis, and developed an allele-specific multiplex PCR
test to determine the Cdx-2 genotype. We then performed an ecological study in 8
ethnic groups and an association analysis in a large epidemiological cohort of 2848
Dutch Caucasian men and women, aged 55 years or older.

Results: The location of the G to A substitution was found in the promoter
region of exon le (le-G1760A) of the VDR gene. By comparing the frequency of
the A-allele in eight different ethnic groups, we observed a negative correlation
between prevalence of the A-allele and published hip fracture incidence rates in
these ethnic groups (p = 0.006 for men and p = 0.02 for women), suggesting a
protective effect of this allele on fracture risk. Subsequently, in the association
study the A-allele (population frequency 19%) was observed to have a protective
effect on occurrence of osteoporotic fractures, especially for non-vertebral fracture
in women (Relative Risk of AA vs. GG genotype is 0.2, 95%CI is 0.05-0.8). This
effect remained after adjustment for age, weight and bone mineral density (BMD).

Conclusions: The A-allele of the VDR Cdx-2 polymorphism is present in
Caucasians, albeit at low frequency, and has a protective effect on risk of fracture.

Keywords: osteoporosis, ethnic groups, genetics, allele-specific multiplex PCR
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INTRODUCTION

Polymorphisms of the vitamin D receptor (VDR) gene have been found to be
associated with many clinical endpoints, such as osteoporotic fracture', osteoat-
thritis®, diabetes®, breast cancer®, prostate cancer’ and low BMD®. Most of these
studies involved the analysis of polymorphisms which are located at the 3” end
of the VDR gene, such as the Bsm I, Apa I and Taq I restriction fragment length
polymorphisms (RFLPs) or poly (A) repeat. However, these polymorphisms are not
likely to be functional by themselves, either because they are in an intron or they
do not change the sequence of amino acids, while the potential functional effect
of poly (A) repeat polymorphism is still unclear. Another commonly studied poly-
morphism in the VDR gene is the Fok I RFLP which detects a translation initiation
codon polymorphism’. Although it changes the structure of the VDR protein and is
a potential functional polymorphism?®, so far there is no strong evidence of associa-
tion of this polymorphism with any clinical endpoint including fracture®".

Recently, Yamamoto et al.'' described a functional binding site for the intes-
tinal-specific transcription factor Cdx-2 in the la promoter region of VDR gene.
Subsequently, Arai et al.'* described a G to A substitution polymorphism at this
Cdx-2 site which was found to modulate the intestine-specific transcription of the
VDR gene. Functional differences between these two alleles could be demonstrated
whereby the A-allele had increased binding to the Cdx-2 protein 7z vitro and showed
in the human colonic carcinoma cell line Caco-2, increased transcription activity
of the VDR promoter compared with the G-allele. Furthermore, in a small group
of Japanese postmenopausal women (n = 55) these authors found the A-allele to be
associated with increased bone mineral density (BMD). Together, these data sug-
gest the Cdx-2 polymorphism to be a functional polymorphism in the VDR gene.
However, data on the occurrence of this polymorphism in other ethnic groups
and from large genetic epidemiological study-cohorts are currently not available.
The Cdx-2 polymorphism is a single nucleotide polymorphism (SNP) which was
detected by direct sequencing'”. However, this technique is too laborious and time
consuming for screening purposes in large populations. In this study we therefore
developed a so-called allele-specific multiplex PCR (ASM-PCR), to detect the Cdx-
2 polymorphism. We first analysed this polymorphism in a panel of several ethnic
groups. In addition, we performed a large-scale association study in a prospective
cohort study of Caucasian men and women, aged 55 years and older. We analysed
this polymorphism in relation to fracture and BMD.
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MATERIALS AND METHODS

SUBJECTS

Panel of ethnic groups

We genotyped a panel of DNA from 88 subjects of different ethnicity. The
panel was obtained from the Coriell Institute (Camden, New Jersey, USA). It
consists of DNA from 10 African Americans (HDO04), 9 Africans from south of
the Sahara (HD12); 10 Chinese (HDO02), 10 Japanese (HDO07), 10 Southeast Asians
(excluding Chinese and Japanese, HD13); 10 Northern Europeans (HDO1), 9 Indo
Pakistanis (HDO03), 10 Middle Easterns (HDO05) and 10 Mexicans (HDO08). We
grouped these 88 subjects into three major human race groups defined as: African
(19 subjects, HD04 and HD 12), Mongoloid (30 subjects, HD02, HD07 and HD13)
and Caucasian (39 subjects, HD01, HD03, HD05 and HDO0S)

Data on the incidence rates of hip fracture in different ethnic groups were col-
lected from published studies”**, and are presented in Table 1. To enable compari-
sons among different published studies, we standardised the age-adjusted incidence
of hip fracture in men and women aged = 55 years according to the US population
distribution in 1990°%*". The direct standardisation method was used, every age-
specific rate was multiplied by the corresponding US population in the same age
category to get the number of hip fractures for each age category. The sum of
tractures was then divided by the total US population to get age-adjusted incidence
of hip fracture. For each ethnic group, we computed the average incidence rates,
which were weighted by the size of the study population, to compare incidence
rates of hip fracture among these eight ethnic groups.

Table 1 Overview of studies used to determine the age-adjusted* incidence of hip fracture in men
and women of age 50 years or older

Ethnicity Source population Author (ref.) Incidence (per 100 000)
Men Women
Chinese Chinese Lau et al.'?, Koh et al.'4, 118 158

Schwartz et al.'®, Xu et al.'®,
Yan et al.'”, Zhang et al. 18,

African African American Bauer et al.!® 16 182
Mexican Mexican American Bauer et al.'® 95 183
Japanese Japanese Hashimoto et al.?°, Iga et al.?!. 144 254
Southeast Asian Singapore, Lau et al.'3, Koh et al.'* 111 284
Malaysia, Thailand
Middle Eastern Kuwaiti Memon et al.*? 200 295
Indo Pakistani Singapore Indian Koh etal.!* 128 361
Northern European  Norwegian Schwartz et al.'*, Lofthus et al.>*, 243 419

Luthje et al.>*, Flach at el.?

*: Adjusted according to the US population distribution in 1985 or 1990

Study population

The study population sample of Caucasian elderly was derived from the
Rotterdam Study (the source population), a single centre prospective population-
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based cohort study including 7983 individuals with 3105 men (38.9%) and 4878
women (61.1%) to analyse determinants and prognosis of chronic and disabling
diseases in the eldetly®. The baseline measurements were performed between 1990
and 1993. The third follow-up examination phase took place from 1997 to 1999;
the mean follow-up period was 6.6 years (range 5.3-10.2). Baseline measurements
of BMD were available for 5931 independently living subjects from the study. For
the current study 1453 of these were excluded on the basis of age (>80), use of a
walking aid, diabetes mellitus or use of estrogen, thyroid hormone or cytostatic
drug therapy. From the 4478 remaining subjects, a random sample of 2848 subjects
(the study population) with 1131 men (39.7%) and 1717 women (60.3%) was drawn
at baseline, comprising independently living participants aged 55 to 80 years. All
subjects have records of incident non-vertebral fracture, while 1915 subjects (67.2%
of study population) survived and had follow-up radiograph records to assess
incident vertebral fracture. Data on dietary intake was available for 2536 subjects

(90.0% of study population).
MEASUREMENTS

Abnthropometric variables

Information about medical history, dietary habits, age at menopause and smok-
ing was obtained with a computerized questionnaire during a home interview.
Intakes of calcium and total energy were calculated by food frequency questionair
(based on all food and drinks consumed in one month) with the use of Dutch food
composition tables. Dietary calcium intake was adjusted for total energy intake.
Anthropometric measurements of participants were obtained at the research centre.
Body Mass Index (BMI) was calculated as weight (kg) divided by the height square
(m?). Bone mineral density (BMD in g/cm?) was determined by dual energy X-ray
absorptiometry (Lunar DPX-L densitometer, Lunar Corp., Madison, WI, USA) at
the femoral neck and lumbar spine (vertebral 1.2-1.4) as described before®.

Definition of fracture

Non-vertebral fractures (including hip, wrist and other fractures, but excluding
head, foot, hand and pathological fracture) were recorded by general practitioners
(GPs) who covered 80% of the population. Research physicians confirmed fol-
low-up information by checking GPs’ patient records and collected the data of
the remaining 20% of the population. Discharge reports and letters from medical
specialists were additionally used to verify the hospitalized non-vertebral fracture
patients. All fractures were coded independently by two research physicians ac-
cording to the International Classification of Diseases, 10" revision (ICD-10). If
there was disagreement, consensus was reached in a separate session. A medical
expert in the field reviewed all coded events for a final classification. The incidence
of non-vertebral fracture was defined as all new cases occurring during the follow-
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up period.

To assess presence of vertebral fracture, lateral radiographs of the spine from
the fourth thoracic to the fifth lumbar vertebrae were obtained and analysed mor-
phometrically by McCloskey-Kanis method as described previously”. All vertebral
fractures were confirmed through visual interpretation by an expert in the field.
When a vertebra was determined to be normal at baseline and any of the three
vertebral heights (anterior, central or posterior) showed a minimum decrease of at
least 4.6 mm and 15% in absolute height of the later film, then it was considered an
incident vertebral fracture. The incidence of vertebral fracture was defined as all
new cases occurring during the follow-up period.

Genotyping
Genomic DNA was isolated form peripheral venous blood samples according

to standard proteinase K digestion and phenol-chloroform extraction. The position
of the Cdx-2 (also denoted le-G1760A) polymorphism is based on our sequence
analysis of the le promoter region of the VDR gene (manuscript in preparation).
Two sets of primers were designed for the ASM-PCR test:

G-For: >-AGGATAGAGAAAATAATAGAAAACATT-3

G-Rev: - AACCCATAATAAGAAATAAGTTTTTAC-3

A-For: "-TCCTGAGTAAACTAGGTCACAA-3’

A-Rev: 5-ACGTTAAGTTCAGAAAGATTAATTC-3

A schematic representation of the method and localization of the allele-specific

primer sets is shown in Figure 1a. G-Rev and A-For are allele-specific primers. The
primer A-For is designed from 5’ to 3’ of the sense strand (+ strand), and the last
base is “A” at the site of the polymorphism. The primer G-Rev is from 5’ to 3’ of
the antisense strand (- strand), and stops at “C” (the complement base of “G”) at
the polymorphic site. These four primers generate three PCR fragments: primer
set G-For and G-Rev specifically amplifies the G-allele with a size of 110 basepair
(bp), A-For and A-Rev specifically amplify the A-allele with a size of 235 bp, the
out-primer pair (G-For and A-Rev) amplifies the internal control PCR fragment
with a size of 297 bp. A schematic representation of the gel electrophoresis pattern
is shown in Figure 1b. To verify the first result of genotype calls, a random set of
5% of the samples were genotyped again.

PCR and gel electrophoresis

The PCR amplification was carried out in a GeneAmp PCR system 9700
(Applied Biosystems) with MictoAmp = Optical 96-well Reaction Plate (Applied
Biosystems) and in a PTC-225 DNA Engine Tetrad (M] research) with polypropyl-
ene 96-well and 384-well thin wall microplates. 10 ul of the PCR reaction system
consisted of 1.0 ul 10X PCR Buffer (1X Buffer = 10 mM Tris-Cl, pH 8.3; 50 mM
KCl; 1.25 mM MgCl ), 1.0 ul 10X dNTPs (2mM), 0.4 pmol G-For, 0.6 pmol G-Rey,
0.6 pmol A-For, 0.4 pmol A-Rev, 0.5 units Super Taq (HT Biotechnology LTD) and

50



VDR Cdx-2 Polymorphism & Fracture

10 ng genomic DNA. PCR was performed with an initial denaturation at 96°C for
5 minutes, followed by 28 cycles of denaturation at 94°C for 45 seconds, annealing
at 56°C for 45 seconds and extension at 72°C for 45 seconds. The final extension
was at 72°C for 5 minutes. PCR products were size-separated on a 2.5% agarose gel
at 125 volts for one hout. The 100-bp DNA ladder of GIBCOBRL™ was used to
determine the size of fragments.

1A
Cdx-binding site
---TCACA[ATAAAAACTTATTTCTT---
T
-1760 le la
S S [ !

+ STRAND 5’ T 3

-— - - -

G-Rev A-Rev

G-For A-For
s - ——>
-STRAND 3’ | 5
G/A polymorphism
Internal control (297 bp)
A-allele (235 bp)
G-allele (110 bp)

1B

AA AG GG
Control fragment (297 bp) — — —
A-allele (235 bp) — —
G-allele (110 bp) — —

Figure 1 (A) Schematic representation of ASM-PCR for detecting the G to A SNP at the Cdx-2
binding site in the VDR le promoter region (le-G1760A). Primers A-For and G-Rev are located
flanking the SNP in opposite directions. The last base is at the SNP site, the last base of A-For is “A”
to match the A-allele and the last base of G-Rev is “C” (complement of “G”) to match the G-allele.
Primer set G-For and G-Rev generates a 110 bp fragment when the G-allele is present. Primer set
A-For and A-Rev generates a 235-bp fragment when the A-allele is present. The primer set G-For
and A-Rev generates a 297-bp fragment which is an internal control and independent of the presence
of either the G or A-allele. (B) Schematic representation of the gel pattern obtained with the ASM
PCR test for Cdx-2 genotyping. The largest PCR fragment (297 bp) is the internal control fragment
which can be seen in any successful PCR. The 235-bp fragment is the A-allele specific PCR product,
and the 110-bp fragment is the G-allele specific fragment.
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Sequencing

We sequenced the entire region of 6.5 kilo base pairs (kb) before the exon
la of VDR gene in DNA from 15 young female Caucasians as a part of our
sequence analysis of the VDR gene’. To sequence the region around the Cdx-2
polymorphism, the 297-bp PCR product, which was amplified with the out-primer
set of G-For and A-Rev, was purified by using Quantum Prep ' PCR Kleen Spin
Columns (BIO-RAD). We performed direct sequence analysis of PCR products
by cycle sequencing using an ABI PRISM bigdye ' kit from Applied Biosystems.
The sequencing reaction (20 pl) included "4 ul of 5X buffer (400 mM Tris-Cl pH
9.0, 10 mM MgCl ), 1.0 nM of G-For or A-Rev, 4 ul of Terminator Ready Reaction
Mixture (containing BigDye ', Applied Biosystems) and 11 ul of PCR product. The
sequencing reaction was performed in GeneAmp PCR system 9700 (Applied
Biosystems) with the following 25 cycles: 96°C for 10 seconds, 50°C for 5 seconds
and 60°C for 4 minutes. The sequencing product was purified by using Micro Bio-
Spin' chromatography Columns (BIO-RAD). Forward and reverse sequences of
PCR products were produced with an ABI PRISM 310 or 3100 Genetic Analyzer
(Applied Biosystems).

Statistical Analysis

For the ecological study Spearman’s Correlation test was used to test for cor-
relation between VDR Cdx-2 genotype distribution and the eight ethnic groups
ranked by gender-specific hip fracture incidence. To compare the differences of the
major anthropometric characteristics and clinical endpoints between the source
population and the study population for the epidemiological study, we performed
independent sample t-tests for continuous variables and the Pearson chi-square
analysis for categorical variables. Hardy-Weinberg equilibrium was tested for the
Cdx-2 genotype by a chi-square goodness of fit test. We grouped subjects by their
genotype for the Cdx-2 polymorphism as GG, GA and AA. The GG genotype was
defined as reference group because it was the most frequent genotype in our study
group. Differences in anthropometric characteristics by genotype were evaluated
by analysis of variance (ANOVA) for continuous variables and Pearson chi-square
p-value for categorical variables. Three possible genetic models were allowed to
explain differences between groups, i.e., an allele dose effect, a dominant effect
or a recessive effect. Allele dose was defined as the number of copies of a certain
allele in the genotype, and genotype was treated as a continuous variable. For the
A-allele the genotype is expressed as a numeric variable with 0 = GG, 1 = GA
and 2 = AA. In case of a consistent trend reflected as an allele dose effect, a linear
regression analysis was performed and a “trend” p-value was calculated to quantify
the association. In case of a recessive or dominant effect of the test allele, a two
by two chi-square test or an independent sample T-test was performed to test
for differences between two genotype groups. For recessive effects homozygous
subjects for the test group (e.g., AA) were compared to the combined group of
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heterozygous carriers (e.g., GA) and non-carriers (e.g., GG). For dominant alleles
we compared the test allele carriers (e.g., GA and AA) versus non-carriers (e.g.,
GG).

We first analysed risk of any fracture, which includes vertebral and non-verte-
bral fracture, by the Cdx-2 genotype. This analysis was limited to the group for
which data on vertebral fracture was available (n=1915). We then stratified the
analysis by type of fracture for vertebral vs. non-vertebral fracture. For analysis
of non-vertebral fracture the complete study sample (n=2848) could be included.
84 individuals who had both vertebral and non-vertebral fracture during the fol-
low-up time were included in all analysis. Differences in the non-vertebral fracture
frequency by genotype were compared using Pearson chi-square tests in general
and a linear regression model for the allele-dose effect. Relative Risk (RR) and 95%
confidence intervals (95% CI) were calculated for the relationship between the
Cdx-2 genotype and fracture by using Cox regression models. The same models
were used to estimate the RR adjusted for potential confounders, such as age,
gender, BMI and BMD.

To analyse effects of potential confounders and modification by dietary calcium
intake, we also stratified by gender; percentiles and particular cut-off level (less or
more 600 mg/day) of dietary calcium intake. Differences in BMD by genotype wete
adjusted for age and BMI by a general linear model. All statistical analyses (except
Hardy-Weinberg equilibrium) were carried out with the SPSS software package
(version 9.0).

RESULTS

The Te promoter region

We determined the sequence of the promoter region of 6.5 kb in front of the
VDR gene exon la using a sequence walking strategy. We used reference sequence
information from Miyamoto et al.*>, Yamamoto et al."!, NCBI (http://www.ncbi.
nlm.nih.gov/) and the Celera database. We found exon le (accession number of the
NCBI genomic database is AH006427 from Crofts et al.””) was only 2 kb in front of
exon la (see Figure 1A). The G to A substitution in the Cdx-2 binding site is located
1760 basepairs in front of exon le. Therefore the Cdx-2 polymorphism is referred
to as 1le-G1760A.

Genotyping

The ASM-PCR method to determine Cdx-2 genotype was applied to genotype
88 subjects from different ethnicity and 2848 men and women from the Rotterdam
Study. Figure 2 shows a representative gel separation pattern of ASM-PCR geno-
type analysis for 95 samples and one negative control (no genomic DNA). In order
to confirm the genotype result, we re-genotyped 5% random samples from those
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subjects and found no discrepancy. In addition, 15 random DNA samples were di-
rectly sequenced after PCR to evaluate the Cdx-2 genotype. Both genotype results
were completely identical. No other polymorphism was found in this 297-bp region
around Cdx-2 polymorphism in the le promoter region of the VDR gene according
to the sequencing result of these 15 random samples. The genotype distribution in
the sample from the Rotterdam Study obeyed Hardy-Weinberg equilibrium (p=
0.17). The frequency of the G-allele and A-allele in the large Dutch Caucasian
population is 81% (4614/5696) and 19% (1082/5696), respectively. Allele frequen-
cies were not different in men and women (p = 0.93), did not vary by age in men
(p = 0.42) nor in women (p = 0.17), and did also not vary in the different subsets
drawn from the Rotterdam Study (p = 0.806).

Internal Control
_\— Sl et bl -] - .-

A-allele —
T EEEEEL L LT L L L L L L L L -

G-allele

- T T ‘.~.—--' e e e . S N '-. Sl Sy Sy =y S, &
--~-t-w.---n....lﬁ'i?iuu--n.i..-ani‘-’a.nr'a;...--..-...u-

100 bp marker Negative control

Figure 2 Gel electrophoretic separation pattern of ASM-PCR analysis of 93 samples of our study
population and 3 controls for the Cdx-2 polymorphism

Ecological study of the Cdx-2 polymorphism

The frequencies of the Cdx-2 alleles and the genotype distribution in different
ethnic groups are presented in Table 2. Genotype distribution and allele frequency
differed substantially among ethnic groups. When we combined individual Coriell
panel groups into the three major races we found the A-allele to have highest
frequency in Africans (74%, 95% CI 60-88%), intermediate in Asian (43%, 95%CI
39-47%) and lowest in Caucasian (19%, 95% CI 18-20%). We observed an inverse
relation between Cdx-2 A-allele frequency and the incidence rate of hip fractures,
both for men and women (Spearman’s correlation test r = -0.87 p = 0.006 for men;
and r =-0.79 p = 0.02 for women). In Figure 3 we plotted the age-adjusted incidence
rates of hip fracture in women of age 50 years or older, against the frequencies of
the VDR Cdx-2 A-allele in the eight ethnic groups. We excluded HD12 (Africans
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from south of the Sahara) in the figure, because no hip fracture incidence data are
available for this group.

Table 2 The VDR le promoter Cdx-2 polymorphism in different ethnic groups

Ethnic group Coriell code MNumber Genotype frequency (o) Allele frequency (Me.)
of subjects GG GA AA G A
African 19 0.05 (1) 0.42 (8) 0.53 (10) 0.26 (10) 0.74 (28)
[95 %% CIJ* [0.60-0.88]
South Sahara HD12 9 0 0.44 (4) 0.56 (3) 0.22 () 078 (14)
Aftican American HD04 10 0.10 (1) 0.40 (4) 0.50 (3) 0.30 (€) 070 (14)
Mongoloid 291 0.32 (92) 0.50 (147) 0.18 (52) 0.57 (331) 0.43 (251)
[95 %% CIJ* [0.39-0.47]
Southeast Asian™® HD13 10 0.10 (1) 0.80 (8) 0.10 (1) 0.50 (10) 0.50 (10)
Chinese HDO2 10 0.30 (3) 0.50 (5) 0.20 (2) 0.35(11) 0.45 (%)
Japanese HDO7 10 0.60 (&) 0.30 (3) 0.10 (1) 0.75(13) 0.25(3)
Japanese (Arai) 261 0.31 (82) 0.50(131) 0.18 (48) 0.56 (295) 0.44 227
Japanese (total) 271 0.32 (88) 0.4% (134) 0.18 (43) 0.57 (310) 0.43(232)
Caucasian 2887 0.67 (1921) 0.29 (848) 0.04 (118) 0.81 (4690) 0.19 (1096)
[95 %% CIJ* [0.18-0.20]
Mexican HDO03 10 0.60 (6) 0.30 (3) 0.10 (1) 0.75(15) 0.25 (5)
Indo Pakistani HDO3 9 0.67 (6) 0.22(2) 0.11 (1) 078 (14) 0.22(4)
Middle Eastern HDO035 10 0.60 (6) 0.40 (4) 0 0.80 (16) 0.20 (4)
MNeorthern Eurepean HDO1 10 0.90 (%) 0.10 (1) 0 0.95019) 0.05(1)
Dutch (current study) 2848 0.67 (18%4) 0.29 (838) 0.04 (116) 0.81 (4626) 0.1% (1082)
Nerthern Eurepean (total) 2858 0.67 (1503) 0.25 (839) 0.04 (116) 0.81 (4645) 0.1% (1083)

#: 95% confidence interval of A-allele frequency
* Excluding Chinese and Japanese

X 80 African American 0787 Figure3 Age-adjusted incidence
() ° p=0.022 . .
© rates of hip fracture in women of
© i . .
< 60 o South Asian different ethnic groups accord-
inese * .
N>'< . o ing to the frequency of the VDR
2 40 - J | .
&-_) apanese (toa) Cdx-2 A-allele. Incidence rates of
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c 1 * . . . .
g Middle Eastern Northern European (total) COfdlﬁg to US populatlon in 1985
o
L?’:) 0 or 1990, and we calculated the
T T T T
0 100 200 300 400 500 female—speaﬁc incidence rates

Hip fracture incidence (per 100,000) for subjects aged 50 or older.

Association study of Cdx-2 polymorphism with fracture

We went on to analyse the relation between fracture risk and the VDR Cdx-2
polymorphism in a large Caucasian study population of Dutch men and women. We
first compared baseline characteristics, including age, gender, height, weight, BMI,
age of menopause, dietary calcium intake and current smoking, between the source
population and our study population. The subjects of our study group were 4 years
younger, 0.6 cm shorter and had 0.2 (kg/m2) lower BMI on average than the soutce
population. In our study population we observed that all fracture risk increased by
increasing age (the linear regression p < 0.001 for all kinds of fractures) and the
incidences of all fractures in women were significantly higher than in men (chi-
square p < 0.001 for all). Baseline characteristics of men and women in the study
population were not found to be significantly different when stratified by VDR
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Cdx-2 genotype (data not shown). The genotype distribution was not significantly
different in men and women as well as 5-year age categories.

Table 3 Risk of fracture according to the VDR Cdx-2 genotype in men and women

Total By Cdx-2 genotype

GG GA AA p-value”
Case/total (%)
Any fracture 381/1915 (19.9) 268/1270 (21.1) 103/567 (18.2) 10/78 (12.8)  0.06
Vertebral fracture 217/1915 (11.3) 156/1270 (12.3) 56/567 (9.9) 5/78 (6.4) 0.04
Non-vertebral 248/2848 (8.8) 173/1894 (9.1) 70/838 (8.4) 5/116 (4.3)  0.12
fracture
RR (95%CI) Per copy of A-allele
Any fracture Crude 1 0.8 (0.6-1.1) 0.7 (0.4-1.3) 0.8 (0.7-1.0)
Adjusted* 1 0.8 (0.6-1.1) 0.7 (0.4-1.3) 0.8 (0.7-1.0)
Vertebral fracture Crude 1 0.8 (0.6-1.1) 0.5(0.2-1.2) 0.8 (0.6-1.0)
Adjusted* 1 0.8 (0.6-1.1) 0.5(0.2-1.3) 0.8 (0.6-1.0)
Non-vertebral Crude 1 0.9 (0.7-1.3) 0.5(0.2-1.2) 0.9 (0.7-1.1)
fracture Adjusted* 1 0.9 (0.7-1.2) 0.5(0.2-1.2) 0.8 (0.6-1.1)

#: Calculated by linear regression model
*: RR was adjusted for age, gender, weight and femoral neck BMD

We compared by Cdx-2 genotype the incidence of any fracture (including ver-
tebral and non-vertebral fracture), and then separately by vertebral fracture and by
non-vertebral fracture during the 6.6 years follow-up period (Table3). We found
subjects carrying the A-allele to have fewer fractures with evidence for an allele
dose effect. The association was borderline significant for vertebral fracture (p
= 0.04) and any fractures (p = 0.06), while a similar trend was found for non-
vertebral fracture (p = 0.12). When stratifying the same analysis by gender, the
protective effect of the A-allele was similar in women and men. Because of the
higher incidence of non-vertebral fracture in women (13.6%) than in men (6.2%)
and the low frequency of the Cdx-2 A-allele in our Caucasian population, we further
investigated the effect of Cdx-2 genotype on non-vertebral fracture (including hip
fracture) in women separately (Table 4). Compared to the whole study population
we observed a similar protective effect of the Cdx-2 genotype in the women which
was borderline significant (p=0.05). When Relative Risks (RR) were calculated we
tound presence of the Cdx-2 A-allele to be associated with reduced risk for fracture
with evidence for an allele dose effect. The RR estimate did not essentially alter
after adjustment for age, weight as well as for femoral neck BMD. We did not
observe the calcium intake to modify the relation between VDR Cdx-2 genotype
and fracture (data not shown).

Association of Cdx-2 genotype with BMD
We also analysed the effect of Cdx-2 genotype on BMD but could not find an
association of Cdx-2 genotype with femoral neck BMD or lumbar spine BMD.
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Our data showed that BMD at femoral neck and lumbar spine were correlated to
calcium intake and age (p < 0.001 for both by linear regression analysis). In general,
individuals with a high calcium intake had higher BMD than individuals with a low
calcium intake. The dietary calcium intake was not different by Cdx-2 genotype (p
= 0.57, which was adjusted for age and gender). We then went on to analyse the
influence of dietary calcium intake on the relation between Cdx-2 genotype and
BMD.

In quartiles of dietary calcium intake, no difference in BMD was observed by
VDR Cdx-2 genotype. There were only 119 subjects (4% of the study population)
with a calcium intake less than 600 mg/day. In this group, a trend could be ob-
served towards A-allele having increased BMD but probably because we did not
have sufficient subjects in the group, this failed to reach significance (p = 0.47 for
temoral neck BMD and p = 0.56 for lumbar spine BMD). In the group with high
calcium intake (>600 mg/day) we did not see differences in BMD among VDR
Cdx-2 genotype groups.

Table 4 Relative Risk of non-vertebral fracture in 1717 women according to the VDR Cdx-2
genotype

Genotype Case/total (%) Crude RR (95% CI) Adjusted RR (95% CI)* Adjusted RR (95% CI)**
GG 139/1139 (12.2) 1 1 1

GA 57/505 (11.3) 1.0 (0.7-1.3) 1.0 (0.7-1.3) 1.0 (0.7-1.3)

AA 2/73 (2.7) 0.2 (0.06-0.9) 0.2 (0.05-0.8) 0.2 (0.05-0.8)

Per copy of A-allele 0.8 (0.6-1.0) 0.8 (0.6-1.0) 0.7 (0.5-1.0)

p-value 0.05

*: RR was adjusted for age and weight
**: RR was adjusted for age, weight and femoral neck BMD

DISCUSSION

Location of Cdx-2 polymorphism and genotyping method

From our analysis of the physical map of the region in front of exon la and le of
the VDR gene, we found that exon le was only about 2 kb in front of exon la. The
Cdx-2 polymorphism is therefore positioned in a promoter region in front of exon
le and not of exon la. Yamamoto et al.11 determined that the region around the
Cdx-2 polymorphism is important for expression of the VDR in intestinal cell lines.
However, the constructs used in that study contained either only exon 1a or both le
and 1a. The effect of the promoter of exon le on the expression of the VDR gene
was not analysed separately in that study. Crofts et al.33 analysed the tissue-specific
mRNA expression of multiple promoters of the VDR gene, and found exon 1la
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expressed in all tissues or cell lines in that study. Transcripts containing exon 1f and
le were found to be expressed in kidney and two tumour cells, but exon le was not
analysed separately. Cdx-2 protein is an intestine-specific transcription factor which
could regulate the expression of VDR in the same tissue, and influence calcium
homeostasis consequently. Therefore, to confirm whether le is a tissue-specifically
expressed exon, further analysis of tissue specific expression of VDR (especially in
intestinal cells) is necessary to elucidate the underlying molecular mechanism of the
association study.

We introduced the ASM-PCR genotyping method for detecting the Cdx-2
polymorphism in our study. The Cdx-2 polymorphism does not create a natural or
artificial restriction site by itself. In the ASM-PCR method we designed four prim-
ers, to generate three potential PCR fragments, which have about 100 bp difference
in size, so they can be readily distinguished by normal agarose gel electrophoresis.
In previous allele-specific PCR systems34, detection of each allele required one pair
of primers, so two PCR reactions had to be performed for two alleles. This made
it difficult to distinguish whether the relevant allele is truly absent or whether this
is due to PCR failure. In the ASM-PCR system described here, genotypes can be
determined in a single PCR without any additional treatment before agarose gel
electrophoresis. The reliability of the method was proven by reproducible results
obtained by sequencing and by repeated genotyping.

Ecological study of A-allele frequency and hip fracture incidence

The frequency of the A-allele in this Dutch Caucasian population (19%) was
much lower than that reported previously for the Japanese population (43%12). Our
analysis of the ethnic panel also suggests large differences in A-allele frequency
of this polymorphism ranging from 19% in North European Caucasian to 74%
in African subjects. The A-allele frequency in the small sample (10) Japanese sub-
jects used for the ecological study (25%) differed from that found in the relatively
large study (261 subjects) by Arai et al. (43%), which can be due to differences in
power between these two samples. The previously reported hip fracture incidence
rates13-25 appeared to be highest in subjects of northern European extraction and
lowest in those of Asian and African origin. By comparing incidence rates with
the frequency of the A-allele among these ethnic groups, we observed an apparent
inverse relationship between the A-allele frequency and hip fracture rate (Figure
3). However, results from ecological studies have to be interpreted with caution
because we cannot rule out alternative explanations for the observed relation
(“ecological fallacy”). Yet, the protective effect on fracture of the Cdx-2 A-allele
suggested by this comparison is in line with the results from our epidemiological
study in the Caucasian population of elderly subjects, especially for non-vertebral
fracture in elderly women (table 4). In the previous Japanese studyl12, Arai reported
a significant association between A-allele and an increased BMD in postmenopausal
women, and this would predict the A-allele to be associated with a decreased risk
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of fracture as observed in our current study. Nevertheless, separate epidemiological
studies of the relation between the VDR Cdx-2 polymorphism and fracture risk
have to be performed in the different ethic groups, to determine if the protective
effect of the A-allele on fracture risk is true and consistent.

Epidemiological study in Cancasians

In the population-based cohort study of Caucasian elderly subjects we per-
formed a large-scale association analysis to investigate the relationship between
the Cdx-2 polymorphism and fracture risk. The genotype distribution followed the
Hardy-Weinberg equilibrium, suggesting absence of selection bias. The associations
between Cdx-2 genotype and fractures were observed and independent of age,
gender, weight and BMD. We found a trend of decreasing frequency of fracture
by increased number of A-alleles, suggesting an allele dose effect. Because we did
not have sufficient statistical power, in particular for the AA genotype group, the
associations were borderline significant, which makes it difficult to distinguish an
allele-dose effect from a recessive effect.

The association of the VDR Cdx-2 A-allele with reduced fracture risk is
consistent with the results of functional studies of this polymorphism that were
previously reported 11,12. In these studies the A-allele was found to bind more
efficiently the Cdx-2 protein and showed increased transcription level of the VDR
gene. The Cdx-2 transcription factor plays an important role in intestine-specific
gene transcription35,36. As a transcription factor, Cdx-2 could mediate the tran-
scription of the VDR gene via the special cis-element in the le promoter region of
the VDR gene, thereby affecting the expression of the VDR in the intestine. Thus,
the VDR content of intestinal cells of the GA and AA genotype may be higher
than that of the GG genotype. The VDR is a transcription factor, and regulates the
transcription of other down stream genes in many tissues. Interestingly, by using
VDR- knockout mice the expression of two intestinal calcium channels, epithelial
calcium channel (ECaC) and calcium transport protein type 1 (CaTl), was shown
to be strongly vitamin D-dependent 37. The VDR mediates the effect of vitamin
D. It can therefore be hypothesized that VDR Cdx-2 A-allele carriers could have
higher intestinal calcium absorption, because of the elevated expression of these
intestinal calcium channel proteins. Increased calcium absorption in turn could
increase the BMD, and might, thus, contribute to a decreased fracture risk.

In order to investigate the potential mechanism underlying the association be-
tween fracture and the VDR Cdx-2 genotype, we further analysed the relationship
between BMD and Cdx-2 genotype. However, in our study of Dutch Caucasian
elderly we could not observe VDR Cdx-2 genotype to be associated with BMD,
which is in contrast with the results reported for the Japanese population. Arai et al.
found the VDR Cdx-2 A-allele to be associated with increased BMD at the lumbar
spine in a Japanese population of postmenopausal womenl2. However, several
environmental factors involved in bone metabolism, could be different between
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the Japanese and the Dutch population, including dietary calcium intake and serum
vitamin D level. For example, the dietary calcium intake of this Dutch study popu-
lation is higher than that of the Japanese population (average intake of 1117 vs. 600
mg/day38). We therefore went on to analyse the influence of dietary Ca-intake on
the relationship between Cdx-2 genotype and BMD in our study population.

In our study group increased dietary calcium intake was associated with in-
creased BMD, but the association was independent of VDR Cdx-2 genotype. Yet,
when we analysed subjects with a dietary calcium intake of less than 600 mg/day
(n=119) which is the similar to that of the Japanese population, we observed a trend
towards the A-allele being associated with increased BMD but this failed to reach
significance, probably due to low statistical power. Thus, to draw conclusions in
this respect it is necessary to analyse VDR Cdx-2 genotype in relation to BMD and
fracture in a population with relatively low calcium intake and, for Caucasians, in
an even larger sample size than that of the current study population.

In conclusion, in the present study we introduced a simple and specific genotyp-
ing method for association analysis of the Cdx-2 polymorphism in the le promoter
region of VDR gene. In an ecological study we found a strong correlation between
trequency of Cdx-2 A-allele and the incidence rates of hip fracture from different
ethnic groups. In an epidemiological study we demonstrated that the A-allele has a
protective effect on the risk of fracture in Caucasian elderly, especially for women.
The association seems not to be directly explained by differences in BMD. Our
results prompt the further association analysis of this polymorphism in relation to
fracture risk and environmental factors, particularly in Asian and African popula-
tions.
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ABSTRACT

Introduction: Most genetic association studies for the VDR focused on the
analysis of individual polymorphisms of the vitamin D receptor (VDR) gene and
complex diseases, but with conflicting results. We therefore recently determined
sequence variation across the major relevant parts of the VDR gene, including con-
struction of linkage disequilibrium (LD) blocks and identification of “haplotype
tagging” single nucleotide polymorphisms (htSNPs).

Materials and Methods: We here analyzed Fok I, Bsm I, Apa I, Taq I RFLPs
and 14 htSNPs in relation to 937 clinical fractures and 335 vertebral fractures
recorded in 6,148 elderly Caucasians over a follow-up period of 7.4 years.

Results: Haplotype alleles of the 5’ 1a/le (block 2-hapl), 1b (block 3-hap3)
promoter region and of the 3’ untranslated region (UTR, block 5-hapl) were associ-
ated with increased fracture risk of 15% (p = 0.06), 74% (p = 0.002) and 23% (p
= 0.004), respectively. For the 16% of subjects who had risk genotypes at all three
regions, risk increased 48% for clinical fractures (p=0.0002), independent of age,
gender, height, weight, and BMD. The population attributable risk varied between
1% - 12% for each LD block, and was 4% for the combined VDR risk genotypes.

Conclusions: This comprehensive candidate gene analysis demonstrates small
but consistent effect of risk alleles of multiple VDR LD blocks on fracture risk.
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INTRODUCTION

Rare deleterious mutations in the VDR gene cause the well known 1,25-di-
ydroxyvitamin D resistant rickets (rickets type II), a rare monogenetic disease
characterised by osteomalacia, alopecia, and increased 1,25-(OH), D, levels.
Some isolated, more common VDR single nucleotide polymorphisms (SNPs)
have previously been associated with several complex diseases and traits, such as
osteoporosis'™. Yet, most studies have used polymorphisms at the 3’end or in exon
2, but information on other polymorphism across the VDR gene is scarce. The
relationship between disease and haplotype alleles across the VDR gene has not
been systematically analyzed.

We recently sequenced 22 kb genomic VDR sequence, including the 3’untrans-
lated region (3’UTR), all coding exons and the 6 promoter exons 1f — 1c (chapter 2),
and determined linkage disequilibrium (LD; pair-wise D’) between single nucleo-
tide polymorphisms (SNPs) across and flanking the VDR gene in different ethnic
populations, and also identified haplotype tagging SNPs (htSNPs) of the VDR gene
(chapter 3). In the current study, we use this information in a large-scale association
analysis of htSNPs in relation to osteoporosis in a group of 6,148 Caucasian elderly
men and women.

MATERIALS AND METHODS

Subjects

The association of VDR genotype with fracture risk was analyzed in the
Rotterdam Study with 7,983 subjects®, of which 6,580 DNA were collected, and
0,148 DNA samples were available and succeeded for genotyping of all SNPs.
Genomic DNA was isolated from blood according to standard procedures.

Genotyping

We genotyped Fok I, Bsm I, Apa I, Taq I RFLPs and 14 haplotype tagging
SNPs (htSNPs) in 6,148 Caucasian subjects from the Rotterdam Study with the
high throughput TagMan allelic discrimination assays. The detail of genotyping
assays are provided in the Materials and Methods section of chapter 3. Five percent
random samples were independently repeated to confirm genotyping results. The
disagreement rate varied from 0.3-1.2 % for five htSNPs, while genotype results of
all other htSNPs were completely consistent.

Epidemiological analysis

Genotype distribution was tested for Hardy-Weinberg equilibrium.
Anthropometric measurements, body mass index (BMI, kg/m?*, BMD (g/cm?;
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dual energy X-ray absorptiometry, Lunar DPX-L densitometer; Madison, W1, USA)
at the femoral neck and lumbar spine (I.2-1.4) and other variables were measured
as described before®”. BMD measurements wete available for 5,027 (82% of the
cohort with genotypes) subjects. Gender-specific T-scores were calculated from the
femoral neck BMD using the NHANES reference population® of Caucasian males
and females aged 20 to 29 years. For assessing incidence of fracture, follow-up
ended before 1st of January 2002 (mean follow-up period of 7.4 years * 3.3 years).
We defined “clinical fracture” as all fractures confirmed by general practitioners
ot hospitals as described before*’, and excluded head, foot, hand and pathologi-
cal, post-procedural, skull and face fractures. Presence of vertebral fracture was
analyzed as described previously™'’.

We applied the Pearson y* test, and calculated the Relative Risk and 95%
confidence interval (RR, 95% CI) by logistic regression models, and calculated
Hazard Ratio (HR, 95% CI) for incidence of clinical, wrist and hip fractures by
Cox regression model. Both logistic regression and Cox models were adjusted for
potential confounders, such as age, gender, height, weight, BMD and bone loss. The
population attributable risk (PAR) was calculated for genetic and other markers for
clinical fracture risk. All statistical analyses were done with the SPSS (11.0). The
PAR was calculated as: P X (HR-1) / [P X (HR - 1) + 1], where P is the proportion
of the study population that is exposed to the risk factor for fracture and HR is the
Hazard Ratio for the risk factor.

RESULTS

The 15 tagging SNPs were in Hardy-Weinberg Equilibrium. Haplotype alleles
in block 2, 3, and 5 had consistent, albeit not always significant, effects on clinical
tractures (Fig 1), with similar effects in men vs. women and for vertebral, hip and
wrist fractures (data not shown). Subjects homozygous for the block 2 -hapl allele,
or homozygous for the block 3-hap3 allele, or carrying the block 5-hapl allele had
an increased risk for clinical fracture of 15% (p = 0.06), 74% (p = 0.002) and 23%
(p = 0.004), respectively (Table 1). We went on to investigate the combined effect
of promoter and 3-UTR risk genotypes on fracture risk, and found that subjects
carrying two or three risk genotypes across the VDR gene have 48% increased risk
for clinical fracture (p = 0.0002).

Baseline characteristics of 6,148 Caucasian elderly of the Rotterdam Study are
presented in Table 2. While age was borderline significantly different by combined
VDR genotype, all associations with fracture are independent of age, gender,
height, weight, bone loss (data not shown). We did not observe BMD to influence
the association of individual or combined blocks with fracture risk.
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Figure 1 Hazard Ratio (HR) for clinical fracture by VDR genotypes based on haplotype alleles in five haplotype
blocks (1-5) and the Fok I RFLP. The HR point estimate and the surrounding 95% Confidence Interval (95%
CI) are represented with squares and lines. The HR for one copy versus no-copy of the test allele is represented
with open squares and grey lines, the HR for two copies versus no-copy of the allele is represented with solid
squares and black lines. The logarithmic HR is plotted for the frequent haplotype alleles (frequency > 3%) in all
haplotype blocks (see Fig. 1b for Caucasians in Chapter 3) and the Fok I RFLP.

The population attributable risk (PAR) of the VDR genetic markers (Table
3) was 1% (frequency of subjects homozygous for the block 3-hap3 allele = 2%),
and 2% (frequency of subjects homozygous for the block 2-hapl = 21%) for the
promoter region, but increased to 12% for the 3’ region (including the 3-UTR,
trequency of the block 5 hapl allele-carriers = 68%). This was higher than the 1%
PAR of the best validated genetic marker for osteoporosis so far (COL1A1 Sp1''?
with a frequency of 3% of subjects homozygous for the Spl T-allele in our study
population), and similar to PAR’s for smoking and use of a walking aid.

DISCUSSION

A major limitation so far of association studies using VDR polymorphisms
in relation to complex disease endpoints has been the small number of analyzed
polymorphisms and, thus, the lack of knowledge about influence of and relation
between other polymorphisms in the gene. In addition, the lack of statistical
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Table 1 Incidence of fractures in 6,148 men and women from the Rotterdam Study by
VDR genotype defined by haplotype allele status in blocks 2, 3 and 5

Total Genotype groups* p-value
Clinical fx. by individual LD blocks:
Block 2-hapl Non-Homozygous Homozygous
Caseltotal (%) 906/6148 (14.7)  695/4844 (14.3) 211/1304 (16.2) 0.06
Crude HR (95% CI) | 1.15(0.97-1.35) 0.06
Block 3-hap3 Non-Homozygous Homozygous
Caseltotal (%) 876/6019 (14.6) 30/129 (23.3) 0.006
Crude HR (95% CI) | 1.74 (1.22-2.50) 0.002
Block 5-hapl Non-Carrier Carrier
Case/total (%) 256/1988 (12.9) 650/4160 (15.6) 0.004
Crude HR (95% CI) 1 1.23 (1.07-1.42) 0.004

Fractures by combined LD blocks: Number of risk genotypes in blocks 2, 3 & 5* Trend p-value

Zero One Two or Three
Case/Total (%)
- Clinical fx. 906/6148 (14.7)  207/1586 (13.1) ~ 516/3560 (14.5)  183/1002 (18.3) 0.001
- Vertebral fx.” 335/3055 (11.0) 78/814 (9.6) 186/1748 (10.6)  71/493 (14.4) 0.01
- Hip fx. 261/6148 (4.2) 61/1586 (3.8)  144/3560 (4.0)  56/1002 (5.6) 0.05
- Wrist fx. 257/6148 (4.2) 58/1586 (3.7)  145/3560 (4.1) 54/1002 (5.4) 0.04
Crude HR (95% CI)
- Clinical fx. | 1.14 (0.97-1.33)  1.48 (1.21-1.80) 0.0002
- Vertebral fx. 1 1.12(0.85-1.48)  1.59 (1.13-2.24) 0.01
- Hip fx. 1 1.06 (0.79-1.43)  1.49 (1.04-2.14) 0.04
- Wrist fx. 1 1.13(0.83-1.53)  1.53 (1.06-2.21) 0.03

*: “Non-homozygous” includes the genotype groups without the risk allele and the heterozygotes.
“Homozygous” is the genotype group homozygous for the risk allele. “Non-Carrier” is the genotype group
without the risk allele, “Carrier” includes genotypes heterozygous and homozygous for the risk allele

#: “Zero” indicates the “Non-Homozygous™: genotype groups for blocks 2 and 3, and the “Non-Carrier”
genotype groups for block 5

“One” indicates either the “Homozygous” genotype group for blocks 2 or 3 or the “Cartier” genotype group for
block 5

“Two and three” indicates two or three of the risk genotype groups, i.c., the “Homozygous” genotype group for
blocks 2 and 3, and “Carriet” for block 5

**: Vertebral fracture was diagnosed by the X-ray
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Table 2 Characteristics of the study population

Characteristic* a. Total Cohort b. by combined promoter and 3-UTR VDR genotype* p-value
0 1 2&3

Number (%) 6148 1586 (25.8) 3560 (57.9) 1002 (16.3)

Female (%) 3649 (59.4) 932 (58.8) 2102 (59.0) 612 (61.1) 0.49
Age (years) 69.5 % 9.1 69.1 £9.1 69.5 9.1 70.0 + 9.4 0.03
Height (cm) 166.8 £ 9.5 167.0 £ 9.5 1667494  166.6 +9.8 0.16
Weight (kg) 73.1 +12.0 733 +12.2 7314120 729+ 117 0.55
FN BMD (g/cm?) 0.867+0.142 087240143  0.864%0.142 0.868+0.145  0.40
LS BMD (g/cm?) 1.090+0.198  1.098+0.197  1.089+0.198 1.082+0.199  0.25
FN BMD change (10 g/cm?/year) 21494 1.6 % 8.6 19495 3.2£10.0 0.02

*: The following adjustments were applied:

- Age: adjusted for gender

- Height: adjusted for age and gender

- Weight: adjusted for age, gender, and body height

- BMD: subset n = 5027, adjusted for age, gender, height, and weight

- BMD change: subset n = 2391, 7.4 years follow-up, adjusted for age, gender, and clinical fracture
#: Definition of the combined genotype is shown in Table 1.

Table 3 Population attributable risk of independent risk factors for clinical fracture in 6148 men
and women from the Rotterdam Study

0
ftr Zi?ﬁﬁﬁi " R osa (%, ;é/i{a)*
Age > 75 years 32 2.3 (2.1-2.6) 29 (25-34)
T-score< -2.5 16 2.7(2.3-3.1) 21 (17-25)
Current Smoking 23 1.3 (1.1-1.5) 6 (2-10)
Use of walking aid 12 1.3 (1.1-1.6) 3 (1-4)
Genetic Markers
ColIA1 Spl T-allele homozygotes 3 1.4 (1.0-1.9) 1(0-3)
VDR risk genotypes
Block 2 hap 1 21 1.1 (0.9-1.3) 2 (0-5)
Block 3 hap 3 2 1.6 (1.2-2.4) 1(0-3)
Block 5 hap 1 68 1.2 (1.1-1.4) 12 (4-21)
Carrier of two or three risk genotypes 16 1.3 (1.1-1.5) 4 (2-6)

* HR = Hazard Ratio, 95% CI = 95% confidence Interval; PAR = population attributable risk; all HR and PARs
were adjusted for age and gender.

power of most studies to detect the expected subtle effects and misconceptions
about how such small biological effects could be translated to the risk of disease
has led to 2 number of controversies in the field. In our recent studies we identified
62 polymorphisms in potentially functional areas of the VDR gene, characterised
the LD structure and identified htSNPs, and used 15 tagging SNPs to represent
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the common haplotypes for five of LD blocks in potentially functional areas of the
VDR gene. We here examined the association between those VDR haplotypes and
fracture risk in a large-scale population.

A large association study with the htSNPs in a population-based cohort (6,148
elderly subjects) identified haplotype alleles in 3 LD blocks that confer risk for frac-
ture, and we present evidence for intragenic additive effects. These relationships
were found in both men and women and for different types of fractures (including
vertebral, hip and wrist fractures), and were independent of age, height, weight,
BMD and BMD change. In our study population (15% prevalence of fracture and
0,148 subjects), we have 80% statistical power to detect a 25% increased fracture risk
for a polymorphism/haplotype with a frequency > 10%. We analyzed haplotypes
instead of individual SN Ps, which limited the number of tests. For block 2 and 5, we
did not adjust the significant p-value by the conservative Bonferroni correction for
multiple comparisons, because in our previous studies™ we observed two fracture
risk alleles from these blocks in a subset of our current study, and we confirmed
the association in this study, but now for the haplotype alleles encompassing the
previously observed risk alleles. However, we used p = 0.005 (0.05/11), based on
a Bonferroni correction for analyzes in the other three blocks and Fok I, only the
association between block 3-hap 3 and fracture risk remains border line significant
(p = 0.002). Thus, we cannot reject the possibility that some of the associations we
observed are false positives, even in this very large population.

We previously reported haplotype 1 of the 3-end variants, defined by only
Bsm-Apa-Taq RFLPs, to be associated with increased fracture risk in 1004 post-
menopausal women’, which is a subgroup of the current study population. We here
confirm this association between Bsm-Apa-Taq haplotype 1 and fracture risk in the
complete study population (p = 0.03, data not shown). Yet, in our more detailed
haplotype analysis based on more SNPs we defined a sub-type of the Bsm-Apa-Taq
haplotype 1, i.e., block 5-hapl (40.2%, Fig. 1b for Caucasians in chapter 3), which
shows a stronger and more significant association with fracture risk. These subtle
differences in exact definition of the risk allele could contribute to heterogeneity
in association results observed for different studies. While we here focussed on
the more common (haplotype) alleles in the population, we cannot exclude (many)
less frequent risk alleles to contribute to VDR genotype-dependent fracture risk.
Further studies will be necessary to assess their contribution. We show that ef-
fects are modest (about 20-70% increased risk) as can be expected for common
variants in relation to complex disease. The VDR risk haplotype alleles therefore
have a modest influence on individual risk of fracture but make a substantial con-
tribution at the population level (PAR = 4 — 12%) in comparison to other genetic
markers we previously identified in this population, such as COL1A1 Spl1"* and
ESR1 Pvu IT and Xba I polymorphisms". The most prominent genetic effect on
fracture risk according to the PAR analyzes is the block 5-hapl risk allele. Many
previous conflicting association studies on VDR and BMD as well as fracture,
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analyzed usually (very) small study populations and used the Bsm I, Apa I or Taq I
polymorphisms in this block, but mostly analyzed separately. We therefore suppose
that this controversy can partly be explained by a lack of statistical power as a
result of small sample size, and failure to use haplotypes. In addition, population
stratification, such as mixed ethnic groups with different allele frequencies, popula-
tion-specific differences of some environmental factors, such as (dietary) calcium
intake, (dietary) vitamin D intake, sunlight-exposure, and other characteristics of
the study population pertinent to bone metabolism and fracture risk could result
in heterogeneity of association observed across different study populations. Based
on a meta-analysis of published data on the relationship between the VDR Bsm
I RFLP and fracture risk we have some evidence that this could be an important
tactor (chapter 5.2). We have data on serum vitamin D and dietary calcium intake
in a subset of our study population (n=1,312 and 4,747, respectively), but we don’t
have reliable dietary vitamin D intake data. We note that our study population has a
very high dietary calcium intake (1,120 mg/day). For the VDR-fracture relationship
we repeated the analyses but now stratified by the median, tertiles and quartiles of
vitamin D level or dietary calcium intake. However, the association did not differ
in these strata, and no interaction was observed (data not shown).

VDR as a transcription factor influences the expression of down-stream genes,
such as TRPV5, TRPV6, and Calbindin, which are involved in calcium absorption,
which could therefore impact BMD and thus fracture risk. However, we found that
the association between VDR genotype and fracture risk was BMD-independent,
which suggests other mechanisms (such as bone micro-architecture, bone quality
and bone strength) to determine fracture risk. Alternatively, we can hypothesize that
the bone tissue of the subjects carrying a risk allele is thought to have a somewhat
lower sensitivity to vitamin D since the expression of VDR is lower. Therefore,
the osteoblast activity could be lower, and the bone formation rate (in the bone
remodelling balance) could be decreased. The age-related expansion of the outer
diameter of long bone is associated with a marked increment of bone strength. We
recently have observed that the fracture risk haplotype alleles were also associated
with decreased bone size (chapter 6) in the same population. This genotype-related
bone geometry difference reflects that the bone gain resulting in outer bone di-
ameters expanding is smaller than the bone loss resulting in inner bone diameter
expanding. This bone geometry difference leads to a decrease in bone strength for
the risk allele carriers, possibly increasing the fracture risk.

In conclusion, basing on our recent sequencing and LD analysis of the VDR
gene, we demonstrated polymorphisms in the 5 promoter region and the 3-UTR
of the VDR gene to contribute to fracture risk in a large population. This “whole
gene” analysis demonstrates intragenic interaction of VDR polymorphisms in the
promoter region and in the 3’UTR to significantly contribute to fracture risk. Our
finding suggests these risk alleles to encode a “less-sensitive” VDR, probably by
encoding lower numbers of VDRs on target cells.
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ABSTRACT

Introduction: Fracture is the major clinical outcome of osteoporosis. The
vitamin D receptor (VDR) gene is thought to be a candidate gene for osteoporosis.
Many genetic studies have suggested an association of VDR polymorphisms and
osteoporosis, but evidence remains conflicting.

Materials and Methods: We searched published studies from 1996 to September
2005 through PubMed, and evaluated the genetic effect of Bsm I polymorphism of
VDR on fracture risk in a meta-analysis. Thirteen studies with a total of 20 eligible
comparisons (1,632 fracture cases and 5,203 controls) were analyzed with fixed and
random effects models.

Results: No evidence of relationship between VDR Bsm I polymorphism and
fracture risk was observed with any genetic model. The odds ratio (95% confidence
interval) of b-allele versus B-allele was 0.98 (0.86 — 1.12) with random effects cal-
culations. There was significant between-study heterogeneity. Small studies did not
differ significantly from larger ones.

Conclusions: No relationship of VDR Bsm I polymorphism and fracture risk
was found in the meta-analysis of published data.

Keywords: VDR; Bsm I genotype; fracture; meta-anlaysis
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INTRODUCTION

Osteoporosis is a common complex genetic disease, characterized by decreased
bone mineral density (BMD), increased bone fragility and fracture risk. Vitamin D
plays a crucial role in calcium and phosphate homeostasis and skeletal metabolism.
The vitamin D receptor gene (VDR) mediates the action of its ligand, and results
in normal bone mineralization and remodeling, therefore VDR has been con-
sidered an important candidate gene of osteoporosis. Since 1994 when Morrison
et al.! reported the relationship between VDR polymorphisms and BMD, about
a hundred subsequent studies have been carried out on the association between
VDR polymorphisms and diverse outcomes of osteoporosis, including BMD and
fracture. At least three systematic reviews®* have tried to summarize association
studies between VDR polymorphisms and BMD. However, analyzing the associa-
tion between VDR polymorphisms and BMD may be not sufficient to estimate
the role of VDR in osteoporosis. Bone fragility also depends on the morphology,
micro-architecture, and remodeling of bone. Some studies™® also showed that the
relationship of VDR polymorphisms and fracture risk was independent of BMD.

Fracture is a relevant clinical outcome to assess in genetic studies of osteopo-
rosis. Polymorphisms in the 3-end of the VDR gene, especially Bsm I and Taq I
RFLPs, have most commonly been used in association studies to date. These are
highly linked to polymorphisms in 3>-UTR, which is thought to be the potential
functional region involving the stability of VDR mRNA. Several association studies
have shown conflicting results of the relationship between VDR polymorphisms
and fracture risk. The reason of the controversy could be due to small study size,
diverse study design and different populations. So far, no meta-analysis has sys-
tematically reviewed the published data of on VDR polymorphisms and the risk
of osteoporotic fracture. In the current study, we performed a meta-analysis of all
studies relating Bsm I or Taq I polymorphisms of VDR gene with fracture risk.

MATERIALS AND METHODS

Identification of studies

We searched publications on PubMed (1996 to September 2005) with the com-
bination of keywords: VDR AND (polymorphism OR genotype) AND fracture.
References from retrieved publications were checked for additional studies. This
search tracked 40 studies, of which 18 studies (all in English) addressed the as-
sociation between fractures and VDR genotype. Others were reviews (n = 4), or
association and meta-analysis studies of VDR polymorphisms with other outcomes
such as BMD, bone turnover, muscle strength, hormone therapy and vitamin D

supplementation (n = 18), but no original fracture data per VDR genotype were
available. We also reviewed 108 references from three meta-analysis studies*™ of
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VDR polymorphisms and BMD, including a meta-analysis on other bone phe-
notypes (Gong et al.’). These 108 references included 59 published original as-
sociation studies, and 49 abstracts. Five references contained fracture data by VDR
genotypes, but they were already included in the 18 studies of fractures.

Of the 18 potentially eligible studies, further scrutiny suggested that 14 could
be included in the meta-analysis. This included eight studies for Bsm I restric-
tion fragment length polymorphisms (RFLPs)™™, one for Taq I RFLP", two for
Bsm-Apa-Taq (B-A-T) haplotype™', and three studies investigated more than one
polymorphisms (Fok I, Bsm I, Apa I, Taq I or B-A-T haplotype) of the VDR for
fracture risk'". Conversely, we excluded from the meta-analysis two studies that
investigated the Cdx-2° and Fok I* polymorphisms in relation to fracture risk,
respectively, and two ecological studies”** of Bsm I and Taq I. Of the 14 remain-
ing reports, two teports presented ovetlapping data from the same population™'®,
and we retained for the meta-analysis only the study with the most extensive data.
Thus, 13 studies were finally included in our meta-analysis (Table 1). The study of
Ramalho et al.”'* had two control groups, which we combined in one.

Data Extraction

Data were extracted according to agreement of two reviewers (Y. Fang and F.
Rivadeneira), and the third investigator (A. Uitterlinden) arbitrated the disagree-
ment by discussion and consensus. We extracted information on authors, published
year, country of origin, study design, mean or range of age, gender, site of fracture
(e.g. vertebral, non-vertebral, hip, forearm, low-energy and any fracture), number of
cases or controls and frequency of B-allele in cases, controls, and the whole popula-
tion for each study (Table 1). We also examined whether the genotype distributions
of study populations followed Hardy-Weinberg equilibrium (HWE) proportions
using a y*-test™.

Data Analysis

Three polymorphisms, Bsm I, Apa I and Taq I, have been commonly analyzed
in published association studies, and Bsm I is most consistently reported. They
are highly linked to each other with pair-wise D’s from 0.95 to 0.98, according to
our recent study of 6,500 subjects**. With a direct haplotyping test, the “B”-allele
of Bsm I has been shown to be 99% linked to the “t’-allele of Taq I, but only
41% linked to the “A”-allele of Apa I in a large-scale Caucasian population®. We
therefore considered Bsm I and Taq I as interchangeable genetic markers of the
VDR gene (at least in the Caucasian population). In the current study, we focused
on analyzing the relationship of Bsm I and fracture. When Bsm I genotype was
absent, Taq I genotype was used to infer the Bsm I genotype.

For the meta-analyses we used the Cochrane Review Manager (RevMan
Version4.2 program, the Cochrane Collaboration, Oxford, UK). The association
between the Bsm I polymorphism and fracture was assessed under the following
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genetic models, which were treated as a dichotomous variable: (a) b-allele versus B-
allele for the allele level comparison; (b) bb versus Bb + BB for recessive model of
b-allele, (c) bb + Bb versus BB for dominant model of b-allele, and (d) bb versus BB
for extreme genotypes. The study of Ensrud et al. only presented fracture data by b
or B alleles, but not by genotype in the original report, hence it was only included in
the analysis of model (a). We calculated fracture type-specific and overall odds ratios
(ORs) and 95% confidence intervals (95% Cls) for all pair-wise comparisons. The
p-value cutoff level, adjusted for multiple comparison, was considered significant
when lower than 0.0125 (Bonferroni corrected: p = 0.05/4, to consider pair-wise
comparisons in the four genetic models).

Assessment of heterogeneity and bias diagnostics

Between-study heterogeneity for difference of fracture risk was tested using
the y* — distributed Q statistic (with p-value considered significant at a level of
0.10*), and the inconsistency index I” (suggesting inconsistency among the studies’
results with values of 50%, or higher and large heterogeneity for values of 75% or
higher*” estimated by the RevMan program. ORs (95% Cls) were estimated by both
fixed effect and random effects models. Fixed effects assume that the genetic factor
shows a similar effect on fracture across all investigated study groups, and the
observed variation among study groups is caused by chance alone. Random effects
assume that there may be substantial diversity among different study groups, and
assesses both within-study sampling error and between-study variance. When there
is no heterogeneity between study groups, the two models are similar; otherwise,
random effects model usually give wider Cls than the fixed effect model. Random
effects are preferable in the presence of significant between-study heterogeneity. In
order to clarify the source of potential heterogeneity, we also performed subgroup
analyses by type of fracture (vertebral, hip, any fractures), type of study (cohort and
case-control studies) design and gender.

We also evaluated whether smaller studies gave different results from larger
studies and using: the Begg-Mazumdar test*®, which is based on the Kendall’s tau
rank correlation coefficient between the natural logarithm of OR [In(OR)] and
its variance; and its regression equivalent”, which is a linear regression of 1n(OR)
on its standard error (SE). We also performed recursive cumulative meta-analysis
to evaluate whether the summary odds ratio changed in the same direction over
time and appraised whether the first published study gave different results from

subsequent ones™ 2.
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RESULTS

Eligible data

The 13 eligible studies included 1,632 fracture cases and 5,203 controls with
genotype data (Table 1). Some studies considered separate data for different types
of fractures or different gender, thus there were 20 comparisons available. Two
compatisons from the Feskanich et al.'’ study (for hip and forearm fractures, re-
spectively) have no overlap in case and control groups, since first-reported fractures
were defined as cases and independent controls for hip and forearm fractures were
selected. However, there is some ovetlap in the control groups of Ensrud et al."”
who studied different type of fractures, because control groups were selected from
the same pool of a cohort. Two comparisons (vertebral vs. non-vertebral) from the
Garnero et al." study used the same cohort, and cases could suffer more than two
times (or types) of a fracture. We cannot clarify the exact extent of overlap accord-

ing to the original data of these studies'*"

. The mean age for each study was 51 — 89
years. Eleven of the comparisons originated from cohort studies and nine from
case-control designs, and sample size per comparison varied from 49 to 1,002. The
frequency of the B-allele in the entire population of cohort studies or control group
of case-control studies ranged from 34 — 52%, and we observed highly significant
differences across all study groups (p < 0.001). All populations were of Caucasian
descent and most of them were peti- or postmenopausal women. Three studies''*"”
contained separate data for men (mean age from 51 — 67 years), and one study™* did
not show separate data by gender. The genotype frequencies of all studies did not

deviate significantly from HWE proportions.

Data synthesis-main analysis

We first compared the b-allele frequency difference in fracture cases and controls
(Fig. 1). There was significant between-study heterogeneity when all comparisons
were considered (Q statistic y>-test p = 0.003, I* = 54%). No relationship between
the b-allele and different types of fracture was observed in any analyses. The
summary OR (95%CI) was 0.98 (0.86-1.12) for random effects model. Summary
ORs (95%CI) of fixed and random effects models with various genetic models are
shown in Table 2. The study of Ensrud et al., which only presented fracture data
by b-allele versus B-allele, but not by Bsm I genotype from the original study, was
only included in the analysis by allele. There was no evidence for the effect of Bsm
I polymorphism of the VDR gene and fracture risk in any of the genetic models.

Subgroup analyses
When we stratified fracture as vertebral, hip and any type of fractures [non-

vertebral fracture data from Garnero et al."*

was included in the analysis of any
fracture] according to the original report, no evidence of heterogeneity was found

for vertebral fracture, but modest heterogeneity still remained in hip and any type
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Study OR (rancdom) Wizicght OF (randam)

or sub-category 95% I % 95% Cl

01 "k" of Bsm for vertebral fracture
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Figure 1 Meta-analysis of relationship between the b-allele of the VDR Bsm RFLP and fracture
risk stratified by type of fractures. Point estimates and 95% confidence intervals (CI) are shown for
the odds ratio (OR) in each study group. Summary estimates of OR and their 95% CI (diamonds),
test for heterogeneity and effect are given by random effects models by vertebral, hip and any
fractures, as well as for the overall database.

of fracture sub-group analyses.

When we stratified the analyses by type of fracture in women, similar results
were observed in each sub-group (Table 3) as compared to the results presented
in Figure 1. No significant heterogeneity was found in men, which only contained
three study groups. We also stratified the meta-analysis by cohort and case-control
designs. Eleven comparisons containing 4,857 subjects (with 932 fractures) were
derived from cohort association studies, and significant heterogeneity was observed
among those studies (p = 0.005, I* = 62%). Nine comparisons containing 1,978
subjects (with 700 fracture cases) were derived from case-control studies, and some
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heterogeneity was found also among those studies (p = 0.09, I* = 44%).

Table 2 Summary odds and 95% confidence intervals for various comparisons

Contrast Study groups  Sample size Summary OR (95% CI) Heterogeneity

(n) (n) Fixed effect Random effects  p-value  I* (%)
b vs. B (alleles) 18 13670 1.01 (0.93-1.10) 0.98 (0.86-1.12)  0.003 54
bbvs. Bb + BB" 15 4761 0.98 (0.84- 1.14)  0.97 (0.79-1.20) 0.03 45
bb + Bbvs. BB 15 4761 0.90 (0.75-1.08) 0.86 (0.66-1.11) 0.03 45
bb vs. BB 15 1934 0.91 (0.74-1.11) 0.87 (0.62-1.21) ~ 0.003 57

*: The data of Ensrud et al. was not included (no fracture data by Bsm I genotype were available).

Table 3 Subgroup analyses for “b” vs. “B” comparison

Strata Comparisons  Sample size Summary OR (95% CI) Heterogeneity
() (n) Fixed effect Random effects  p-value  I? (%)
Type of fracture for women”
Vertebral 4 2720 1.07 (0.88-1.31)  1.07 (0.88-1.31) 0.99 0
Hip 5 4515 0.97 (0.85-1.12)  0.94 (0.72-1.22) 0.02 65
Any 7 6111 1.04 (0.92-1.19) 1.01 (0.78-1.32) 0.002 72
Summary 16 13346 1.04 (0.95-1.13) 1.00 (0.88-1.15) 0.005 55
All fracture for men” 3 820 0.92 (0.66-1.30)  0.92 (0.58-1.44) 0.18 41
Type of study
Cohort 11 9714 1.04 (0.94-1.10) 1.02 (0.85-1.22) 0.005 62
Case-contol 9 3956 0.96 (0.84-1.10)  0.94 (0.78-1.13) 0.09 44

In the analysis by gender stratification, Ramalho et al. was excluded (data could not be separated by gender)

Other bias and heterogeneity diagnostics

In our meta-analysis of allele model, there is no evidence of significant differ-
ences in the genetic effects of large versus small studies based on tests of rank cor-
relation (p = 0.78) and regression on the SE (p = 0.86). Two studies, Uitterlinden et
al. and Garnero et al. showed statistically significant effects on their own, but these
were in the opposite direction (Figure 1). We then carried out a cumulative meta-
analysis (Figure 2). Starting with the first study ’, we added stepwise the subsequent
studies, and observed that no cumulative step showed statistical significance until
the end of the meta-analyses and the summary effect changes were rather small at
all steps.
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Figure 2 Cumulative meta-analysis. By each study, the cumulative odds ratio point estimates and
the surrounding 95% CI for fracture by “b” allele of Bsm I of the VDR gene are represented with
squares and lines. The cumulative estimate is calculated with random effects model.

DISCUSSION

Association studies are a powerful tool to identify genetic factors conferring
susceptibility to common disorders like osteoporosis™. Yet, most reported asso-
ciation studies are underpowered to detect the modest genetic effects underlying
the genetic susceptibility to develop common diseases™. This has resulted in the
continuous reporting of inconsistent findings in the literature that could be due
to false positive studies, false negative studies or true variability in associations
among different populations™. A systematic meta-analytic approach may permit
the estimation of population-wide effects and the identification of sources of vari-
ability of genetic risk factors in human disease *'. In the current study, we combined
the data of 6,835 subjects from published studies to evaluate the genetic association
of the most commonly used polymorphism of the VDR gene, Bsm I, to fracture
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risk. The results of our meta-analyses show there is no evidence supporting an
association between the VDR Bsm I polymorphism and the risk of osteoporotic
fracture. Moreover, the tight Cls exclude a 15% increase or decrease in the relative
risk of fractures.

We have found considerable between-study heterogeneity which is highlighted
by the fact that two studies have provided significant associations in the opposite
direction®. The definition of osteoporotic fracture is difficult to standardize and
the definition can be influenced in several different ways depending on diagnosis
(clinical versus X-ray confirmed), type of trauma (low-energy versus high-impact),
history of fracture (prevalent versus incident) and location (vertebral, non-vertebral,
fragility, hip or wrist). However, most studies included in our meta-analysis did
not provide sufficient information to address all those issues. When we stratified
our meta-analyses by type of fracture, we observed that heterogeneity was more
prominent for the studies of hip and any fractures, while data on vertebral fracture
were more consistent across studies.

Another potential source of heterogeneity is differences in study design.
However, there was no strong evidence that cohort studies had less or more
heterogeneity than case-control studies. Also, we did not find strong evidence to
conclude that gender is a source of heterogeneity in our meta-analysis: there was no
observed association in either gender. Nevertheless, the number of studies in men
was limited. Other possible sources of heterogeneity are differences in the study
population characteristics including differences in age, ethnicity, serum vitamin D
level, Ca™"-intake, smoking and physical activity among others.

Thakkinstrian et al.* had indicated that differences in the study setting (popula-
tion-based and non-population-based) might be an important source of heterogene-
ity affecting the strength of the detected association between Bsm I polymorphism
and BMD. However, full dissection of heterogeneity would require both large-scale
evidence and detailed data on individual subjects. The GENOMOS consortium™,
the largest case collection yet reported for osteoporosis, is an example of a col-
laborative effort where such reliable answers in this field may be pursued””.

Genetic heterogeneity in the form of differences in allele frequencies of analyzed
polymorphisms and the presence of admixture within the study populations could
also be a source of heterogeneity influencing the conclusion of our meta-analysis.
Another potential explanation for differences in allele frequency is genotyping er-
ror, caused by one SNP present in the reverse primer sequence of Bsm I genotyping
PCR™. This could have contributed to the modest variation in allele frequencies we
observed across studies.

The VDR gene is a large and complex gene extending a size of 105 kilo base
pairs, encompassing more than 120 single nucleotide polymorphisms (SNPs)
according to Celera and NCBI databases, and seven haplotype blocks across the
gene have been determined®. Thus the Bsm I polymorphism might not completely
represent the genetic effect of the whole VDR gene on fracture risk. The genetic
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effect of “whole gene” haplotype tagging SNPs on fracture need to be carried out
in large-scale populations* or consortia®.

Previous meta-analyses have focused on analyzing the genetic effect of the
Bsm I polymorphism on BMD. Three studies®* have summarized the relation-
ship, but conflicting conclusions were drawn and some questions have remained
from those analyses. Cooper et al.” reported that the BB genotype of the Bsm I
was associated with low BMD only at the hip, and that younger women with BB
genotype had borderline significant lower BMD compared to women with the bb
genotype. Nevertheless, this effect disappeared after excluding the data with clearly
documented genotyping error'. That study only analyzed one pair-wise compari-
son, BB versus bb, but did not involve other genetic models. A model of comparing
extreme genotypes perhaps has insufficient statistical power to estimate a small
genetic effect in relatively small study populations. In addition, different ethnic
groups were mixed in the analysis, and frequencies of the B-allele and BB genotype
differed across studies (1.4 — 31.3% of BB). Furthermore, three included small stud-
ies of northern Europe Caucasian population had low BB genotype frequencies
(7.1-12.2%), while, in our current meta-analysis the frequencies of the BB genotype
from the same region have been between 18.0 — 26.1% across studies™>'.

The meta-analysis of Gong et al.’” summarized 75 studies on the association
between Bsm I, Apa I, Taq I and Fok I RFLPs of VDR gene with BMD as well as
other related skeletal phenotypes. The authors grouped all studies as “positive” and
“non-positive”, where the “positive” study was defined as studies with association
between either one of the b, a, T, or F alleles and increased BMD or other pheno-
types (see below). This approach has some drawbacks. It simply counts the “positive
rate”, but it ignores the study size and magnitude of the genotype effect on BMD.
Furthermore, the inclusion of all polymorphisms cannot be justified based on cur-
rent knowledge. According to our recent data*!, Fok I RFLP is clearly not linked to
Bsm I, Apa I and Taq I polymorphisms. The latter three polymorphisms are in the
same haplotype block of the VDR gene. Bsm I and Taq I are highly linked to each
other, but Apa I has relatively low linkage to the other two. Therefore, association
studies of Bsm I and Taq I can be merged as one genotype group, but studies on
Fok I and Apa I polymorphisms should be analyzed as different genotype groups,
or employ Bsm-Apa-Taq haplotype in the association analyses. Some phenotypes in
the study of Gong et al. were not always in line with BMD, such as, bone geometry
variables, response to vitamin D treatment, bone turnover and fracture, and they
should not be considered as the same phenotype group as BMD.

In another study, Thankkinstian et al.* observed that the BB genotype had lower
spine BMD than Bb + bb genotypes but only in studies of postmenopausal women
with a big range of B-allele frequency (29 — 53%). Moreover, there was considerable
heterogeneity in this analysis. So far, almost one hundred association studies and
meta-analyses, which adjusted for or stratified by age, gender, menopausal status,
different measured instruments and different locations, show that Bsm I genotype
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is not consistently associated with BMD, and more recent studies™* on genome-

wide linkage scans of BMD have not found the VDR locus (12q12) linked to BMD.
Alltogether, this indicates that there is also no clear evidence of a genetic effect of
Bsm I RFLP on BMD either.

In the current meta-analysis, we only included published English-language as-
sociation studies of Bsm I and fracture. Perhaps we missed some studies, especially
with negative results, or studies on BMD but that did not report on fracture data.
Missing studies with negative results, however, would probably not change our
conclusions. Such data would most likely reinforce our observations about the lack
of an effect.

In conclusion, no evidence of a relationship between VDR Bsm I polymorphism
and fracture risk was observed in the meta-analysis of published data. Further
research should examine the effect of other haplotype tagging SNPs in large-scale
populations or consortia.
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ABSTRACT

Introduction: Adult stature is a complex genetic trait. We studied whether vita-
min D receptor (VDR) gene variants contribute to the genetic variation in height.
Recently, we resolved the linkage disequilibrium (LLD) structure of the VDR gene,
and identified promoter and 3-UTR haplotype alleles in LD blocks 2, 3 and 5
respectively that influence VDR expression.

Materials and Methods: We studied VDR haplotype alleles and body height
in two independent populations (total n = 7,198). In a subsequent meta-analysis
(including 11,378 subjects from 19 studies and our current data) we evaluated the
effect of a polymorphism in block 5 (Bsm I) which was studied previously.

Results: Haplotypes of LD block 3 and block 5 were associated with body
height differences with evidence for additive effects in the Rotterdam study (p =
0.00002) and the LASA study (p = 0.001). Height differences between the extreme
genotypes were 1.4 cm and 2.7 cm, respectively. The relationship was independent
of age, gender, presence of vertebral fractures and age-related height loss. In the
Rotterdam population we found the combined genotype to be associated with
decreased vertebral area (p = 0.03), and femoral narrow neck width (p = 0.002). In
the meta-analysis, subjects with the “BB” genotype were 0.6 cm (95% CI, 0.5 — 1.4
cm) taller than those with “bb” genotype (p = 0.000).

Conclusions: Alleles of the VDR gene are associated with differences in body
height, as evidenced by our study and by a meta-analysis. The underlying mecha-
nism of the association might involve slightly lower copy numbers of VDR protein
in cells important for determining bone size.
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INTRODUCTION

Human adult stature is one of the most heritable human traits (heritability
up to 90%), as demonstrated in twin studies'” and family studies™, while also
ethnicity influences body height. On the other hand, environmental changes (e.g.,
improved nutrition) have progressively increased height (as a secular trend) during
the 20™ century. Adult stature has been reported to be inversely associated with
a number of common complex genetic diseases, such as cardiovascular diseases,
diabetes, pulmonary diseases, cancer and osteoporosis, as well as disease-specific
mortalities in different populations®'. Short stature also seems to share some risk
factors with these diseases, such as serum low density lipoprotein cholesterol level,
blood pressure and socio-economic position'*". The genetic contribution of the
relationship between height and those risk factors has been described previously. In
a case-control study', students with a paternal history of myocardial infarction had
lower body height as compared to age- and gender- matched controls. In addition,
a family study'® showed familial clustering and negative correlation between height
and low density lipoprotein cholesterol and triglycerides. Therefore, stature appears
to be an interesting model complex trait because the understanding of the underly-
ing genetic causes of height determination, may provide insight into mechanisms
of other related diseases.

The vitamin D endocrine system has been shown to have pleiotropic effects on
a number of endocrine pathways, e.g., related to immune-modulation, regulation
of cell proliferation and differentiation, and on skeletal metabolism". Long term
vitamin D deficiency results in rickets in children and osteomalacia in adults. The
vitamin D receptor (VDR) gene is a central regulator in this endocrine system and
therefore, it is an interesting candidate gene for genetic studies of stature. Mutations
in the VDR gene, such as in the DNA binding domain'’, the ligand-bind domain",
or in splice sites'®, cause hereditary vitamin D-resistant rickets (HVDRR). Like other
rickets, HVDRR is commonly associated with clinical manifestations of impaired
longitudinal growth resulting in short stature and/or regular bone deformities.
Adult height was found to be correlated with severeness in 13 HVDRR patients”,
while growth retardation neatly invariably accompanies vitamin D resistant rickets®.
Also a deletion of the DNA binding domain VDR null mice show growth retar-
dation, in addition to rickets, secondary hyperparathyroidism and alopecia*. The
phenotype of rickets or osteomalacia in both human and animal models show the
same skeletal abnormalities associated with defective mineralization in the growing
skeleton, small body size and weaker bones. Recent genome-wide linkage analy-
SCSZZ,ZS
12 (12p11.2-q14), where the VDR gene is located. Therefore, sequence variation
of the VDR gene might influence body height differences in normal population.

showed evidence of linkage between stature and a region on chromosome

Although several association studies have investigated the relationship between
VDR polymorphisms and body height in the past, conflicting results were found,
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possibly because of small sample sizes, variations in study design, heterogeneous
populations, and because mostly anonymous VDR polymorphisms were used so
far.

Recently, we and others have resolved the linkage disequilibrium (LD) struc-
ture of the VDR gene***. Haplotypes consisting of several polymorphisms might
provide more power over individual polymorphisms in genetic association studies.
However, evolutionary structure exists in the haplotype variation on either side of
the recombinational hotspot®. Recombination events decrease the linkage between
polymorphisms, and markedly damage the power of study. So-called cladistic
analysis provides a way to estimate evolutionary history of the haplotype variation
in a statistical design for an association study*. Haplotype alleles within clusters of
the cladistic analysis are expected to share more-common ancestry than haplotypes
between clusters. Therefore, the combination of cladistic and haplotype analysis
can further increase power for an association study.

In functional studies we have identified promoter and 3>-UTR haplotype alleles
in block 2 and 5, respectively, that influence VDR expression®. In a subsequent
association study we observed these risk alleles in block 2, block 3 and block 5 to be
associated with increased risk to develop an osteoporostic fracture. The hypothesis
of the current study was that the VDR fracture risk alleles might be associated with
weak bone possibly due to small bone size, and subsequently with a decreased body
height. We investigated the relationship of haplotypes (including the fracture risk
haplotypes and others) across the VDR gene with height as well as bone geometry in
a population-based population (the Rotterdam Study®’), and replicated the analysis
of height-related haplotypes in another independent populations, the LASA study.
Finally, we compared our results with those of previous studies on VDR polymor-
phisms and height in a meta-analysis of published data. These studies focused on
the anonymous Bsm I and /or Taq I polymorphisms in the 3-end of the VDR gene.
We have, however, demonstrated that these SNPs can be used to identify the most
common haplotypes in that area****%. Thus, we assessed the genetic effect of VDR
Bsm I or Taq I polymorphism on body height with a meta-analysis of published
literature and including our current studies.

MATERIALS AND METHODS

Subjects

The Rotterdam Study population: The Rotterdam Study is a single center
prospective population-based cohort study, and includes 7,983 individuals, with
3,105 men (38.9%) and 4,878 women (61.1%), designed to analyse determinants and
prognosis of chronic and disabling diseases in the eldetly (> 55 years) Caucasians®’.
The baseline measurements were performed between 1990 and 1993. The latest
tollow-up period ended 1st of January 2002, and the mean follow-up period was
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7.4 years for clinical fracture. For the current study, 6,580 DNA samples (82.4%
of the whole cohort population) were available and 6,031 DNAs were successfully
genotyped. For the association analysis, we included 5,931 subjects with baseline
measurement data of BMD, 5,933 subjects with clinical data of vertebral fracture,
3,114 subjects with X-ray confirmed data of vertebral fracture data, 5,165 subjects
with vertebral area data, and 4,230 subjects with hip bone geometry data.

LASA population: The Longitudinal Aging Study Amsterdam (LASA) is an
ongoing cohort study of older persons aged 55-85 years. The sampling and data col-
lection procedures have been described in detail elsewhere®. In summary, a random
sample stratified by age, sex, and expected 5-years mortality rate was drawn from
the population registers of 11 municipalities in three regions of the Netherlands.
In total, 3,107 persons were enrolled in the baseline examination in 1992-1993.
For the current study, persons who participated in the medical interview, and were
born in or before 1930 (aged 65 years and older as of January 1, 1996), were selected
(n=1509). Of these, 1,352 blood samples were obtained, and 911 DNAs were suc-
cessfully genotyped for all SNPs.

DN.A isolation and genotyping

Genomic DNA was isolated from peripheral venous blood specimens according
to standard protocols. We genotyped 14 haplotype tagging single nucleotide poly-
morphisms (htSNPs) according to our recent haplotype analysis across the entire
VDR gene** and the Fok I polymorphism in 6,580 Caucasian subjects from the
Rotterdam Study with the high throughput TagMan allelic discrimination assays. We
successfully genotyped 6,031 DNA samples for all 15 SNPs. The genotype results
were analysed independently by two operators. 332 (5%) random samples from the
Rotterdam Study were independently repeated to confirm the genotyping results
for all SNPs, the disagreement rate of the genotype results were 0.3-1.2 % for five
htSNPs, and the genotype results of other htSNPs were completely con51stent The
Assay Mixes (including unlabelled PCR primers, FAM™ and vic” dye-labelled
TagMan MGB probes) of three Assays-on-Demand®™ and 36 Assays-by-Design™
were designed and supported by ABI. The reaction system contained 2 ng of drled
genomic DNA, 2.5 ul of TagMan® Universal PCR Master Mix, No AmpErase
UNG (2 %), 0.125 pl (40 X) or 0.0625 pl (80 X) of Assay Mix, and adjusted Milli-Q
H,O in a total volume of 2 pl. The reaction conditions consisted of an initial step
at 95 °C for 10 minutes, followed by 40 cycles with 92 °C for 15 seconds and 60 °C
for 60 seconds in a 384-well plate using the PCR machines, ABI Prism 7900HT, or
ABI GeneAmp® PCR system 9700 (ABI), or PTC-225 Peltier Thermal Cycler (M]
Research, INC.). The genotyping results were analysed with an endpoint reading in
the ABI Prism  7900HT.

Linkage disequilibrium (L.D) haplotype analyses and cladogram construction
Our recent LD and haplotype analyses were based on 47 SNPs (identified by re-
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sequencing) across the VDR gene and indicated that the whole VDR gene contains
seven haplotype blocks*. In this study, we combined the nested cladistic method,
pair-wise LD measurement and LD block definition together, constructed clado-
gram and haplotypes within LD blocks. We included nine SNPs from block 3 and
ten SNPs from block 5 for LD and haplotype analyses with the PHASE program™.
PHASE output was used to calculate the pair-wise standardized disequilibrium
coefficient (D) with the “haploxt”™ to estimate the linkage magnitude between
two SNPs. We represent haplotype diversity by means of a cladogram, that was
generated with a PHASE output linked to the “hapdist” program™, and depicted
the graphic overviews of the cladogram for each LD block with CLadogramer™.

Clinical examination of association study

Anthropometric measurements of participants were obtained at the research
center. Height and weight were measured in standing position wearing indoor
clothing without shoes, and all height measurements were attained by a research
assistant using a standard wall-mounted stadimeter. Height loss was calculated as
the difference of height between the baseline and the ending of follow-up measure-
ments. Body mass index (BMI) was calculated as weight (kg) divided by height
squared (m?). BMD (g/cm?®) was determined by dual energy X-ray absorptiometry
(DXA, Lunar DPX-L densitometer, Lunar Radiation Corporation, Madison, W1,
USA) at the femoral neck and lumbar spine (vertebral L2 - .4) as described before
3, Vertebral body area (cm?) was measured over L2 — L4 by postero-antetior scan-
ning using the same DXA instrument. Hip structure analysis, such as the section
modulus (Z, an index of bending strength), the buckling ratio (BR, in index of bone

3,36 'The narrow-neck

instability), were calculated as described in previous reports
(NN) width (cm) of the hip is across the narrowest point of the femoral neck.
Clinical vertebral fracture was diagnosed according to a previous description”,
X-ray confirmed vertebral fractures at baseline were determined by the McCloskey-
Kanis method”®. The incidence of vertebral fracture was considered as new cases

diagnosed during the follow-up period.

Statistical and association analysis

We applied one-way analysis of variance (ANOVA) to investigate the relationship
between genotypes and age, height, bone geometry variables and other continuous
outcomes. All genotyping results were tested for Hardy-Weinberg equilibrium.
To clarify the possible confounding effect of potential factors on the association
between VDR genotypes with height and bone geometry data, we employed ad-
justed analysis of covariance (ANCOVA) for age, gender and BMI, and we also
stratified the analyses by gender, clinical or X-ray confirmed vertebral fracture. To
test the association between three fracture risk haplotypes in block 2, 3 and 5 with
height, normal significance cut-off p-value (0.05) was used, since we had a clear
up-front test hypothesis for those three haplotypes. We adjusted the significance
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cut-off p-value using the Bonferroni correction in the association analyses of other
seven common haplotypes (MAF > 5%) from LD block 1 and 4, as well as Fok 1
polymorphism. This resulted in a cut-off p-value at 0.006 (0.05/8), considering that
eight independent tests were performed.

Three possible genetic models were allowed to explain differences between
genotype groups, i.e., an allele dose effect, a dominant effect or a recessive effect.
Allele dose was defined as the number of copies of a certain allele in the genotype,
and genotype was treated as a continuous variable. For a certain haplotype or
combined genotype allele, the genotype is expressed as a numeric variable with 0
= non-carrier, 1 = heterozygous (one copy of the allele) and 2 = homozygous (two
copies of the allele). In case of a consistent trend reflected as an allele dose effect,
a linear regression analysis was performed and a “trend” p-value was calculated
to quantify the association. In case of a recessive or dominant effect of the test
allele, a two by two chi-square test for binary outcomes or an independent sample
T-test for continuous outcomes was performed to test for differences between two
genotype groups. For dominant alleles we compared the test group of “Carrier”
(e.g., heterozygous and homozygous of block 3-hap 3) versus “Non-Carrier” (e.g.,
subjects without block 3-hap 3 allele). For recessive effects homozygous subjects
for the test allele (e.g. homozygous block 3-hap 3), were compared to the combined
group of heterozygous (e.g. heterozygous block 3-hap 3) and non-carriers (e.g.
subjects without b_hp 3). The intragenic effect of combined VDR polymorphisms
was defined as the combined genotypes of haplotype 3 (block 3-hap 3) from block
3 in the exon 1b promoter region, and haplotype 2 (block 5-hap 2) from block 5
in the 3’-untranslated region (UTR). According to the genetic model of individual
haplotypes in our study populations, we combined genotype of the VDR gene with
a dominant model for block 3-hap 3 and an allele dose model for block 5-hap 2.
“Zero” indicates the “Non-Carrier” of block 3-hap 3, and the homozygous block
5-hap 2; “One” indicates either the “Carrier” of block 3-hap 3 and homozygous
block 5-hap 2, or the “Non-carrier” of block 3-hap 3 and the heterozygous block
5-hap 2; “Two” indicates the “Non-carrier” of block 3-hap 3 and the non-carrier
of block 5-hap 2, as well as the “Carrier” of block 3-hap 3 and the heterozygous of
block 5-hap 2; “Three” indicates the “Carrier” of block 3-hap 3 and the non-car-
rier of block 5-hap 2.

All statistical analyses of the association study were carried out with the SPSS
software package (version 11.0).

Meta-analysis

Identification of studies: We first searched publications on PubMed with a
combination of keywords: [vitamin D receptor]| and [polymorphism or genotype]
and [height]. References from retrieved publications were checked for additional
studies. In addition, we also reviewed 108 references from three meta-analysis
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studies”™*" of VDR polymorphisms and different bone phenotypes to detect data

of height distribution by VDR genotypes. In total, we identified 27 studies**® with
genotyping of Bsm I or Taq I or Bsm-Apa-Taq haplotyping and body height from
1995 to May 2005. We also included our current association results in the meta-
analysis. Of studies from the same population, we retained for the meta-analysis
only the study with the most extensive data. We extracted information on authors,
published year, country of origin, ethnicity, study design, mean or range of age,
gender, number of subjects and frequency of the B-allele in the control or the
complete follow-up population for each study (Table 5). We also examined whether
the genotype distribution frequencies of the studies followed Hardy-Weinberg
equilibrium (HWE) proportions.

Data Analysis: Three polymorphisms, Bsm I, Apa I and Taq I — restriction
fragment length polymorphisms (RFLPs), are commonly analysed in association
studies, and Bsm I is the most consistently reported. Bsm I, Taq I and haplotypes in
block 5 (in current association study) are highly linked with each other with a pair-
wise D” = (0.88 — 1.0) according to our recent study**, “B” of Bsm I is linked to “t”
of Taq I, and block 5-hap 2 in block 5. In the meta-analysis, we focused on analyzing
relationship of Bsm I and height, when Bsm I genotype was absent, Taq I and block
5-hap 2 genotype were used to predict Bsm I genotype. We analysed the reliable data
using the RevMan 4.2 program from the Cochrane Collaboration (www.cochrane.

dk). According to our cross-sectional analysis, the relationship between VDR Bsm
I genotype and height followed an allele-dose effect genetic model. We therefore
only evaluated the comparison between homozygous genotypes, BB versus bb, in
the meta-analysis. BB genotype group was absent or only one individual had BB
genotype three studies from Asian population®*"%, we extracted height data by Bb
versus bb. One study®” only presented height data by B-carrier versus bb, we also
used data by BB+Bb versus bb.

Sensitivity of meta-analysis: Between-study heterogeneity was evaluated by
the chi-square distributed Q statistic with a cut-off p-value level at 0.10, and the
inconsistency index I* (suggesting inconsistency among studies’ results with values
of 50% or higher, and larger heterogeneity for values of 75% or higher) as esti-
mated from the RevMan program. The standardized mean difference (SMD) and
its confidence interval (95% CI) were estimated by both fixed effect and random
effects models. The fixed effect model assumes that the genetic factor shows a
similar effect on height across all investigated comparisons, and the observed
variation among comparisons is caused by chance alone. The random effects model
assumes that there may be substantial diversity among different comparisons, and
assesses both within-study sampling error and between-study variance. When
there is no heterogeneity between comparisons, the outcomes of the two models
are similar. Otherwise, the random effects model will give a wider CI than the
fixed effect model. We also stratified studies by ethnicity and by age to attempt to
clarify potential between-study heterogeneity. We carried out sensitivity analyses by
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excluding one study with the largest sample size, ot/and excluding studies deviating
tfrom HWE proportions. We also performed recursive cumulative meta-analysis to
evaluate whether the summary SMD changed in the same direction over time and
appraised whether the first published study gave different results from subsequent

ones® !,

RESULTS

Cladogram of VDR bhaplotype blocks

Nine SNPs around exon 1b and ten SNPs from exon 4 to the end of 3-UTR of
the VDR gene were found to be highly linked in block 3 (D’ is 0.93 — 1.00) and 5
(D’ 1s 0.88 — 1.00), respectively (Fig. 1). Twelve haplotype alleles were predicted by
PHASE inblock 3, and 18 in block 5 for these Caucasian populations. The cladogram
graphs showed that these haplotypes could be categorized as three main clusters
(labled as I, IT and IIT in Fig. 1) in the blocks with one or two common haplotype
alleles (frequency > 10%). Some SNPs (with arrow below the figure) are specific
for certain clusters, e.g. 1b-G-2528A and 1b-G-886A for cluster I1I in LD block 3;
E9-T-48G, U-A311C and U-D796T for cluster I in LD block 5. We combined this
tfeature with the potential functional background (possible transcriptional factor
binding site) and a reliable genotyping method together to determine haplotype
tagging SNPs (htSNPs**). We identified four and three htSNPs which can represent
most (93 — 95%) of the estimated five common haplotype alleles (frequency > 3%
in block 3 (4 htSNPs) and 5 (3 htSNPs), respectively. Therefore these htSNPs were

used in our association study.

VDR haplotypes and body height

We genotyped seven htSNPs for block 3 and 5 in the Rotterdam and LASA
population. The genotype distribution of all htSNPs followed HWE proportion.
The baseline characteristics of each study population are shown in Table 1. Data
from the Rotterdam and LASA populations are presented by the combined VDR
genotype (based on the block 3-hap 3 allele and the block 5-hap 2 allele, as de-
scribed in the Materials and Methods section). No significant differences in baseline
characteristics were found according to VDR genotype. The allele frequencies of
block 3-hap 3 and block 5-hap 2 were similar between the Rotterdam and LASA
populations.

We first investigated the relationship of body height in the Rotterdam popula-
tion with the haplotype risk alleles for fracture (Table 2). Block 3-hap 3 carriers
were found to have a 0.3 — 0.7% decreased body height, and the block 5-hap 2
homozygotes were found to have a 0.4 — 0.8% increased body height, with evidence
for an allele-dose effect. The combined genotype of block 3-hap 3 and block 5-hap
2 had an additive effect on body height. The height difference between two
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Table 1 Characteristics by VDR genotype in different study populations

Total Combined VDR genotype* p-value™

Zero One Two Three
Rotterdam population
Number (%)* 6276 881 (14.0) 2416 (38.5) 2323 (37.0) 656 (10.5)
Female (%0)* 3732 (59.5) 531 (14.2) 1409 (37.8) 1387 (37.2) 405 (10.9) -
Age (year)** 69.51+9.1 69.2+ 8.9 69.5+9.1 69.6 £9.2 69.31+9.2 0.70
BMI (kg/m?** 263137 26.4 £ 3.8 26.2 1 3.6 26.3+38 264137 0.49
LASA population
Number (%0)* 911 133 (14.6) 361 (39.6) 334 (36.7) 83 (9.1)
Female (%)* 467 (51.3) 66 (14.1) 189 (40.5) 167 (35.8) 45 (9.0)
Age (year) 75.6 + 6.6 75.21+6.8 75.3 £ 6.6 76.0£6.5 762163 0.10
BMI (kg/m?) 269t 4.2 2721 4.2 269 4.3 26940 262%x44 019

#: Combined VDR genotype for risk genotypes in haplotype blocks 3 and 5 (see materials and methods)
##: ANOVA p-value is presented

*: Number (proportion in %)

**: Age was adjusted for gender, BMI was adjusted for age and/or gender

extreme genotype groups was 1.4 cm [0.8%; p = 0.00002, corresponding to 0.15
standard deviations (SD.)]. This effect was replicated in the LASA population (1.6%
difference; p = 0.001) using the same genetic model. We observed that the VDR
genotype dependent height difference by block 5-hap 2 genotype increased with
increasing mean age of the study population. This increase was 0.9 cm (0.09SD.)
with mean age 70 years in the Rotterdam Study and 1.4 cm (0.15SD.) with mean age
76 years in LASA.

An inverse correlation between body height and age was observed for both men
and women in the Rotterdam Study (r = -0.31, p < 0.001) and the LASA cohort
(r =-0.21, p < 0.001). We then analysed the relationship between VDR genotypes
and body height by 5-year age strata to investigate the contribution of the VDR
genotypes to age-related genotype dependent height differences (secular trends). In
all the age categories of the two populations, VDR genotype was associated with
increased body height. In addition, we analysed “height loss” longitudinally during
a 7.4 years follow-up in the Rotterdam Study. Height loss was not significantly dif-
terent by VDR genotype. We also examined the relationship between body height
and VDR haplotype alleles from other LD blocks, but no other LD blocks showed
evidence of association (data not shown).

Vertebral fracture is known to be an important confounder to influence associa-
tions regarding body height in elderly subjects. In the Rotterdam population, there
were 98 cases (out of 6,031 analysed) with incident clinical vertebral fracture during
the follow-up period, and 232 X-ray confirmed vertebral fractures (out of 3,114
screened) at baseline. In the LASA cohort, seven cases (out of 902 analysed) of
incident clinical vertebral fracture were reported during the follow-up time. When
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we only analysed subjects without clinical or X-ray confirmed vertebral fracture,
the association of VDR genotype with height remained essentially the same (Table
3).

We also analysed bone geometry parameters available in the Rotterdam study
(Table 4). The combined VDR genotype was associated with decreased vertebral
area of L2 — L4, and decreased femoral size parameters (external and internal
diameters) at the narrow-neck and at the shaft, and lower section modulus (index
of bending strength) of femoral neck. Associations remained when we adjusted
for age, gender, vertebral fracture, height and weight. We did not see the cortical
thickness difference by the VDR genotype.

Meta-analysis of VDR genotype and body height

We identified 27 eligible published studies and the two current studies, in total
reporting data from 35 different comparisons, which together included 14,157
subjects from Caucasian, Asian and African American populations (Table 5). Study
design contained cohort, case-control, normal subject-based and hospital-based
cross-section studies. The mean age for each study was 2 — 75 years for both male
and female. The sample size of studies varied from 24 — 6,154. Twenty one com-
parisons presented Bsm I and height data, four comparisons had Taq I genotype
data, while six studies had Bsm I and Apa I and Taq I, or Bsm-Apa-Taq haplotype
data. Because of the high linkage disequilibrium, we assumed the “t-allele (or the
C nucleotide) of Taq I, the haplotype 2 allele of Bsm-Apa-Taq™, or the block 5-hap
2 allele (in the current study) to represent the “B-allele (or the A nucleotide) of
Bsm I. The frequency of the B-allele ranged from 3 — 49%.

In our current association analysis, an allele-dose genetic model was observed
for the block 5-hap 2 allele. In the meta-analysis, we therefore compared the ex-
treme genotype groups, BB (2,447 subjects) versus bb (5,329 subjects), based on an
allele dose genetic model. A significant between-study heterogeneity was observed
(p = 0.0002, 52%). The random effects model was used to test the overall genetic
effect of Bsm I genotype on body height from all comparisons (in the bottom of
Fig. 2). Subjects with BB genotype were found to be 0.63 cm (95% CI: 0.17 to 1.08)
higher compared to bb genotype carriers (p = 0.000).

To investigate the source of the heterogeneity, we first stratified the analyses
in the Table 6 by age (< 20 years or > 20 years). Body height changes remarkably
during puberty and the age of puberty differs between individuals. Evidence of
strong heterogeneity was found in the young (< 20 years) group (p = 0.002, I*
= 76%, in the upper of Fig. 2), and no association was found. In the adult (>
20years) group, a significant but mild heterogeneity was found (p = 0.003, I* =
47%), and a significant and strong association was observed (p = 0.002, height
difference: 0.75 [0.34, 1.15]) compared to overall effect. Five comparisons for Asian
populations™*>"_which had a significantly lower B-allele frequency (3-9%, p <
0.001), showed modest heterogeneity. Other studies with a similar higher B-allele
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frequency (27-49%, including one study®” of African Americans with a B-allele fre-

quency of 36%) showed a borderline significant heterogeneity (p = 0.05, I* = 34%).
The point estimates of the height difference by genotype were similar between the
random effects model and the fixed effect model, and the genetic effect of Bsm I
genotype on height remained. After stratifying for gender, status of menopause
(pre- vs. post-menopausal) and study design, we still could see heterogeneity in all
strata (data not shown).

To test the sensitivity of the meta-analysis, we replaced the study with the largest
sample size, the current complete Rotterdam Study population, with the previous
published data™ using a subset (1,004 subjects) of the same population. This did not
impact on the conclusion of association and heterogeneity, but height difference by
genotype became smaller [p = 0.03; mean difference (95% CI), 0.57 (0.04 — 1.09)
cm in the random effects model]. When we excluded two studies which deviated
tfrom HWE (Garnero et al. 1996 and Laaksonen et al.), the association remained
the same.

Table 6. Mean difference of body height in body height between BB versus bb genotype of Bsm I in the meta-analysis

Studies Study Subjects Mean (95% CI) Heterogeneity”  Effect”
group (n)  (n) Random effects Fixed effect p-value I* (%)  p-value
Overall 35 14157 0.63 (0.17, 1.08) 0.85 (0.64,1.06) ~ 0.0002 52 0.006
Young (< 20 yrs) 5 550 -0.42 (-2.91,2.08)  0.14 (-0.84,1.13)  0.002 76 0.95
Adult (> 20 yrs) 30 13607 0.75 (0.34, 1.15) 0.88 (0.67,1.10) ~ 0.003 47 0.002
Low B-allele freq.* 5 893 0.99 (-0.08,2.26)  0.97 (-0.06,2.23)  0.04 61 0.10
High B-allele freq.* 25 12714 0.70 (0.16, 1.24) 0.71 (0.36, 1.06) ~ 0.05 34 0.01

*: Low B-allele freq. indicates the frequency of B-allele is from 3 to 9%, and high B-allele freq. is from 31 to 49% in Table 5;
#: Heterogeneity and effect were tested by the Random effects model.
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Figure 2. Meta-analysis of the relationship between BB versus bb genotypes of VDR Bsm I RFLP
and body height. Point estimates of the standardized mean difference (SMD) of height between the
genotypes and 95% confidence intervals (CI) are presented for each study group. Summary estimates
of SMD and their 95% CI (diamonds) are given by random effects models in “young” (< 20 years)

and “adult” (> 20 years) strata, as well as in the overall database.
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DISCUSSION

Although several polymorphisms of the VDR gene have been assessed in the
association analyses of body height'*%>"727 conflicting results were reported. One
reason for this might be that non-functional or non-causal polymorphisms were
used in the studies. Recently, we systematically analysed the linkage disequilibrium
(LD) across the whole VDR gene, and determined five haplotype blocks and 15
htSNPs to represent all common haplotypes in each block*!. The cladogram, enables
inference of evolutionary history patterns and identifies recombination events™.
“Old” alleles tend strongly to be common alleles, recombination is common but
concentrates into a hotspot and recurrent mutations at multiple sites may have
occurred®. We combined cladistic and haplotype analyses and identified a small
number of common haplotype alleles (frequency >10%) in LD blocks, which con-
tain polymorphisms after recombination. In an LD block, haplotype alleles within
the clusters of the cladogram are more similar than haplotypes between clusters.
According to the common disease/common variation hypothesis”, a common risk-
allele accounts for more contribution to disease in a population. In the association
study we therefore, only focus on common haplotype alleles in each block. The
homozygous block 3-hap 3 genotype and the block 5-hap 2 carriers were found to
be associated with 74% increased and 23% decreased fracture risk, respectively. In
the consequent functionality analysis, we found that iz vitro assays of block 5-hap
2 showed a 15% higher VDR mRNA level compared to the block 5-hap 1 in five
different cell lines (including one osteoblast cell line). We here demonstrate an as-
sociation between these two alleles and adult body height in two independent large
populations of elderly subjects.

Interestingly, the summarized genetic effect of Bsm I genotype on height from
our meta-analysis was in line with our association results, although a heterogeneity
among studies was found. The height difference between BB and bb carriers was
0.63 cm. In the sensitivity analysis, we found that the result of the Rotterdam Study
did not substantially influence the significance of the association and heterogeneity
in the meta-analysis, although the magnitude of the height difference decreased
when we remove our current study from the meta-analysis. Taken together, this
indicates that the VDR polymorphisms have a modest and constant genetic effect
on the progressing and accumulated height different through lifetime to influence
the body height.

To investigate the source of the between-study heterogeneity, we first stratified
the analysis by age in young (< 20 years) or adult (> 20 years) groups. In young
populations, large heterogeneity was found, because the direction of the effects is
different between studies. Childhood and adolescence is the period of most rapid
skeletal growth in an individual’s lifetime. After this period, the stature tends to be
relatively stable, and is more suitable for investigation of the relationship between
adult body height and genetic effects of VDR genotypes. However, in the adult
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group we still observed significant but mild heterogeneity. Further stratification by
B-allele frequency was carried out in the adult group. In the low B-allele frequency
group (freq. = 3-9%), a modest heterogeneity resulted from a different magnitude
of genetic effects between studies, although a similar direction of the effect was
found between studies. This probably is because of insufficient statistical power
to detect the genetic effect in the small number of BB homozygote at this low
allele frequency. In the high B-allele frequency group (freq. = 27-49%), a borderline
significant heterogeneity was found, and other factors of heterogeneity need to be
further analysed in this group. We did not stratify the analysis by ethnic groups,
because according to our previous study®, only Asian populations have a lower
B-allele frequency (5%) compared to Caucasian and African populations (39% and
36%, respectively). Therefore, age and B-allele frequency variation both influence
heterogeneity of this meta-analysis. Although heterogeneity between studies was
observed, the genetic effect of Bsm I genotype on body height still exists, especially
in the adult population.

As we demonstrated, adult body height (this study) and fracture risk** are two
complex skeletal phenotypes related to the variations of the VDR gene. We dem-
onstrated fracture risk alleles of the VDR gene to be associated with decreased
body height, decreased bone size (e.g., vertebral area, femoral external and internal
diameters) and lower bending strength (section modulus) at femoral neck. The ef-
fect we observed of VDR genotype on vertebral area could contribute to the VDR
genotype effect we observed on stature. Hence, the correlations of VDR genotype
with body height and bone size are in line with each other. Therefore, our study
indicates the genetic effect of VDR genotype on related bone phenotypes, e.g.,
fracture risk, short stature and small bone size.

Another fracture-risk haplotype allele found in the Rotterdam Study popula-
tion*, block 2-hapl, was not found to be related to height difference in our elder
and high calcium intake (1,117 mg/day) populations: the Rotterdam Study and the
LASA. However, this haplotype was found to be associated with decreased body
height in young and low calcium-intake (< 865 mg/day) French adolescent girls™,
and this haplotype also associated with decreased serum 25(OH)D, and decreased
serum IGF-1 level in the same population. Since Cdx-2 polymorphism is one of
the htSNPs which involve calcium absorption through intestine”, the interaction
between block 2-hap 1 with calcium-intake and/or serum vitamin D level on bone
phenotype is interesting to be further investigated in other young and old popula-
tions.

In our functionality study of VDR alleles we observed the block 5-hap 2 allele
to result in 15% higher mRNA level and stability compared to the block 5-hap
1 in several cell lines including an osteoblast cell line*. A possible undetlying
mechanism might be that for individuals with block 5-hap 2 haplotype, bone tissue
(especially osteoblast cells) has a higher sensitivity to vitamin D ligands because of
higher expression of VDR, and higher osteoblast activity. As a result, block 5-hap
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2 carriers might have relatively higher bone formation to make bigger and stronger
bones more resistant to fracture.

In addition, the intervertebral disc height and toughness might influence the
body height especially in the elderly populations. The “t” allele of the Taq I poly-
morphism of the VDR gene was reported to be associated with decreased quantita-
tive signal intensity (more degeneration) of thoracic and lumbar disc’®, increased
risk of disc bulges”, disc degeneration and herniation® in different populations. In
our study population we don’t have data on intervertebral disc to investigate disc
changes by VDR genotype. The relationship between VDR polymorphisms and
spine phenotypes is certainly interesting to be investigated in further studies.

In conclusion, we observed haplotype alleles in the promoter region and the
3-end LD block of the VDR gene to be associated with decreased body height
in two elderly populations. This association was independent of age, gender and
presence of vertebral fracture. A meta-analysis of published data confirmed the
relationship between the same allele in the 3’-end of the VDR gene and decreased
“adult” height. The underlying mechanism of the association might involve slightly
lower copy numbers of VDR protein (in carriers of this risk haplotype) in cells
important for determining bone size and strength.
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Chapter 7

ABSTRACT

Introduction: Vitamin D receptor (VDR) gene polymorphisms are associated
with complex diseases, including osteoporosis, but with inconsistent results. We
previously analysed LD haplotype blocks in Caucasians across the VDR gene,
and found haplotype alleles of the promoter and 3’untranslated region (UTR)
associated with increased fracture risk and decreased body height. To investigate
the underlying mechanism, we performed functional experiments for individual
polymorphisms and haplotypes in both the VDR promoter and 3’UTR areas.

Material and Methods: To examine VDR promoter SNPs electrophoretic gel
mobility shift assay (EMSA) were done using HEK293 or CaCo2 nuclear extracts,
and luciferase reporter constructs were assayed in HEK293. We measured VDR
mRNA level for the 3>-UTR variations by transfecting constructs with VDR cDNA
and the entire 3’UTR of either the block 5-hapl (risk) allele or the block 5-hap2
(protective) allele in osteoblast cell lines MG63 and SV-HFO, and in HEK293,
CaCo2 and COS1. mRNA stability was determined in MGG63 at 0-8-24 h after
inhibiting transcription.

Results: For the le/la promoter, we found that the “G” weaker binding (by
EMSA) alleles at a known Cdx-2 site (le-G-1739A) and a novel GATA binding
site (1a-A-1012G) are both on the promoter risk block 2-hapl haplotype allele.
We transfected reporter constructs containing 2 kb la-promoter sequence, and
observed 53% lower expression of the risk block 2-hapl1 allele vs. block 2-hap2 or 3
(p=5%107, n = 51 exp.). For the 3’"UTR variants the normalized VDR mRNA level
of block 5-hapl was 15% lower for all cell lines combined with similar patterns in
all individual cell lines (p=2x10", n = 53). We observed a 30% faster mRNA decay
of block 5-hapl vs. block 5-hap2 in the MG63 (p=0.02, n = 9).

Conclusions: We demonstrate 7z vitro that risk haplotypes in both the VDR
promoter and the 3-UTR cause a reduction in mRNA level in potential target
cells. We postulate these subtle functional effects to underlie the associations we
reported for fracture and height, by resulting in a reduced sensitivity for vitamin
D signalling.
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INTRODUCTION

Vitamin D receptor (VDR) gene polymorphisms are associated with complex
diseases, including osteoporosis, but with inconsistent results. One reason for the
conflicting results might be the fact that non-functional polymorphisms were used
in most of association studies. To explain the associations of those polymorphisms
with complex diseases, linkage disequilibrium (LLD) is assumed to truly functional
polymorphisms. Functionality studies of some VDR polymorphisms have been
performed but also with inconsistent results (see chapter 1.6). Reasons for this
inconsistency could involve the use of non-functional polymorphisms, the use of
different cell lines (from different species and different tissues), and the use of
heterologous constructs.

We previously analysed sequence variations (chapter 2) and LD haplotype
blocks (chapter 3) in Caucasians across the VDR gene. According to our sequence
analysis, we observed 14 out of 35 polymorphisms to change the putative recogni-
tion sequences of transcription factors in the promoter region, while four out of 13
polymorphisms are located in destabilizing elements (DE) in the 3’-untranslated
region (UTR) of the VDR gene. In our association studies, we found haplotype
alleles of the promoter and 3-UTR to be associated with increased fracture risk
and decreased body height. We therefore carried out functionality experiments,
especially for polymorphisms in the promoter region and in the 3-UTR, which
regulate the mRNA level to help understand the underlying mechanism of the
associations we observed.

MATERIALS AND METHODS

Electrophoretic gel mobility shift assay (ENMS.A) and transactivation assay for promoter polynior-
phisms

Cell nuclear extracts from Caco2 (human colonic adenocarcinoma) and HEK293
(human embryonic kidney) were prepared as described previously'. Annealed oli-
gonucleotides (Table 1) were [y—°P] ATP end-labeled (Amersham Biosciences) by
the T3-polynucleotide kinase (Invitrogen Life Technologies) and purified on a non-
denaturing 10% polyacrylamide gel prior to gel shift studies. Nuclear extracts (20
ug) were incubated at 4 °C for 30 min in the presence of 1 ug of double strand poly
[dI-dC]-poly [dI-dC] (Amersham Biosciences) and 10 fmoles of purified labeled
oligonucleotide in a final buffer containing 10 % glycerol, 5 mM Tris (pH 7.5) and
150 mM KCI. Samples were resolved on a 4% non-denaturing polyacrylamide gel
in a low salt buffer (pH7.5) of Tris (6.7 mM), acetate (3.3 mM) and EDTA (1 mM).
Supershift experiments were done similarly except for a 1 h incubation at 4 °C in
the presence of 1 pl of monoclonal anti Cdx-2 antibody (MU392-UC, Biogenex,
San Ramon, California, USA) prior to the addition of the oligonucleotide probe.
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Table 1 Oligonucleotides for EMSA

Name

Sequence

Cdx-2
1e-2090-C sense
1e-2090-C antisense

1e-2090-T sense
1e-2090-T antisense

1e-1739-G sense
1e-1739-G antisense
1e-1739-A sense
1e-1739-A antisense

SIF sense

SIF antisense

GATA

1a-1012-A sense
1a-1012-A antisense
1a-1012-G sense
1a-1012-G antisense

1a-1521-G sense
1a-1521-G antisense
1a-1521-C sense
12-1521-C antisense

5-AAGTACTGGGATTACAGGCCTGAGCCACT-3
5-AGTGGCTCAGGCCTGTAATCCCAGTACTT-3

5-AAGTACTGGGATTATAGGCCTGAGCCACT-3
5-AGTGGCTCAGGCCTATAATCCCAGTACTT-3

5 TAAACTAGGTCACAGTAAAAACTTATTTC-3
5-GAAATAAGTTTTTACTGTGACCTAGTTTA-3
5 TAAACTAGGTCACAATAAAAACTTATTTC-3
5-GAAATAAGTTTTTATTGTGACCTAGTTTA-3

5-GAGGGTGCAATAAAACTTTATGAGTAGGT-3
5-ACCTACTCATAAAGTTTTATTGCACCCTC-3

5-AGGCGAATAGCAATATCTTCCCTGGCTAA-3
5 TTAGCCAGGGAAGATATTGCTATTCGCCT-3’
5-AGGCGAATAGCAATGTCTTCCCTGGCTAA-3
5 TTAGCCAGGGAAGACATTGCTATTCGCCT-3

5-GCTAGCTTTCCCACGATGCTTTGGGCAAG-3
5-CTTGCCCAAAGCATCGTGGGAAAGCTAGC-3
5-GCTAGCTTTCCCACCATGCTTTGGGCAAG-3
5-CTTGCCCAAAGCATGGTGGGAAAGCTAGC-3

Three reporter constructs containing 2 kb la-promoter sequence with 2 SNPs
(1a-G-1521C and 1a-A-1012G) were created. Site-directed mutagenesis at the SNP
locations in the hVDRp was performed using the Gene Editor TM system (Promega
Corp., Madison, W1, USA). The mutated oligonucleotides used were 5-~AGG CGA
ATA GCA ATG TCT TCC CTG GCT AA-3for -1012 SNP and 5-GCT AGC
TTT CCC ACC ATG CTT TGG GCA AG-3’ for -1521 SNP (the mutated base is
underlined). Each site-directed mutant was confirmed by sequencing.

Cells were in 6 seeded-well plates (2x10° cells/well) and grown in 2 ml medium
for 24 h. Then, a mixture of 1 pg of plasmid DNA, containing 50 ng of pCMV-{
plasmid (Clontech), 950 ng of luciferase reporter vector and 2 pl of Fugene-6®
(Roche) was added (maintaining the presence of serum and antibiotics). No change
of medium occurred during 72 h culture. Cells were grown for a further 48 h
and harvested with 200 ul of 1x reporter lysis buffer (Promega Corp.). Luciferase
activities were measured in 10 ul of cell extract with a .G Berthold Lumat LB 9507
and corrected over 3-galactosidase activity determined by a standard colorimetric
procedure using ¢o-nitrophenyl-3-D-galactopyranoside (ONPG) as substrate.

2-D structure of RINA analysis and functionality experiments for 3-UTR polymorphisms
RNA secondary structure of VDR 3-UTR was predicted by the RNAfold
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server’, which offers prediction of secondary structure of RNA from a single se-
quence. The RNA secondary structure of the four most frequent haplotypes of the
entite 3.2 kb VDR 3’-UTR wete predicted based on free energy minimization’.

Constructs encompassed VDR exons 2-9, linked to the entire 3>-UTR of the
block 5-hapl or block 5-hap2, were cloned into a pCI-Neo mammalian expression
vector (Promega). The accuracy of all cloning was verified by direct sequencing of
constructs.

Before transfection MGG63 (human osteoblast), SV-HFO (human osteoblast),
Caco2, HEK293 and Cosl (Green Monkey kidney) cells were grown overnight in
Dulbecco’s modified Eagle’s medium (DMEM, Gibco), supplied with 10% fetal calf
serum (FCS, Gibco), 50 U/ml penicillin and 50 pg/ml streptomycin (Gibco), and
transfected using Fugene transfection reagent (Roche) at a reagent to DNA ratio of
3:1. After 24 hours, cells were harvested and VDR mRNA level was measured. For
the mRNA stability measurements cells were put on fresh medium with 7.5 pl/ml
actinomycin D (Sigma), cells were harvested at time points 0, 8 and 24 hours after
addition of actinomycin D.

Harvested cells were washed once with phosphate buffered saline (PBS), and to-
tal RNA was extracted with High pure RNA isolation kit (Roche). One microgram
total RNA was reverse transcribed into cDNA using a cDNA synthesis kit accord-
ing to the protocol of the manufacture (MBI Fermentas, St. Leon-Rot, Germany).
Quantitative real-time PCR was performed using an ABI PRISM™ 7700 sequence
detector. 25 pl reaction system with qPCR core kit (Eurogentec, Seraing, Belgium)
contained 20 ng cDNA, 5 mM MgCl , 200 uM dNTPs and 0.025 U/ul Hot GoldStar
enzyme.Primers and probes were designed with the Primer Express program from
ABI (v1.5). cDNA primers: VDR For (5-CCTCCAGTTCGTGTGAATGATG-
3) and VDR Rev (5-TCATGTCTGAAGAGGTGATACA-3"), NEO For (5-
GCGCCCGGTTCTTTTTG-3") and NEO Rev (5-CCTCGTCCTGCAGTTCAT
TCA-3") were used to amplify the VDR and neomycin cDNA respectively. Neomycin
was used as an internal control at 0 hour time point. Reaction condition of real time
PCR was followed: 50 °C for 2 min., 95 °C for 10 min., 40 cycles with 95 °C for 15
sec. and 60 °C for 1 min. All transfection experiments were carried out for six to 21
times. The mRNA levels were calculated by the equation of 2%,

RESULTS

Functionality studies for promoter polymorphisms

Among 14 polymorphisms which are located at potential transcription factor
binding sites (TFBS) in the VDR promoter region, we performed EMSA for four
common SNPs (MAF > 20%,; 1e-C-2090T, le-G1739A, 1a-G1521C and la-A-
1012G) in the promoter region of exon le and 1a using Caco2 or HEK293 nuclear
extracts (Fig. 1). We identified a putative GATA-binding site for the A-allele of
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the 1a-A-1012G SNP in exon la promoter region (AGATAT in reverse orienta-
tion) and, demonstrated that G-allele has markedly decreased binding to GATA
compared with the A-allele.

Figure 1 EMSA of 1a-A-1012G for GATA protein. 1a GATA

fa 1e binding assay using Caco?2 cell line nuclear extract. The binding
T 5 of GATA to the 1a-1012A was analyzed in competition experi-

. 2 8 .29 . -E —E -1 38 ments for Caco2 nuclear extract using the well-characterized

compettor- § 2 2 F S 2 F E & B E § § GATA sites of the EpoR and Lactase gene promoters'™’”. These

experiments showed similar binding characteristics of the

il complexes bound to the 1a-1012A site and to the other GATA

".. ..'ﬂ L LI - sites (lanes 1 and 4 versus lane 7). In addition, the signal found

K on the 1a-1012A site was eliminated by a hundred-fold excess of

unlabeled GATA sites of the EpoR and Lactase genes (lane 7-10).

Inversely, a hundred-fold excess of the 1a-1012A site eliminated

M the binding of GATA on the EpoR and Lactase GATA sites

n (lanes 1 versus 2, and lanes 4 versus 5). 1b GATA binding using

12 3 4 5 & 7 8 9 1 on HEK293 cell line nuclear extract. Competition experiments for

Frabe; GATAEzeR  GATALac! A0izA A0128 HEK?293 nuclear extract using the -1012 GATA site as probe

revealed that the 1a-1012G variant were unable to compete the
binding of the 1a-1012A variant.

ME: Caco2 HEXZ33

Reporter constructs containing 2 kb la-promoter sequence with the 2 SNPs
1a-G-1521C and 1a-A-1012G in block 2 (Fig. 2) showed that in HEK293 cells, the
normalised luciferase activity of the block 2-hapl allele was decreased 53% and 50%
compared to the block 2-hap 2/3, and hap 4/5 alleles (p = 5 X 107, and 8 X 107,
respectively). This indicates that the G-allele of the htSNP, 1a-A-1012G, has a 2-
told lower transcription compared to the A-allele. The same results were observed
in COS-7 cells (data not shown).

2a 2b
exon la
20kb -
1621 1012 intron 1
GIC AIG
Corresponding Block 2 Ma. of Exp.
haplotype allele P-value
black 2-hap1 s’ o Luciferase
[42.3%) c G -
= o
bluck 2-hap 2 8.3 o—o Luciferase ]
(56.6%) G A(GATA) =
block 2-hap 4 8.5 o P
4% 3 Luciferase
Cc A (GATA)

0 2 n Iéa m = m

% of block 2hapt s ferase activity (normalized by beta-Gal)
Figure 2 Relative luciferase activity in HEK293 cells of VDR exon 1a promoter activity including two SNPs.
2a The three constructs containing the 2 kb la-promoter sequence with the SNPs: 1a-G-1521C and 1a-A-1012G.
2b beta-Gal normalized luciferase activity for the three constructs. The block 2-hap1 allele is set at 100% as the

reference group, p-value is calculated by independent t-test.

Surrounding sequence analyses showed that the 1e-C-2090T and le-G-1739A
SNPs locate at potential Cdx-2 binding-sites (Fig. 3a). EMSA confirmed that the G-
allele of 1le-G-1739A and the T-allele of the 1e-C-2090T have a relatively decreased
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Figure 3 Two SNPs in the le promoter re-
gion of the human VDR gene are at a Cdx-2
binding site. 3a 15 well-characterized Cdx-2
sites from mammalian gene promoters were
lined up. Base usage was summarized in
a table and compared to DNA sequences
surrounding SNP 1e-C-2090T and le-G-
1739A. DNA bases involved in SNPs are
underlined. 3b Double strand oligonucle-
otides either containing the Sucrose isoma-
Itase (SIF) Cdx2 binding site as control or
sequences encompassing SNPs 1e-C-2090T
and 1e-G-1739A have been **P-labeled
and purified on a 10% polyacrylamide gel.
EMSA experiments were performed using
Caco-2 cell nuclear extracts. The competi-
tion experiments with an oligonucleotide
containing the SIF element. Gel shift experi-
ments was performed in the absence (-) or
the presence (+) of a hundred-fold excess of
cold SIF probe as competitor, and resulted in
relatively more elimination of these specific
complexes for the A-allele of le-G-1739A
and the T-allele of 1e-C-2090T compared
with their counterparts. 3¢ The antibody
experiments with a monoclonal anti-Cdx-2.
EMSA was performed with nuclear extract
alone (-) or the presence (+) of monoclonal
anti Cdx-2 antibody. Supershift complexes
were identified by an arrow when present.
A clear supershift was observed with SIF,
but weakly in the 1e-1739G, and very low
intensity of the complex was seen with le-
2090. Comparison of the surrounding le-C-
2090T and le-G-1739A sequences with the
consensus Cdx-2 sequence (lower panel of
Suppl. Fig. 3a.) evidenced the presence of a
substitution (T/A) in the 1a-2090 sequence,
corrupting somehow the Cdx-2 site, maybe
explaining the lower intensity observed in
EMSA compared to le-G-1739A.
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binding to Cdx-2, compared with their allelic counterparts (Fig. 3b). The risk allele
of the GATA and Cdx-2 promoter SNPs are contained in the block 2-hapl, which
is the risk allele for fracture.

Functionality studies of 3-UTR polymorphisms

Thirteen polymorphisms and four common haplotypes (frequency > 3%) were
identified in the VDR 3’-UTR (see chapter 2 and 3). The block 5-hapl allele and the
block 5-hap?2 allele in the 3>-UTR differ in only five polymorphisms (Fig. 4a). These
result in differences in the RNA secondary structure (Figure 4b).

We found that 24 hours after transfection of reporter constructs containing the
complete 3.2 kb 3-UTR of the block 5-hapl or hap2, the neomycin normalized
VDR mRNA level of the block 5-hapl transcript was 15% lower than that of the
block 5-hap?2 transcript when results of all tested cell lines were combined (p = 2
x10, n = 53) while similar patterns were observed in individual cell lines (Fig.
5a). We then investigated the stability of VDR mRNAs transcribed from the block
5-hapl and hap2, and observed that the decay rate of VDR mRNA for the block
5-hapl was 30% faster than that for the hap2 in MG63 24 hours after inhibiting
transcription (p = 0.02, n = 9; Fig. 5b).

DISCUSSION

According to results from our association studies of VDR SNPs and fracture
risk, the genetic effect of the VDR polymorphisms on fracture risk is modest (15
— 48%), which corresponds to the modest difference we observed (15%y) in the
VDR mRNA level by genotype in our functionality analysis. For comparison, in
one previous study?, the “Ss” (or GT) genotype of COL1A1 Spl was found to have
an 21% increased COL1A1/COL1A2 protein ratio compared to “SS” (or GG) as
measured in osteoblasts. Another functional study of a 3>-UTR SNP [+1073C/T
in the oxidised LDL receptor (OLR1) gene) that associates with increased risk for
Alzheimer’s disease (AD) demonstrated that C-allele carriers had 41% decreased
OLR1 mRNA level compared to ““I'T” homozygotes’. These examples indicate
that genetic effects of polymorphisms on gene expression and clinical phenotypes
are modest.

By analysing functionality of the risk alleles iz vitro, we demonstrate that the
molecular mechanisms underlying these associations are likely to involve a lower
expression of VDR mRNA. Some of promoter polymorphisms results in altered
transcription factor binding for Cdx-2 and GATA. The previously reported Cdx-2
site at 1e-G-1739A%" and the GATA site at 1a-A-1012G® are encompassed in the
block 2-hapl, the risk allele of fracture. Our and previous’ functionality experi-
ments show that both these two weak-binding alleles together result in decreased
transcription activity of this VDR promoter. Further research is needed to establish
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in more detail, in which cells/tissues this promoter part is influencing VDR expres-
sion. While GATA is expressed in many tissues, Cdx-2 is expressed predominantly
in the intestine. Thus, the hapl allele might cause relatively lower VDR expression
in target cells for vitamin D, including the intestine.

The 3-UTR of genes is known to be involved in regulation of gene expression,
especially through regulation of mRNA stability. The Bsm I, Apa I and Taq I SNPs
are anonymous, and block 5 does not include polymorphisms beyond the 3>-UTR
of the VDR gene. Therefore, SNPs in 3>-UTR are the most likely candidates for
the truly functional sequence variations explaining the associations we observed.
We identified differences in VDR mRNA expression level and stability between
the block 5-hapl and hap2 alleles, which differ at only five positions across the 3.2
kb 3-UTR. The fracture risk allele, the block 5-hapl, causes 15% lower levels of
mRNA expression compared to the hap2 in all tested cell lines. This is in line with
the 30% faster decay of or lower of VDR mRNA stability we observed in MG63,
an osteoblast cell line. This observation also corresponds to other studies 7z vivo
and 7z vitro'®". This is likely to also result in lower numbers of VDR protein being
present in target cells for vitamin D, giving such target cells a decreased response
to vitamin D.

We demonstrate that polymorphisms within the promoter area and the 3>-UTR
area of a gene are having effects that can influence VDR gene function in certain
cells and/or subjects. Thus, the 5 promoter and 3-UTR polymorphisms together
can determine how much of a given VDR mRNA will be expressed in a given
target cell. The combined risk genotypes in promoter region and 3>-UTR represent
a moderate genetic effect of the entire VDR gene on fracture risk. The vitamin D
endocrine system has been implicated in several other complex diseases including
osteoarthritis, diabetes, and cancer. Whether our findings have relevance for these
other diseases needs to be tested in separate association studies using the LD and
haplotype information we here provide.

The determination of RNA structure from sequence contains two levels of
complexity: secondary structure and tertiary structure (i.e., the three-dimensional
shape). It may be possible to infer tertiary structure from interactions of secondary
structure elements. Itis still unclear how three-dimensional structure influences the
stability of mRNA. Although we here showed that only four SNPs and one tandem
repeat polymorphisms results in the RNA secondary structure difference of block
5-hapl and hap2 in the VDR 3-UTR, the mechanism underlying the secondary
structure difference for mRNA stability needs to be further investigated.

In conclusion, we demonstrate zz vitro that risk haplotypes in both the VDR
promoter region and the 3>-UTR cause a reduction in mRNA level in potential
target cells. We postulate these subtle functional effects to underlie the associations
we reported for fracture and height, by resulting in a reduced sensitivity for vitamin
D signalling.
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ABSTRACT

Introduction: Vitamin D binding protein (DBP) is a polymorphic and multi-
tunctional serum protein. DBP action is influenced by environmental factors since
it binds to vitamin D and transports it to target tissues to maintain calcium homeo-
stasis. However, DBP can also be converted to DBP-macrophage activating factor
(DBP-MAF), which mediates bone resorption by activating osteoclasts. Therefore,
the DBP gene is a candidate gene of osteoporosis.

Materials and Methods: We summarized the haplotype structure across the
DBP gene according to Perlegen, HapMap and SNPbrowser datasets, and proposed
consensus haplotype structures for different ethnic populations. We genotyped
two non-synonymous SNPs (rs7041 and rs4588) in a population-based Caucasian
population of 6,181 elderly. Haplotypes of these SNPs correspond to protein varia-
tions Gcls (hapl), Ge2 (hap2) and Gcelf (hap3). We analised DBP genetic variation
in relation to BMD and fracture risk and studied interaction with dietary calcium
intake and vitamin D receptor (VDR) genotype.

Results and Conclusions: In a subgroup of 1,312 subjects, DBP genotype was
found to be associated with differences in serum 25-(OH)D, for hapl (P = 3x10%),
and for hap2 (p = 3x10°). Similar associations were observed for 1,25-(OH),D..
The DBP genotype was weakly and borderline significantly associated with fracture
risk (p = 0.13) and the effect on fracture risk was likely to be independent of vita-
min D level. The hazard ratio for clinical fracture risk of DBP hapl-homozygote
versus non-carrier was 1.47 (95% confidence interval: 1.06-2.05) in a subgroup
with dietary calcium intake < 1.09 g/day. In the total study population, we dem-
onstrated interaction between DBP and VDR haplotypes on fracture risk. In the
DBP hapl-carrier group, VDR risk genotype carriers had 33% increased fracture
risk compared to non-carriers (p = 0.005). All associations were independent of
age and gender.
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INTRODUCTION

Osteoporosis is defined as a reduction in bone mass associated with disrup-
tion of bone microarchitecture, resulting in increased bone fragility and increased
fracture risk'. It is a complex genetic disorder with interaction between environ-
mental and genetic factors. The genes involved remain ill defined but candidate
gene association studies seem a powerful tool to identify causative genes®. Indeed,
several genetic association studies have demonstrated a relationship between poly-
morphisms of candidate genes with decreased bone mineral density (BMD), and
increased fracture risk”™®.

Vitamin D binding protein (DBP), was initially named as group-specific com-
ponent (Gc), and is a polymorphic serum protein with different functions. Two
functions of DBP involve skeletal metabolism.

First, DBP binds to vitamin D metabolites such as 25-hydroxyvitamin D,
[25(OH)D,], the major circulating metabolite, and 1,25-dihydroxyvitamin D,
[1,25(OH),D ], the most active form of vitamin D. Strong and positive correlations
were found between those vitamin D metabolites and DBP levels in serum’. Vitamin
D plays an essential role in regulating serum calcium and phosphate homeostasis
as well as bone metabolism. A deficiency of vitamin D results in rickets in children
and osteomalacia in adults and increased risk of osteoporosis'’. DBP transports
vitamin D metabolites to liver, kidney, bone and other target tissues. DBP also
plays a crucial role in storing and prolonging the half-life of the circulating vitamin
D metabolites'.

Second, serum DBP can be converted to a DBP-macrophage activating factor
(DBP-MAF) by deglycosylation of DBP. Though the mechanism is still unclear,
some studies suggested that DBP-MAF upregulates oxidative metabolism in osteo-
clasts'? and potently inhibits the sensitivity of osteoclast to extracellular calcium®
which is a powerful anti-resorptive signal*. DBP-MAF plays a role in osteoclast
differenciation from monocytes”, and is a cytokine to mediate bone resorption by
directly activating osteoclasts'. DBP-MAF treated osteopetrosis rats have increased
number and activity of osteoclast, and decreased bone mass'.

Hence, the contribution of the DBP to bone metabolism can not only be
through assisting the vitamin D endocrine system, but also through directly in-
fluencing bone resorption. Therefore, the DBP gene, on chromosome 4ql13.3, is
a potential osteoporosis candidate gene. In addition, DBP has been observed to
have several other functions. It is able to bind and clear gelsolin-actin (G-actin)
from the circulation, and prevent the formation of filamentous actin (F-actin) and
actin-mediated damage in the microcirculation after cellular trauma'™'®. Moteover,
DBP-MAF consequently activates macrophages" and enhances a number of spe-
cialized immune functions such as chemotaxis, phagocytosis and destruction of
tumor cells®.
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Three most commonly studied protein variations (Gclf, Gels and Gce2) can be
identified by two DNA polymorphisms in exon 11: a G/A substitution in codon 416
(ts7041) leading to a Glu/Asp amino acid change and a C/A substitution in codon
420 (rs4588) leading to Tht/Lys amino acid change?'. Haplotypes of the nucleotide
changes result in the protein isoforms: Gclf, Gels and Ge2 (see Fig. 2). Affinity of
the DBP isoforms for vitamin D metabolites was reported to be different: Gclf >
Gcls > Ge2%. A positive correlation was found between serum 1,25(OH),D, and
DBP level®. Recently, two studies demonstrated a relationship of a DBP haplo-
type (or protein isoform: Gel) with decreased BMD and increased fracture risk in
Japanese and Caucasian populations****. However, it remains necessary to replicate
these associations in a large-scale population-based study.

The action of these genes is under the influence of several environmental fac-
tors, e.g., dietary vitamin D intake and calcium intake. Furthermore, osteoclasts
can have a different response to some environmental factors, such as dietary cal-
cium intake. The number of osteoclasts significantly increases when rats were at a
calcium deficiency condition, and the number decreased to a similar level of control
groups after calcium or phosphorus replenished***”. No studies have investigated
the interaction between DBP and dietary calcium intake on osteoporosis.

Another osteoporosis candidate gene, the vitamin D receptor (VDR) gene
mediates the action of the vitamin D endocrine system in calcium homeostasis and
bone metabolism. In a previous study of >6,000 elderly Dutch Caucasian subjects,
we reported that the VDR block 5-haplotype 1 allele associated with increased frac-
ture risk. In a functionality study, this haplotype allele was found to associate with
15% decreased VDR mRNA level comparing to the haplotype 2 allele, especially
in osteoblast cells®. DBP stimulates the activity of osteoclasts, and influences the
bone resorption'”. Thus, VDR and DBP might influence the bone remodelling in
two different pathways and further impact risk of osteoporosis. So far, no studies
have addressed the interaction between VDR and DBP polymorphisms on oste-
OpOrosis.

In addition, it is necessary to systematically analyse the complete gene haplotype
structure of the DBP gene in major ethnic populations to guide further genetic
studies. In this study, we first determined the haplotype structure of the whole DBP
gene according to existing databases. Subsequently, we investigated the relationship
between the most common polymorphisms of the DBP gene with serum vitamin
D level and bone phenotypes in a population-based large study population, and
finally we tested the interaction between DBP haplotypes with VDR haplotypes
and dietary calcium intake on fracture risk.
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MATERIALS AND METHODS

Subjects:

The Rotterdam Study population: The Rotterdam Study is a single center pro-
spective population-based cohort study, and includes 7,983 (> 55 years) individuals
Caucasian, with 3,105 men (38.9%) and 4,878 women (61.1%), to analyze determi-
nants and prognosis of chronic and disabling diseases in the eldetly”. The baseline
measurements were performed between 1990 and 1993. The latest follow-up period
ended 1st of January 2002. For the current study, 6,580 DNA samples (82.4% of
the whole cohort population) were available and 6,181 DNA was successfully geno-
typed. A subgroup with 4,747 subjects we had data on dietary calcium intake. 5,931
subjects had baseline measurement data of bone mineral density (BMD, g/cm?).
On baseline, for 1,317 subjects we measured serum vitamin D level data.

Panel of ethnic groups: We genotyped a panel of DNA from 107 Chinese Han
and 68 African individuals [the Coriell Institute, Camden, NJ. USA: 98 Chinese
Han (HD100), 9 Chinese Han (HDO02), 59 African Americans (HD04 and HD50)
and 9 Africans from south of the Sahara (HD12)].

DNA isolation and genotyping

Genomic DNA was isolated from peripheral venous blood specimens accord-
ing to standard protocols. In the DBP gene we genotyped two single nucleotide
polymorphisms (SNPs) in exon 11, rs7041 and rs4588, which change the amino acid
sequence at codon 416 and 420, respectively. The genotype results were detected
using the Tagman procedure The Assay Mixes (including unlabelled PCR prlm—
ers, FAM™ and VIC" dye-labelled TagMan MGB probes) of Assays-by-Design™
were designed and supported by ABI. The reaction system contained 2 ng of dr1ed
genomic DNA, 2.5 pl of TagMan® Universal PCR Master Mix, No AmpErase
UNG (2 %), 0.125 pl (40 X) or 0.0625 pl (80 X) of Assay Mix, and adjusted Milli-Q
H,O in a total volume of 5 ul. The reaction conditions consisted of an initial step
at 95 °C for 10 minutes, followed by 40 cycles with 92 °C for 15 seconds and 60 °C
for 60 seconds in a 384-well plate using PCR machines, ABI Prism" 7900HT, or
ABI GeneAmp® PCR system 9700 (ABI), or PTC-225 Peltier Thermal Cycler (M]
Research, INC.). The genotyping results were analysed with an endpoint reading in
the ABI Prism 7900HT. The genotype results were determined independently by
two operators and 5% random samples were re-genotyped to check for genotyping
errors. No inconsistencies were observed.

Linkage disequilibrinm (1.D) and haplotype analyses

We first extracted from the Perlegen database® genotype data of 40 SNPs
across the DBP gene and one SNP out of 3-untranslated region (UTR) of the
DBP gene for different ethnic groups: 24 European Americans, 24 Han Chinese
and 23 African Americans. We selected race-specific SNPs with a minor allele fre-
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quency (MAF) > 10% in either of the ethnic study populations, and identified 16
SNPs for European American, 22 for Chinese Han and 25 for African American.
These race-specific SNPs were used to determine haplotype structure of the DBP
gene with the PHASE program *!. We identified haplotype blocks (defined as, the
standardized pair-wise disequilibrium coefficient between SNPs, D’ > 0.8) and cal-
culated haplotype frequency in each block by HaploBlockFinder program®”. Other
haplotype structure data of the DBP were included in the further analysis: A. the
original Perlegen haplotype data, including 32 SNPs for European American, 31
for Chinese Han and 33 for African American; B. HapMap data (Haploview ver-
sion3.2%), including 30 trios CEPH (Utah residents with ancestry from northern
and western Europe), 45 singletons of Han Chinese in Beijing, 30 trios YRI (Yoruba
in Ibadan, Nigeria); C. SNPbrowser data (version 3.0**), including 60 parent samples
from 30 CEPH (Caucasian from HapMap data), 45 Han Chinese in Beijing and 45
African American from Coriell DNA samples. The definition of haplotype block
was as follows: MAF of analysed SNPs > 10% and D’ > 0.8, and haplotype block
from original Perlegen was defined by the HAP program™. We extracted consensus
race-specific LD maps of the DBP gene by comparing our haplotype structures
(re-analysed Perlergen data) with other sources: Perlegen original data, HapMap,
SNPbrowser and Ezura et al.*.

The haplotypes of rs7041 and rs4588 SNPs in the Rotterdam study population
were generated by the PHASE program.

Clinical data for the association study

Information on medical history, dietary habits, age at menopause, and smok-
ing was obtained with a computerized questionnaire during a home interview at
baseline. Intakes of calcium and total energy were calculated by food frequency
questionnaire (based on all food and drinks consumed in 1 month) with the use
of Dutch food composition tables. We calculated the total dietary energy intake
adjusted dietary calcium intake for all individuals. Anthropometric measurements
of participants were obtained at the research center. Height (cm) and weight (kg)
were measured in standing position in indoor clothing without shoes, and all height
measurements were attained by a research assistant using a standard wall-mounted
station-meter. Body mass index (BMI) was calculated as weight (kg) divided by
the height squared (m*). BMD (g/cm?) was determined by dual energy X-ray ab-
sorptiometry (DXA, Lunar DPX-L. densitometer, LLunar Radiation Corporation,
Madison, WI, USA) at the femoral neck and lumbar spine (vertebral L2 - I.4) as
described before®. The presence of a clinical vertebral fracture was diagnosed as
described according to previously®”®. The incidence of fracture was considered as
new cases diagnosed during the follow-up period (7.4 years = 3.3 years).

50ul serum obtained at baseline was stored at -20 °C was used for the quantitative
determination of 25-hydroxyvitamin D, [25(OH)D,] and 1, 25-dihydroxyvitamin D,
[1, 25(OH),D,] level by using radioimmunoassay kits from IDS (Immunodianostic
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systems limited, UK).

Statistical and association analysis

All genotyping results were tested for Hardy-Weinberg equilibrium. We applied
one-way analysis of variance (ANOVA) to investigate the relationship between
genotypes and age, height, weight, BMD, BMD loss, bone geometry variables,
serum vitamin D level, dietary calcium intake, and other continuous outcomes. We
employed the Pearson y* test, and calculated the Hazard Ratio and 95% confidence
interval (HR, 95% CI) to investigate the relationship between incidence of clinical
fracture and haplotypes of the DBP gene by Cox regression model. Both analysis
of covariance (ANCOVA) and Cox models were adjusted for potential confound-
ers, such as age, gender, height, weight, BMD and dietary calcium intake. We also
stratified the analyses by gender and high/low, tertiles and quartiles of dietary
calcium intake in the study population. The interaction term of high/low calcium
intake and DBP haplotype for facture risk was estimated in the Cox model with the
adjustment for age and gender. All statistical analyses of the association study were
carried out with the SPSS software package (version 11.0).

RESULTS

Haplotype structure of the DBP gene

The DBP gene structure is shown in Figure 1. It is at least 42 kb in length,
contains 12 exons with a 4.3 kb 3’-untranslated region (UTR) and has at least
162 SNPs according to the dbSNP database (build 124*°). Three genotype data
sources, Perlegen®, HapMap™», SNPbrowser™, and one publication** provided the
haplotype structure of the DBP gene in different ethnic populations. The Perlegen
database includes genotype data of the highest number of SNPs as compared
to other databases, and it also uses the HAP program™ to infer haplotypes. In
order to summarise the haplotype structure of the DBP gene in Caucasian, Han
Chinese and African American populations, we extracted genotype data from
Petlegen, determined haplotype and LD block structure with the PHASE’" and
HaploBlockFinder’” programs. We used the same criteria to define haplotype
blocks for the three datasets, and aligned all blocks across the gene to describe
the linkage disequilibrium (LD) structure of the DBP gene. The distribution of
selected SNPs in the DBP gene based on each dataset is shown in the upper panel
of Figure 1. Seven common SNPs across the DBP gene were used in these three
databases. Three consensus haplotype blocks across the DBP gene were observed
in the Caucasian population (A-C), four blocks in Han Chinese and eight blocks in
African American populations. In each ethnic population, the selected SNPs and
the size of the study populations were different between soures, and therefore the
LD structures of different sources were observed to be different from each other.
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Exon 11 contains two non-synonymous SNPs, rs7041 and rs4588, which are
located in an overlapping region of the 3’-end haplotype blocks among the three
ethnic populations (between two vertical lines in Figure 1). Because of high linkage
between these two SNPs, only three instead of the possible four haplotypes were
present in our population, corresponding to three Gce isoforms distinguished at
the protein level. The allele frequency distribution of haplotypes in different study
populations is shown in Figure 2.

Association study of DBP haplotypes

Serum vitamin D level: We measured serum vitamin D level in a sub-group (n =
1,317) of the study population. The vitamin D level in our study population [mean
and standard deviation (SD)| of serum 25(OH)D, level was 65.5 £ 27.3 nmol/I
(Table 1). Haplotype 1 was found to be significantly associated with increased
serum level of 25(OH)D, (p = 3 X 10 by a linear regression test for trend) and 1,
25(OH),D, (p = 4 x 10"* for trend). In contrast, haplotype 2 was found to be highly
significantly associated with decreased serum level of 25(OH)D, (p = 3 x 10°°) and
1,25(0OH),D, (p = 5 X 10?). The difference in serum vitamin D level between the
extreme genotype groups was 0.2 — 0.6 standard deviation. No significant differ-
ence in serum vitamin D level by haplotype 3 genotype was found. The associations
were independent of age and gender.

Fracture risk and bone phenotypes: No significant difference of fracture inci-
dence was observed by DBP haplotypes (Table 2), although we found a small in-
creasing trend of fracture risk by the DBP haplotype 1. The baseline characteristics
by haplotype 1 of the DBP gene are shown in Table 3. In our study population, we
did not observe a relationship between DBP haplotype 1 genotype and age, gender,
body height, weight, clinical fracture and BMD.

Influence of dietary calcium intake: In the subgroup with record of dietary
calcium intake, we observed a similar trend (as seen in the whole study population)
and borderline significant association of the DBP haplotype 1 and fracture risk (p
= 0.06, Table 4). We further investigated the relationship between DBP haplotype
1 and clinical fracture risk after stratification for low or high dietary calcium intake.
In the low dietary calcium intake group, we found that subjects homozygous for
haplotype 1 had 47% increased risk of clinical fracture compared to non-carriers (p
= 0.02). The association remained when we adjusted for age and gender. In the high
dietary calcium intake group, no association was found. The interaction p-value
between the haplotype 1 genotype and dietary calcium intake for clinical fracture
was 0.006 after adjustment for age and gender. No effect of the interaction between
DBP genotype and calcium intake on BMD and serum vitamin D level was found.
We also stratified calcium intake as tertiles and quartiles, and similar patterns of
increased fracture risk by DBP haplotype2 was observed in those with a relatively
lower calcium intake (Fig. 3).

Interaction between DBP and VDR: We stratified the study population as non-
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Chapter 8

carriers of DBP haplotype 1 and carriers of DBP haplotype 1 (Table 5). In the
group of non-DBP haplotype 1 carriers, fracture risk was not different by the VDR
haplotype 1 (p = 0.70). However, the subjects who carried DBP haplotype 1 and
were homozygous for VDR block 5-haplotype 1, had a 33% increased fracture
risk (p = 0.008 by the Cox model). This association was independent of age and
gender. The p-value of interaction between the DBP genotype and VDR genotype
in relation to fracture risk was p = 0.09.

No interaction between DBP or VDR genotypes in relation to vitamin D level
or BMD was observed in the study population (data not shown).

DISCUSSION

In this study we first compared the LD structure of the DBP gene according
to different haplotype databases. The haplotype structure analysis may facilitate to
identify functional SNPs (in both association and functionality studies) of the DBP
gene for disorders such as osteoporosis. The spans and boundaries of haplotype
blocks were found to be different between different datasets. The different selec-
tion of SNPs, determination of common SNPs for the LD analysis, definition of
haplotype block (e.g., threshold of D’) and the size of the study population can
contribute to the LD map differences. We observed the most common haplotypes
(haplotype 1 and haplotype 2 constructed by rs7041 and rs4588), to reside in an LD
block “C” and to correspond to the common protein isoforms of the Gce protein:
Gcls and Ge2. The LD block spans > 20 kb from exon 7 to the 3’ end of the gene,
including the 3>-UTR. Thus, variants in this region and linked to the two SNPs we
analysed, can contribute to explain any observed association.

The classical function of DBP is to store and prolong the half-life of circulat-
ing vitamin D metabolites. DBP binds 88% and 85% of serum 25(OH)D, and 1,
25(0OH),D; respectively”. In our study, haplotype 1 (corresponding to Gels) was
positively correlated with both 25(OH)D, and 1, 25(OH)2D3’ while haplotype 2
(Gc2) was negatively correlated and haplotype 3 (Gclf) was not associated with
vitamin D level. Lauridsen et al.* demonstrated that Gel (consisting of 80% Gels
and 20% Geclf in our analysis) was associated with increased plasma vitamin D and
DBP level, and the DBP Gc2 allele was negatively correlated to plasma vitamin D
and DBP level. Thus, our finding of a relationship between haplotype 1 and vita-
min D level indeed reflects the correlation between serum DBP level and vitamin
D level, and this is in line with a previous report®.

A relationship of Gcl (associated with increased serum vitamin D level) and
increased fracture risk was reported by Lauridsen et al.>>*. We also observed a
similar trend in the complete study population (Table 2) and borderline signifi-
cance in a sub-group population based on availability of dietary calcium intake
data (Table 5). This relationship can not be explained by the effect of DBP on the
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vitamin D endocrine system, since increased vitamin D level is not associated with
increased fracture risk. Moreover, according to the “free hormone” hypothesis, the
free hormone performs the biological activity rather than bound hormone*, and
the free vitamin D level is only <12-15% of total vitamin D level we measured.

The genomic and protein structures also reveal at least two different functions
of the DBP. The vitamin D-binding region of the DBP is located between residues
35-49 in the N-terminal end of the DBP (domain I in Figure 1)*. The two non-
sysnonymous coding SNPs are located in the C-terminal end (domain III, from
residue 375 to the end) with a single glycosylation site nearby. Our LD structure
analysis showed that these two domains are in different haplotype blocks for all
ethnic populations. These two domains have a different function: domain I can
bind to sterols, domains II and III are responsible for non-sterol binding activities
of DBP*. The macrophage/osteoclast activating activity is also related to domain
I1T"*. The glycosylation of DBP in domain III is important for macrophage and
osteoclast activation, while it has been shown that binding of vitamin D does not
influence this activity®. This indicates that domain I1I plays an independent role of
domain I in the function of stimulating osteoclast.

DBP haplotype 1 is associated with increased serum DBP level*. We hypothesize
that the association of DBP haplotype with increased DBP levels is caused by SNPs
in this block that result in increased mRNA levels, and thereby in increased DBP
protein levels. The most likely position of these SNPs is in the 4.3 kb large 3’-UTR
area. About 17 SNPs have been identified in this region and further functional
studies will be necessary to determine if and which of these SNPs cause differential
mRNA expression. We note that we have recently identified a similar situation for
SNPs in the 3-UTR of the VDR gene®.

DBP-MAF is an activator of osteoclasts, while 7z vivo studies demonstrated that
a calcium-deficient diet in rat studies could significantly increase the number of
osteoclast in different sites of bone***. In our sub-group population of human
subjects with record of dietary calcium intake, we found that dietary calcium intake
influenced the strength of the association between DBP haplotype 1 (Gcls) and
tracture risk. The association between the DBP haplotype 1 and fracture risk was
only seen in subjects with a relatively low dietary calcium intake (< 1.09 g/day). We

note that Lauridsen et al.?

showed a similar relationship between Gcl and fracture
risk in a population of Danish Caucasian with a dietary calcium intake at 0.8 g/day
level®. Another study in a Japanese population® found the Glu-allele at codon 416
(corresponding to our haplotype 1) to be associated with decreased radial BMD.
The dietary calcium intake of Japanese populations is considered to be lower [0.6
g/day*'] than ours and the Danish study populations. Although this seems to be
in line with our observations, the association between the DBP haplotype 1 (or
Gcl) and fracture risk in ours and the Danish studies was independent of BMD.
We therefore also analysed subjects with dietary calcium intake < 0.6 g/day for

DBP related differences in BMD. No association was observed. However, since we
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had only 147 subjects in this category, we were not sure whether there is really no
association, or we did not have sufficient statistical power to detect the relationship
between DBP haplotypes and BMD.

In this study we also demonstrated interaction of VDR and DBP polymor-
phisms on fracture risk. This gene-gene interaction on fracture risk is likely to
involve two aspects of bone modelling and remodelling, which are active during
the whole lifespan, and includes bone formation (by osteoblasts) and bone resorp-
tion (by osteoclasts) to maintain serum calcium homeostasis and bone metabolism.
The block 5-haplotype 1, fracture risk allele, of the VDR gene results in a lower
expression of VDR mRNA in osteoblasts®®. This indicates that the osteoblast of
block 5-haplotype 1 carriers could give a compromised response to vitamin D since
lower numbers of VDR protein are present in the cells. Thus, this is likely to result
in lower bone formation for the VDR block 5-haplotype 1 carriers. As mentioned
above, DBP haplotype 1 is associated with increased DBP level, and this might
result in increased osteoclast activity, and thus increased bone resorption. Taken
together, carriers of both risk alleles might have a lower bone formation and higher
bone resorption resulting in increased bone turnover which negatively influences
bone quality and strength®. Thus, bone of both risk-allele carriers becomes weaker
with time, and thus fracture risk consequently increases. This hypothesis needs to
be confirmed by functionality studies.

In conclusion, we summarised the haplotype structure of the DBP gene accord-
ing to three major haplotype datasets. The most commonly used haplotypes (or
protein isoforms) of the DBP gene were found to be associated with serum vitamin
D level, while an additive effect of VDR block 5-hap 1 and DBP haplotype 1 (Gcls)
on fracture risk was observed, and DBP haplotype 1 was found to be associated with
fracture risk especially in a low calcium intake group. Further functional analysis of
DBP 3-UTR variants is necessary to investigate the underlying mechanism, while
the relationship between DBP haplotypes in other LD blocks and osteoporosis
remains to be studied.

ACKNOWLEDGEMENTS

We thank all participants of the Rotterdam study and the general practitioners,
pharmacists, and the many field workers at the research center in the Netherlands.

This project was funded by the Dutch Research Organisation (NWO 903-46-
178, 925-01-010, 014-90-001 and 911-03-012) and the European Commission under
grant QLK6-CT-2002-02629 (“GENOMOS”).

147



Chapter 8

REFERENCES

—_

10.
11.

12.

13.

14.

15.
16.
17.
18.

19.

20.

21.

22.

23.

148

Ringe, J. Pathophysiology of postmenopausal osteoporosis, 2 (Science Press Ltd, London, 2004).
Lohmueller, K.E., Pearce, C.L., Pike, M., Lander, E.S. & Hirschhorn, J.N. Meta-analysis
of genetic association studies supports a contribution of common variants to susceptibi-
lity to common disease. Naz Genet 33, 177-82 (2003).

Uitterlinden, A.G. et al. A large-scale population-based study of the association of
vitamin D receptor gene polymorphisms with bone mineral density. | Bone Miner Res 11,
1241-8 (1996).

Uitterlinden, A.G. et al. Relation of alleles of the collagen type lalphal gene to bone
density and the risk of osteoporotic fractures in postmenopausal women. N Eng/ | Med
338, 1016-21 (1998).

van Meurs, ]J.B. et al. Association of 5’ estrogen receptor alpha gene polymorphisms with
bone mineral density, vertebral bone area and fracture risk. Hum Mol Genet 12, 1745-54
(2003).

Fang, Y. et al. Cdx-2 polymorphism in the promoter region of the human vitamin D
receptor gene determines susceptibility to fracture in the elderly. | Bone Miner Res 18,
1632-41 (2003).

Murray, R.E., McGuigan, I, Grant, S.I%., Reid, D.M. & Ralston, S.H. Polymorphisms of
the interleukin-6 gene are associated with bone mineral density. Boze 21, 89-92 (1997).
Ioannidis, J.P. et al. Differential genetic effects of ESR1 gene polymorphisms on osteo-
porosis outcomes. [AM.A 292, 2105-14 (2004).

Grymonprez, A. et al. Vitamin D metabolites in childhood nephrotic syndrome. Pediatr
Nephrol 9, 278-81 (1995).

Parfitt, A.M. et al. Vitamin D and bone health in the elderly. A» | Clin Nutr 36, 1014-31
(1982).

Safadi, I.T. et al. Osteopathy and resistance to vitamin D toxicity in mice null for
vitamin D binding protein. | Clin Invest 103, 239-51 (1999).

Schneider, G.B., Benis, K.A., Flay, N.W., Ireland, R.A. & Popoff, S.N. Effects of
vitamin D binding protein-macrophage activating factor (DBP-MAF) infusion on bone
resorption in two osteopetrotic mutations. Bone 16, 657-62 (1995).

Adebanjo, O.A., Moonga, B.S., Haddad, J.G., Huang, C.L. & Zaidi, M. A possible new
role for vitamin D-binding protein in osteoclast control: inhibition of extracellular Ca2+
sensing at low physiological concentrations. Biochens Biophys Res Commmun 249, 668-71
(1998).

Datta, H.K., Maclntyre, I. & Zaidi, M. Intracellular calcium in the control of osteoclast
function. I. Voltage-insensitivity and lack of effects of nifedipine, BAYK8644 and
diltiazem. Biochens Biophys Res Commun 167, 183-8 (1990).

Yamamoto, N., Naraparaju, V.R. & Orchard, P.J. Defective lymphocyte glycosidases in
the macrophage activation cascade of juvenile osteopetrosis. Blood 88, 1473-8 (1996).
Haddad, J.G. Plasma vitamin D-binding protein (Gc-globulin): multiple tasks. | Steroid
Biochem Mol Biol 53, 579-82 (1995).

Lee, W.M. & Galbraith, R.M. The extracellular actin-scavenger system and actin toxicity.
N Engl ] Med 326, 1335-41 (1992).

Dahl, B. et al. Plasma concentration of Gce-globulin is associated with organ dysfunction
and sepsis after injury. Crit Care Med 31, 152-6 (2003).

Yamamoto, N., Homma, S., Haddad, ].G. & Kowalski, M.A. Vitamin D3 binding protein
required for in vitro activation of macrophages after alkylglycerol treatment of mouse
peritoneal cells. Immunology 74, 420-4 (1991).

White, P. & Cooke, N. The multifunctional properties and characteristics of vitamin
D-binding protein. Trends Endocrinol Metab 11, 320-7 (2000).

Braun, A., Bichlmaier, R. & Cleve, H. Molecular analysis of the gene for the human vi-
tamin-D-binding protein (group-specific component): allelic differences of the common
genetic GC types. Hum Genet 89, 401-6 (1992).

Arnaud, J. & Constans, J. Affinity differences for vitamin D metabolites associated with
the genetic isoforms of the human serum carrier protein (DBP). Hum Genet 92, 183-8
(1993).

Bouillon, R., Van Assche, F.A., Van Baelen, H., Heyns, W. & De Moor, P. Influence of



DBP Haplotype on Vit D & Fracture

24.

25.

20.

27.

28.

29.

30.
31
32.
33.
34.
35.
36.
37.

38.

39.

40.

41.

42.

43.

44,

45.

the vitamin D-binding protein on the serum concentration of 1,25-dihydroxyvitamin
D3. Significance of the free 1,25-dihydroxyvitamin D3 concentration. | Clin Invest 67,
589-96 (1981).

Ezura, Y. et al. Association of molecular variants, haplotypes, and linkage disequilibrium
within the human vitamin D-binding protein (DBP) gene with postmenopausal bone
mineral density. | Bone Miner Res 18, 1642-9 (2003).

Lauridsen, A.L. et al. Female premenopausal fracture risk is associated with gc pheno-
type. | Bone Miner Res 19, 875-81 (2004).

Liu, C.C. & Baylink, D.J. Differential response in alveolar bone osteoclasts residing at
two different bone sites. Caleif Tissue Int 36, 182-8 (1984).

Wright, K.R. & McMillan, P.J. Osteoclast recruitment and modulation by calcium defi-
ciency, fasting, and calcium supplementation in the rat. Caleif Tissue Int 54, 62-8 (1994).
Fang, Y. et al. Promoter and 3’-Untranslated-Region Haplotypes in the Vitamin D
Receptor Gene Predispose to Osteoporotic Fracture: The Rotterdam Study. Az | Hum
Genet 77, 807-23 (2005).

Hofman, A., Grobbee, D.E., de Jong, P.T. & van den Ouweland, F.A. Determinants of
disease and disability in the elderly: the Rotterdam Eldetly Study. Ewur | Epidemiol T, 403-
22 (1991).

Perlegen. http://genome.perlegen.com/browser/index.html.

Phase. http://archimedes.well.ox.ac.uk/pise/PHASE html.

HaploBlockFinder. http://cgiuc.edu/cgi-bin/kzhang/haploBlockFinder.cgi.
HapMap. http://www.hapmap.org/cgi-perl/gbrowse/gbrowse/hapmap.
SNPbrowser. http://events-na.appliedbiosystems.com/mk/get/snpb

landingrisource=fr H_RD_ www_allsnps_com_snpbrowser.
Halperin, E. & Eskin, E. Haplotype reconstruction from genotype data using Imperfect

Phylogeny. Bioinformatics 20, 1842-9 (2004).

Burger, H. et al. The association between age and bone mineral density in men and
women aged 55 years and over: the Rotterdam Study. Bone Miner 25, 1-13 (1994).
McCloskey, E.V. et al. The assessment of vertebral deformity: a method for use in
population studies and clinical trials. Oszegporos Int 3, 138-47 (1993).

Van der Klift, M., De Laet, C.E., McCloskey, E.V., Hofman, A. & Pols, H.A. The
incidence of vertebral fractures in men and women: the Rotterdam Study. | Bone Miner
Res 17, 1051- 6 (2002)

uman+Ge.

Lauridsen, A.L. et al. Plasma concentrations of 25-Hydroxy-Vitamin D and 1,25-
Dihydroxy-Vitamin D are Related to the Phenotype of Ge (Vitamin D-Binding Protein):
A Cross-sectional Study on 595 Early Postmenopausal Women. Caleif Tissue Int 77, 15-22
(2005).

Mendel, C.M. The free hormone hypothesis: a physiologically based mathematical
model. Endocr Rev 10, 232-74 (1989).

Ray, R. Molecular recognition in vitamin D-binding protein. Proc Soc Exp Biol Med 212,
305-12 (1996).

Swamy, N., Ghosh, S., Schneider, G.B. & Ray, R. Baculovirus-expressed vitamin D-bin-
ding protein-macrophage activating factor (DBP-maf) activates osteoclasts and binding
of 25-hydroxyvitamin D(3) does not influence this activity. | Ce// Biochen 81, 535-46
(2001).

Tsuchida, K., Mizushima, S., Takahashi, H., Misugi, N. & Soda, K. [Relationship
between dietary calcium and bone mineral density before menopause|. Nippon Koshu Eisei
Zasshi 45, 121-8 (1998).

Bauer, D.C. et al. Change in bone turnover and hip, non-spine, and vertebral fracture in
alendronate-treated women: the fracture intervention trial. | Bone Miner Res 19, 1250-8
(2004).

149






Chapter 9

General Discussion






General Discussion

In this thesis, we investigate the relationship between polymorphisms in the
vitamin D endocrine pathway and bone phenotypes. The thesis consists of three
major consecutive portions: molecular genetic studies, genetic association studies
and functionality studies.

First, we integrated all resources from web databases and publications to de-
termine the most accurate genomic structure of the VDR gene. This complete
genomic sequence of the human VDR gene was compared with the mouse VDR
sequence to identify high homology regions between these two species as potentially
functional regions and as targets for sequencing. 62 polymorphisms were detected
by re-sequencing those potentially functional regions, and used to determine the
LD structure and tagging SNPs across the VDR gene for different ethnic groups.
We then investigated the association between VDR haplotypes (defined by tagging
SNPs) and bone phenotypes, including fracture, body height and bone geometry
parameters in a large population-based study population and in an independent
sample: the LASA population. Potentially functional haplotypes were found ac-
cording to association and functionality studies. Gene-gene and gene-environment
interactions in relation to fracture risk were briefly described in the study. Finally,
we performed functionality studies to provide possible molecular mechanism that
could explain the association results.

9.1 Usage of bioinformatics in our study

9.1.1 Structure and polymorphisms of VDR gene: Baker et al.' reported the
DNA sequence of human VDR ¢cDNA in 1988, while Miyomoto et al.? and Croft et
al.’ simultaneously described the major genomic structure and four tissue-specific
exons at 5-end of the VDR gene after 10 years. However, the genomic structure
of the VDR gene as is reported in the NCBI database® so far does not include the
results of the Croft study, and the size of the VDR gene is only about 65 kb. In
our study, we integrated all published data and data from the Celera database, and
described the genomic structure of the VDR gene with a size of > 105 kb (up to
exon 1f). Our study and Nejentsev et al.” re-sequenced the VDR gene in 30 and 16
chromosomes, respectively, and thus polymorphisms with a minor allele frequency
(MAF) of > 3% and 6% could be detected, respectively. Therefore, both studies
described a higher quantity and quality of polymorphism data than the Celera® and
NCBI" database (before these studies submitted their data to the dbSNP database).
40% of the polymorphisms we found were not in those databases or in any publica-
tions.

9.1.2Haplotype structures from different resources: Our study and the
study of Nejentsev® focused on analysing the haplotype structure of and around
one single gene, e.g. the VDR gene. The initiatives of Perlegen®, HapMap’ and
SNPbrowset'" create a genome-wide haplotype map of SNPs. The studies on single
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gene LD structure so far have high densities of selected SNPs. For example in our
study we determined an LD map used on average one SNP per 0.54 kilo-basepairs
(kb), as compared to one SNP per 1.7 kb by Nejentsev et al.’. The three databases
generated LD maps of the VDR gene with a density of one SNP per 2.2 — 9.5
kb (including SNPs with MAF < 10%). With a high density of SNPs, a similar
haplotype block definition and the same program (PHASE"), both our study and
the study by Nejentsev et al. identified a similar and higher resolution LD map
compared to the three databases. The consensus LD map of the VDR gene accord-
ing to all studies and databases shows differences in haplotype block size. The LD
block sizes determined in our study and Nejentsev et al. (< 17 kb) are smaller than
that of the three databases (see Figure 2 in chapter 3).

These three databases analyse LD structure of the whole genome. Large num-
bers of SNPs are included to be analysed: Perlegen included 1.6 million SNPs in
February 2005, HapMap have 2.25 million in its database (until August 2005),
SNPbrowser contains 5 million till August 2005. The data of Perlegen and HapMap
have been merged together, and by the end of 2005 Perlegen plans to test another
4.6 million SNPs in public databases and add them to the map. Although more
and more SNPs have and will be included in those databases, the selected SNPs
are not based on the gene structure, or based on functional domains of the gene.
This contrasts somewhat with our approach as is shown in the Figure 2 of chapter
3 for the VDR gene and the Figure 1 of chapter 8 for the DBP gene. Reasons why
these databases do not show consistent LD structures are not only because of the
lack of common SNPs in all three databases (see selected SNPs in the Figure 2 of
chapter 3 and Figure 1 of chapter 8), but also because of different definitions of
haplotype blocks that were used. For example, Perlegen selects MAF of SNPs >
10% and uses the Hap algorithm'? to infer haplotypes from their diploid genotype
data”. HapMap and SNPbrowser use the PHASE algorithm' to estimate pair-wise
LD of SNPs and keep the selection of MAF and haplotype block cutoff value open
for users. MAF is known to affect LD structure and determination of tagging SNP,
and MAF depends on sample size. Small sample size requires high MAF cutoff
value for the LD analysis. Another pitfall of these databases is that they mostly use
computational constraints on SNP selection, and ignore common variations and the
functional aspect in the SNP selection criteria. For example, two non-anonymous
SNPs, 57041 and rs4588 SNPs, are close to each other and in exon 11 of the DBP
gene. They define the most common DBP phenotypes, and two phenotypes were
found to be significantly correlated with serum vitamin D level in our and other
studies, and also have interaction with VDR haplotype for fracture risk. They are
tunctional SNPs of the DBP gene. However, SNP rs7041 was not included in the
LD analyses of all three databases, and was not determined as haplotype tagging
SNP. Unlike most genome-wide studies, databases and DNA-array design, we pro-
vide a way to determine haplotype tagging SNPs (htSNPs) not only according to
computer programs based LD analysis but also taking SNP that are frequently used
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in other studies and taking functional aspects into account. For the LD analysis of
a gene, we suggest to combine information from Perlegen, HapMap, SNPbrowser
and other publications, and to use the same haplotype definition and program to
achieve a relatively accurate haplotype structure of the gene.

9.2 Genetic studies

9.2.1 Linkage or candidate gene association study: The initial genetic study
design for inherited disease dominantly focused on linkage analysis in pedigrees.
This design is very powerful to identify rare high-risk disease alleles, such as in
single-gene Mendelian diseases. The linkage design searches for the disease-causal
alleles in relative large regions of the genome. Because of low frequent recombina-
tion events within most families, it is mostly difficult to narrow the interesting
region below several megabases. Inversely, association design is more powerful to
detect common alleles with modest disease risks”. For the association design it
is easier to recruit large numbers of unrelated affected individuals than to collect
large numbers of families, especially for diseases in the elderly, and it can investi-
gate the relationship between single variations and disease. However, association
analysis requires markedly higher density of genetic markers than linkage analysis.
The combined study design, candidate gene analyses within linked regions, which
have been greatly accelerated by the availability of the complete sequence of the
human genome, provides a reasonable strategy to identify fine disease genes in
suggestive-linkage regions'®. SNPs are the most frequent sequence variations of the
genome by now, more than eleven million SNPs have been identified in the human
genome. Since SNPs are relatively easy to be analysed compared to multi-allele
polymorphisms, they are commonly used in genetic association studies.

We can distinguish direct and indirect association studies, which are based on
functional polymorphisms and “marker” polymorphisms respectively. A direct
association study can be carried out for the putatively functional SNPs based on
the evidence of functionality studies, e.g., the Cdx-2 polymorphism of the VDR
gene. Alternatively, an indirect association between unknown functional SNPs and
a disease requires to test a dense map of marker SNPs and to identify the LD
map across the gene, e.g., other analysed SNPs across the VDR gene. Both direct
and indirect association studies have proven to be effective methods to identify
association of candidate genes that have been implicated in disease pathogenesis
in our study.

9.2.2 Whole genome association (WGA) study: WGA study, a non-hypoth-
esis study design and analysing association between sequence variations in whole
genome and one phenotype, can theoretically analyse the entire genome at once in
an unbiased fashion. This design intends to investigate highly dense polymorphic
markers across the whole genome for diseases, and is a promising research direction
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to identify the genetic basis of complex disorders. For WGA, high-density SNP
genotyping assays (gene chips) are required to be used in a case-control design.
For example, Perlegen offers a set of 1.6 million validated SNP assays to genotype
pooled case or control DNAs, and Affymetrix is developing a 500,000 SNP-chip'”.
However, SNP selection strategies (like those based on haplotype tagging, or on
potential function) differ for the different platforms, e.g., Affymetrix selects equi-
distant SNPs, Perlegen focuses on tagging SNPs and Illumina selects coding and
tagging SNPs.

9.2.3 Genetic meta-analysis: A retrospective meta-analysis (for instance,
Mann et al."® for COLIAT Spl SNP and our study in chapter 8) of the VDR Bsm
I RFLP can systematically summarize and obtain sufficient statistical power to
detect an overall modest genetic effect according to published association studies
(with different study sizes). However, publication bias (positive results are likely
to be published) and heterogeneity between studies (e.g. the meta-analysis of Bsm
I genotype and fracture risk in chapter 5.1) are remarkably influencing the reli-
ability of the conclusion from meta-analyses. The GENOMOS (Genetic Markers
tor Osteoporosis) project provides an example of another design of meta-analysis
of genetic association studies: prospective meta-analysis. This design involves the
study of several candidate gene polymorphisms in relation to osteoporosis-related
outcomes in approximately 20,000 individuals drawn from eight European centers.
Genotype data is obtained prospectively from all centers and all are included in the
analyses to avoid the publication bias. Standardization of genotyping and analysing
can avoid attributing to genuine genetic variability difference between study teams
that might be simply due to analytical inconsistencies. This design detected the
genetic effect of ESR1 gene polymorphisms on osteoporosis'.

9.3 Individual polymorphism or haplotypes in association study

Initially most genetic association studies investigated relationships between in-
dividual polymorphisms and clinical endpoints. Nowadays, more and more studies
are focusing on studies of haplotypes, as haplotypes combine genetic information
of individual polymorphisms. Haplotype-based methods offer a powerful approach
to disease gene mapping®, and the Human Genome Project, the SNP project and
the HapMap project make great efforts to provide haplotype data for association
studies. In a study, we identified the VDR Cdx-2 polymorphism to be associated
with fracture risk in the Rotterdam Study population, especially for non-vertebral
fracture in women (chapter 4). In our more recent and more comprehensive study
(I**section of chapter 5), we used the Cdx-2 and GATA polymorphisms as haplotype
tagging SNPs (htSNPs) of the VDR LD block 2, and demonstrated that haplotype
1 defined by these two SNPs and containing the risk allele of the Cdx-2 SNP
was associated with any fracture in the complete study population. Furthermore,
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functionality studies (chapter 8) showed that GATA is another potential functional
polymorphism (in addition to Cdx-2) in the haplotype block. This suggests that
several functional SNPs in a haplotype block can “collaborate” to confer risk for a
certain disease.

In the 3-end of the VDR gene, most previous studies performed association
studies for individual RFLPs: Bsm I, Apa I and Taq I which are in the same haplo-
type block as 3>-UTR SNPs. Bsm I and Apa I RFLPs are in intron 8, and although
Taq I is in exon 9, it does not change the amino acid sequence of the VDR, so they
are all anonymous (not functional) RFLPs. In our study (1* section of chapter 5),
haplotype 1 defined by 3-UTR SNPs was found to be associated with fracture
risk, and similar associations were detected for haplotype 1 of Bsm-Apa-Taq and
the “b-allele” of Bsm I RFLP. The function of 3-UTR of a gene likely involves
influencing the gene expression by regulating the stability of mRNA. Thus, we hy-
pothesized that the causal polymorphisms to potentially explain those associations
in the haplotype block were in the 3>-UTR. In the functional study (chapter 7),
when we transfected the same coding sequence, as well as complete VDR 3’-UTR
sequences of haplotype 1 and 2 (excluding Bsm I and Apa I RFLPs) into different
cell lines, the 3>-UTR in haplotype 1 was indeed found to have 15% lower mRNA
level compared to haplotype 2. The differences between haplotype 1 and haplotype
2 are limited to 25 sequence variations across 17 kb (LD block 5) in Caucasian
population. When we assume the causal nucleotide variants to reside in the 3’-UTR,
this is further limited to five polymorphisms. The question arises whether it is one
of these variants that “drives” the association, or perhaps the combination of > 2
polymorphisms. This has to be investigated in further studies by analysing 3>-UTR
constructs of different combination of nucleotide variants. As a parallel alterna-
tive study, one could also perform a similar association study, but now in African
Americans. The LD blocks there are smaller, thus, we could “zoom in” on smaller
region/haplotype blocks that show association. In any case, we can conclude from
this study that VDR haplotypes represent the genetic effect of VDR variations on
fracture risk in our population.

Polymorphisms within a gene are interacting with each other (intragenic
interaction) to determine the gene functions in a give cell and/or subject. The
promoter area regulates production of mRNA while the 3>-UTR is involved in
stability/degradation of mRNA and their interaction/combined effects regulates
the net availability of the mRNA for translation into the VDR protein. In our
study we detected not only haplotypes in separate LD blocks that are related to
bone phenotypes, but we also further investigated the combined genetic effect of
haplotypes in the promoter region and in the 3’-UTR. Indeed, we observed additive
effects of haplotypes in both regions on fracture risk and body height.

In addition to our study, Nejentsev et al.” also similatly re-sequenced the com-
plete VDR gene, performed LD analysis, determined haplotype structure across
the VDR gene for three major ethnic populations. However, in their subsequent as-
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sociation study®, they analysed 98 individual SNPs instead of haplotypes for type 1
diabetes risk in 3,763 families. They found two intronic SNPs and one 3>~-UTR SNP
with p = 0.02 — 0.05 (which no longer are significant when p-values are adjusted
for multiple testing by the Bonferroni correction). When they tested those three
SNPs in an independent case-control (n = 1,587 and 1,827, respectively) study,
no significant p-value was found. Finally, they conclude that sequence variation
in the VDR gene had no major effect on type 1 diabetes in their populations.
Although the conclusion might be true, some questions and discussions remain
after this study. First, the authors had LD structure and race-specific tagging SNPs
of the whole VDR gene, but did not report the association of VDR haplotypes
and diabetes. Although they did not find individual SNPs to be associated with
type 1 diabetes, the relationship between VDR haplotypes and diabetes remains
to be further investigated. Secondly, since there might be less than 20 common
haplotype alleles (frequency > 5%) across the whole VDR gene (according to our
study), the number of the analyses using haplotypes is much lower than the number
of the analyses using 98 individual SNPs. Thus using haplotypes in the study will
reduce the number of analyses thereby diminishing multiple testing. Thirdly, the
MATF of one “significant” SNP for diabetes in the family study was 1%. Even in
3,763 subjects, the authors have not sufficient statistical power to detect the subtle
genetic effect of the SNP on diabetes. Therefore, it is important to determine the
cut off value of allele frequencies for selected SNPs or haplotypes according to the
statistical power of the study population before carrying out the association study
or LD analysis.

9.4 VDR polymorphisms and bone phenotypes

VDR mediates the endocrine function of vitamin D for calcium and phosphate
homeostasis and bone metabolism. Over 1,000 of studies have investigated the
relationship between VDR polymorphisms with osteoporosis (especially focusing
on the most important clinical endpoints: BMD change and fracture risk), adult
stature and bone geometry variables.

9.4.1 Association studies of VDR polymorphisms and BMD: Low BMD is
an important risk factor of osteoporosis. As mentioned in chapter 1, many associa-
tion studies have been performed to test the relationship of VDR polymorphisms
and BMD. Furthermore, three studies®*?* summarized association studies between
VDR polymorphisms and BMD. Cooper et al.** reported that the BB genotype of
the Bsm I was associated with decreased BMD only at the hip, and that younger
women with BB genotype had border line significantly lower BMD compared to
women with the bb genotype. Nevertheless, such effect disappeared after omitting
the data® with genotyping error. The meta-analysis of Gong et al.>> summarized
75 studies on the association between Bsm I, Apa I, Taq I and Fok I RFLPs of
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VDR gene with BMD as well as other related skeletal phenotypes. These authors
grouped all studies as “positive” and “non-positive”, while the “positive” study was
defined as studies with association between either one of the b, a, T, or F alleles and
increased BMD or other phenotypes. However, this study has several drawbacks.
Some phenotypes in the study were not always in line or even comparable with
BMD, such as, bone geometry variables, response to vitamin D treatment, bone
turnover and fracture, and they should not be counted together in the same pheno-
type group as BMD. Furthermore, according to what is known about linkage of the
VDR gene polymorphisms, the Fok I RFLP is not linked to Bsm I, Apa I and Taq I
polymorphisms, and can therefore not “explain” the association results of the Bsm
I, Apa I and Taq I RFLPs. Studies on the Fok I RFLP should be analysed as a dif-
ferent genotype group in the meta-analysis. Thakkinstian et al.** observed that the
BB genotype had lower spine BMD than Bb + bb genotypes but only in studies of
postmenopausal women with a big range of B-allele frequency (29 — 53%, possibly
due to ethnic admixture) and heterogeneity was generally present in their analyses.
All together, this indicates that there is also no evidence of a genetic effect of Bsm
I and Taq I RFLPs on BMD, and the genetic effect of Fok I and Apa I RFLPs on
BMD is unclear.

A functional polymorphism, Cdx-2, in the promoter region of the VDR gene
was implicated to influence vitamin D regulation of calcium absorption in the
%%, Consequently, the A-allele of the Cdx-2 binding site was found to be as-
sociated with increased BMD in Japanese postmenopausal women®’. However, we
only see a borderline significant BMD difference by Cdx-2 (or haplotype 1 of VDR
LD block 2, containing the G-allele of the Cdx-2 SNP) genotype in the Rotterdam
Study population, and no association was found in the LASA population. One

intestine

interpretation might be a difference in dietary calcium intake between Japanese and
Dutch populations. The mean of dietary calcium intake in the Rotterdam Caucasian
population is 1,117g/day, but is only about 600g/day for the Japanese Asian popula-
tion®. We also analysed in the Dutch Caucasian the relationship between VDR
Cdx-2 genotype and BMD in subjects with calcium intake < 600 or < 800 mg/day,
but we did not have sufficient statistical power to detect the association, since the
A-allele frequency in Caucasian population (19%) is lower than in Asian population

(44%).

9.4.2 VDR polymorphisms predict multiple bone phenotypes in the
Rotterdam Study: The Rotterdam study has collected multiple phenotypes and
in this respect is likely to help us to understand the contribution of genetic factors
to components of disease by looking for biological consistency in associations. In
association studies of the thesis we demonstrated a relationship between VDR
polymorphisms with several related bone phenotypes, including fracture risk, body
height, bone size.

We have described associations between VDR polymorphisms and osteoporosis
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in our previous studies®”'. Recently we extended the study size and investigated
most potentially functional polymorphisms across the VDR gene. Our current find-
ings not only confirmed the previous associations, but also presented an overview
of genetic effects of VDR polymorphisms on osteoporosis. We first found that
three haplotype alleles in the promoter and 3>-UTR were associated with increased
fracture risk, while an additive effect of these risk alleles across the VDR gene was
observed. The haplotype alleles in the 3-UTR show the strongest effect on the
fracture risk (chapter 5.1).

We secondly demonstrated the associations between two fracture-risk haplotypes
and their combined genotype with decreased body height in the same population
and another independent elderly population (the LASA study). These associations
were further confirmed by a meta-analysis of VDR genotype (defined by the Bsm
I RFLP) and body height according to published data. The same haplotype alleles
were observed to be associated with decreased bone size and strength (chapter 6).
Another fracture-risk haplotype allele found in our population, block 2-hapl, was
not found to be related to height difference in our elder and high calcium intake
(1,117 mg/day) populations: the Rotterdam Study and the LASA. However, this
haplotype was found to be associated with decreased body height in young and
low calcium-intake (< 865 mg/day) French adolescent gitls*. This haplotype also
associated with decreased serum 25(OH)D, and decreased serum IGF-1 level in the
same French population. Since Cdx-2 polymorphism is one of the htSNPs which are
related to calcium absorption through the intestine, the interaction between block
2-hap 1 with calcium-intake and/or serum vitamin D level on bone phenotype is
interesting to be further investigated in other young and old populations.

We then described an interaction effect between VDR 3’-UTR haplotype and
DBP haplotype on fracture risk (chapter 8). All those associations are independent
of BMD. With the evidence of functionality study of VDR haplotypes (chapter 7),
the underlying mechanism of the association studies seems to be that VDR frac-
ture-risk allele carriers have a lower sensitivity to the vitamin D ligand because of
lower expression of VDR. Perhaps this is due to lower osteoblast activity compared
to non risk allele carriers. Thus, the bone gain decreases because of decreasing bone
formation, consequently the bone loss is relatively increased, which is reflected in
decrease of the bone size and strength, and bone shape change, finally height loss
increases and fracture risk increases. On the other hand, DBP-macrophage activat-
ing factor (DBP-MAF) can mediate bone resorption by activating osteoclasts™,
and the fracture-risk haplotype allele of the DBP gene (according to Lauridsen et
al.’) is associated with increased plasma DBP level®. Thus, the fracture-risk allele
of the DBP carriers is likely to have higher osteoclast activity, and thus higher bone
resorption. When carrying both risk alleles of VDR and DBP genes, the subject has
low bone formation because of low osteoblast activity and high bone resorption
because of high osteoclast activity. Bone strength in these subjects could therefore
decrease and fracture risk could increase. However, those hypotheses need to be
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confirmed by further studies.

9.4.3 Reason of conflicting association results: Many studies reported con-
flicting associations between VDR polymorphisms and fracture risk. Our meta-
analysis does not show a genetic effect of Bsm I RFLP on fracture risk, and this
seems to contradict our association results in the Rotterdam Study. Some factors
could underlie the differences in association results. Our association study is based
on a population-based and large-scale study design. All subjects of the study popu-
lation share similar environmental factors and have the same ethnical background,
and haplotypes of each of the blocks were used for the association analysis. Many
previous conflicting association studies on VDR and fracture, analysed usually
(very) small study populations and used the Bsm I, Apa I or Taq I polymorphisms
in the VDR LD block 5, but mostly analysed separately. We therefore suppose
that this controversy can partly be explained by a lack of statistical power as a
result of small sample size, and failure to use haplotypes. The meta-analysis of the
association between Bsm I and fracture risk showed a significant heterogeneity
between different individual studies (I* < 0.001). The direction and strength of
association results from different studies is shown different in figure 1 of chapter
5.2. The definition of phenotype, such as fracture, crucially atfects the prospects
of an association analysis, and it is difficult to standardize the definition of fracture
among the individual published studies for the meta-analysis. The different type of
study design is also another important source of heterogeneity (such as equal-size
case-control, non equal-size case-control, hospital source case-control, population-
based and non population-based cohorts). Such settings will determine study size
and different numbers of fracture, such as incidence and prevalence of fracture in
the study population. In addition, population stratification, such as mixed ethnic
groups with different allele frequencies, population-specific differences of some
environmental factors, such as (dietary) calcium intake, (dietary) vitamin D intake,
sunlight-exposure, and other characteristics of the study population pertinent to
bone metabolism and fracture risk could result in heterogeneity of associations ob-
served across different study populations. Therefore, non-standardized phenotype
definition, poorly characterized and non-normal distributed study populations,
unregulated environmental exposures can essentially influence (and/or cover up) to
identify modest genetic effects of sequence variations, because those factors bring
genetic and environmental noise in the meta-analysis. Especially, for supposedly
small effects such as for the VDR (see below), this can mask their detection in
meta-analysis.

9.5 Magnitude of genetic effect of gene variation

The genetic effect of VDR polymorphisms on bone phenotypes is generally
modest in our study. In the association studies, we demonstrated that two haplotype
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alleles (in block 3 and 5) increased fracture risk by 15 — 74 %, and decreased 0.09
—0.15 SD. of body height. Our results reflect the common disease/common variant
(CDCV) hypothesis™. In a public health context, few high-risk alleles may have a
large population attributable ratio (PAR, >50%0), which is thought of as the fraction
of the disease that would be eliminated if the risk factor were removed. Common
modest-risk alleles may account for a greater PAR in common disease than do rare
high-risk alleles'. The haplotype 3 homozygous in VDR LD block 3 increases frac-
ture risk by 60%, but contributes only 1% PAR because of 2% genotype frequency
in the population. With 68% genotype frequency, haplotype 1 carriers in block 5
increases fracture by 20%, being associated with 12% PAR. In a previous study we
showed the homozygous “s-allele (or T-allele)” of the COL1A1 Spl polymorphism
to be associated with 50% increased fracture risk and 0.23 and 0.35 SD. decreased
femoral neck and lumbar spine BMD?”. We now demonstrated it has 1% PAR in
our complete study population, and genotype frequency of T'T homozygotes is 3%.
These small risks are in line with small effects detected in functional studies. Our
tunctionality study showed that the difference of VDR mRNA level by 3-UTR
haplotype was 15%, and Mann et al.”® presented the “Ss” (or GT) genotype of
COL1AT1 Spl was found to have a 21% increased COL1A1/COL1A2 protein ratio
compared to “SS” (or GG) as measured in osteoblasts. Another functional study™
of a 3-UTR SNP [+1073C/T in the oxidised LDL receptor (OLR1) gene] that asso-
ciates with increased risk for Alzheimer’s disease (AD) demonstrated that C-allele
carriers had 41% decreased OLR1 mRNA level compared to ““I'T” homozygotes.
Therefore, common variants contribute modest genetic effect to common diseases,

but they are the most interesting variations for genetic studies in the terms of public
health.

9.6 Suggestions of future studies

9.6.1 Identification of functional variations of a candidate gene: Our stud-
ies in the thesis provide a study strategy, which combines bioinformatics, molecular
genetics, genetic association and functionality aspects together, to identify func-
tional polymorphisms for candidate gene studies. A procedure of genetic study for
a candidate gene is described in Figure 1. The study begins with bioinformatics
aspects: a. view previous studies (association, functional experiments 7z vivo ot in
vitro) to make a hypothesis for the current study; b. find genomic organization of
the gene, collect all information of sequence variations of the gene (from genetic
databases, e.g., NCBI, and publications); c. download genotype data from Perlegen,
HapMap and SNPbrowser databases, compare LD maps of those resources (as
well as published data) with the same haplotype definition criteria to generate a
consensus LD map. If few common SNPs are present in all resources, and LD
structures are much different among the resources, an assessment of an accurate
LD pattern in a small set of control individuals (called the LD sample) is suggested
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Figure 1. A procedure of genetic study for a candidate gene.
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to be carried out. The consensus LD pattern is then intended to determine com-
monly used and/or potentially functional variations as tagging SNPs across the
gene for the association study. Genotyping all tagging SNPs in the association
study population, generates haplotypes to test the hypothesis of the association
between haplotypes of the gene and phenotype. Analysing an association in one
study population is followed by replication studies in other populations, and retro-
spective or prospective meta-analysis to systematically summarize the association
studies. Finally, functionality studies are carried out if the associated haplotypes
are identified.

9.6.2 WGA study: With the developing support of the SNP project and the
HapMap project, high-throughput genotyping technology and statistics, WGA
study becomes a critical tool for the identification of susceptibility genes for complex
traits”. The study design of a WGA might briefly consist of following portions. The
major study population of the WGA studies is the Rotterdam Study population,
the replication of positive results will be tested in several independent populations,
such as LASA, EPOS and so on. The phenotypes of the studies should be precisely
defined, it will have greater chances of success and will increase the likelihood that
the results will be replicated”. The tagging SNPs across the whole genome should
be well selected according to systematical analysis of resources information on
SNPs and LD maps from Perlegen, HapMap, SNPbrowser, other publications and
LD-study samples. The selection criteria should consider allele frequencies of SNPs
(following CDCV hypothesis), physical distance between SNPs, SNP distribution
in the genome, potential function of SNPs and linkage status of SNPs. Common
haplotypes in LD blocks are suggested to be used in the study to restrict multiple
testing. The threshold of common haplotype frequency is determined by power
calculation based on different type of study populations.

9.6.3 Pharmacogenetics: Complex genetic traits involve gene-environment
and gene-gene interactions. Pharmacogenetics studies the role of DNA sequence
variation in individual variation in drug response, and represents the field of gene-
environment interactions. Functional variations in gene products that play essential
roles in determining variability in drug responses are analysed for the correlations
between the genetic variant and drug associated toxicity or therapeutic effect*"".
Difference in response to vitamin D supplementation for BMD change by VDR
genotype was reported in a Caucasian population®. In this study, a placebo-con-
trolled clinical trial was carried out in elderly women (age > 70 years), and the effect
of vitamin D supplementation on BMD and fracture was examined after one and
two years follow-up. The increase of BMD in the vitamin D group relative to the
placebo group was significantly higher in BB and Bb genotypes of the VDR gene as
compared to the bb genotype. This was the first study to demonstrate that the ef-
tect of vitamin D supplementation on BMD depends on the VDR genotype. More
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and more polymorphisms and mutations are identified as prognostic markers, and
first phase of “personalized medicine” is already under way with the genotyping
required to prescribe drug for patients, although there is still a long way to go®.
Pharmacogenetic studies will be an attractive field for scientists.

WGA studies followed by candidate gene studies provide the opportunity to
investigate the pathway and network of gene-gene and gene-environmental in-
teractions. Overall disease risk can be modeled as the product of risks at many
independent genetic risk loci and environmental factors. It is interesting and a great
challenge to determine the genetic contribution of variations of candidate genes
and environmental contributions to a certain clinical endpoint, such as osteopo-
rosis, with statistic models. In osteoporosis, more than 20 candidate genes have
been analysed in more or less detail so far to determine their contribution. Studies
on the Rotterdam study’”"*** and in particular the GENOMOS consortium"
provide important research environments to dissect the genetics of osteoporosis
and determine their contribution to the overall risk for this disabling disease.
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Summary

Genetic variations of the vitamin D receptor (VDR) gene have been found
associated with several complex diseases, including osteoporosis, but with
controversial results. This can be due to small sample size of the association studies
and non-functional sequence variations analysed. We performed the current study
to find and characterize genetic variations across the whole VDR gene, investigate
functionality of variations and determine association with bone phenotypes. This
research involved several approaches including bioinformatics, molecular genetics,
genetic epidemiology and cell biology.

In Chapter 2, we integrated information from different resources and updated
the genomic organization of the human VDR gene. Homology analysis between
human and mouse VDR genomic DNA sequences was used to determine the
potentially functional regions of the human VDR gene for the re-sequencing study.
We then sequenced those potentially functional regions (22 kb) across the VDR
gene to find sequence variations (polymorphisms) in 15 Caucasian individuals.
We observed 62 polymorphisms, and compared the findings with other genetic
databases using bioinformatic methods and determined a more accurate genomic
structure of the VDR gene.

In Chapter 3, we examined the linkage disequilibrium (LD) and haplotype
structure across the VDR gene based on the sequencing results, defined the hap-
lotype maps and haplotype tagging SNPs for association studies in Caucasians,
Asians and Africans. Four to eight haplotype blocks and nine to 28 tagging SNPs
were determined in those three ethnic groups which can be used in association
studies.

In Chapter 4, we investigated the relationship between a functional SNP in a
VDR promoter region and fracture risk. The Cdx-2 SNP is a G to A substitution
and was first reported at a position in front of exon la by a Japanese group, but
they only tested the relationship with BMD in a small Japanese female population.
During our re-sequencing analysis, we also observed this SNP, and identified the
location of the SNP is at 1012 basepair in front of exon le, and we resolved that
the distance between exon le and 1a is 2kb. We then developed a simple and quick
genotype method to analyse DNA samples from 8 different ethnic groups and a
large sample of the Rotterdam Study. We found a correlation between the Cdx-2
genotype and prevalence of fracture in different ethnic populations, and identi-
fied a BMD-independent association between the G-allele and fracture risk in the
Rotterdam Study population.

In Chapter 5, we focus on the analyses of VDR haplotypes and one 3™-end

polymorphism in relation to fracture risk. An association study in the complete
Rotterdam Study population and a meta-analysis of published data were carried
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out.

In Chapter 5.1, we demonstrated a relationship between haplotypes defined by
tagging SNPs across the VDR gene (in chapter 3), and fracture risk in > 6,500
subjects from the Rotterdam Study population. We observed an association of frac-
ture risk with three haplotype alleles in the promoter region and the 3’-end of the
VDR gene, and an additive effect of those haplotype alleles on fracture risk. These
associations were observed for different kinds of fractures, such as wrist, hip, and
vertebral fractures, and independent of age and gender. We also analyzed a pos-
sible relationship of VDR haplotypes with BMD and bone loss. One fracture risk
haplotype allele in the promoter region was found to be associated with decreased
BMD, and a risk allele at the 3’-end of the VDR gene was observed to be associated
to bone loss. However, those effects were not explaining the relationship between
VDR haplotypes and fracture risk.

In Chapter 5.2, we systematically reviewed all published association studies of
VDR Bsm I RFLP and fracture risk and performed a meta-analysis. The Bsm I
RFLP is the most widely studied polymorphism until now and so the meta-analsis
had to be limited to this SNP. No evidence of a relationship between the VDR BsmlI
RFLP and fracture risk was observed. However, Bsm I RFLP is not a good marker
of haplotype diversity in the 3 area of the VDR gene. Therefore, the meta-analysis
result might not completely represent the genetic effect of other polymorphisms
across the VDR gene on fracture risk.

In Chapter 6, we first demonstrated a relationship between VDR fracture-risk
haplotype alleles and combined genotypes with body height in the Rotterdam Study
and the LASA population. This association was found to be independent of age,
gender and vertebral fracture. In addition, the combined promoter and 3-UTR
VDR genotype was found to be associated with decreased lumbar spine area and
narrow neck width of the femoral neck in the Rotterdam population. We then car-
ried out a meta-analysis according to published data, and found that the VDR Bsm
I RFLP was associated with differences in body height in adult elderly populations,
which is in line with results from our association analysis in the Rotterdam Study.

In Chapter 7, we performed functionality studies by EMSA and transactivation
experiments for SNPs in the le-la promoter region, and measured VDR mRNA
level and stability at the two major 3-UTR haplotypes in different cell lines. We
found that fracture risk alleles in the promoter region that associate with increased
fracture risk, had low binding affinity to transcriptional factors and resulted in
lower expression of the VDR gene. The fracture risk haplotype allele of the 3™-
UTR resulted in decreased VDR mRNA level, and had lower mRNA stability. The
functionality results are in line with our association results on fracture and body
height.
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In Chapter 8, we described an LD map across the DBP gene by integrating DBP
LD data from different resources. In a subset of the Rotterdam Study population
we observed a significant correlation of common haplotypes of the DBP and serum
vitamin D level. In the complete Rotterdam Study population, we also observed
interactions between DBP haplotype with dietary calcium intake and VDR haplo-
types in relation to fracture risk.

In Chapter 9, basing on the results of the thesis, we discuss the usage of bioin-
formatics in genetic studies, the comparison of linkage studies and candidate gene
association studies, whole genome association studies, genetic meta-analysis and the
use of single polymorphisms or haplotypes for association studies. We also discuss
an overview of association of VDR polymorphisms and bone phenotypes, possible
reasons of conflicting association results, the magnitude of genetic effects of com-
mon gene variation. Finally we provide suggestions for future studies following
the conclusions of the thesis, including identification f functional variations in a
candidate gene and applications of genetic association study in Pharmacogenetics.
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Genetische variaties in het vitamine D receptor gen zijn in het verleden
geassocieerd gevonden met verschillende complexe ziekten, waar osteoporose
(botontkalking) er één van is. Deze associaties worden echter niet consistent
gevonden en zijn daarom controversieel. Deze inconsistente bevindingen kunnen
zowel door te kleine studiegrootte worden veroorzaakt als door de niet-functionele
DNA-variaties die meestal in het VDR gen worden onderzocht.

Het hier beschreven onderzoek had tot doel om alle relevante variaties in het
VDR gen te vinden en te karakteriseren, en de functionele gevolgen van deze varia-
ties te onderzoeken. Tevens was het doel om de relatie te bestuderen tussen deze
variaties en osteoporose. Tijdens het beschreven onderzoek is er gebruik gemaakt
van verschillende soorten benaderingen, waaronder bio-informatica, moleculaire
genetica, genetische epidemiologie en celbiologie.

In hoofdstuk 2 hebben we de genomische organisatie van het VDR gen op-
gehelderd en verbeterd ten opzichte van eerder gepubliceerde gegevens, waarbij
gebruik is gemaakt van verschillende informatiebronnen. Om de potentieel
functionele gedeeltes van het VDR-gen te bepalen, werd er een homologie analyse
uitgevoerd, waarbij het muizen VDR-gen werd vergeleken met het mensen VDR-
gen. De gedeelten van het gen die grote gelijkenis vertonen (hoge homologie)
werden vervolgens in detail bestudeerd in een aantal verschillende mensen. De
basenpaarvolgorde (sequentie) van het VDR gen werd bepaald in 15 verschillende
mensen, zodat alle veelvoorkomende DNA variaties (polymorfismen) in het VDR
gen gevonden werden; dit waren er 62 in totaal.

In hoofdstuk 3 is de correlatie tussen de verschillende variaties in het VDR-gen
onderzocht. In het gen werden blokken van polymorfismen met hoge onderlinge
correlatie gevonden, deze blokken worden ook wel “linkage disequilibrium” (LD)
blokken genoemd. Binnen een dergelijk blok voorspellen de variaties elkaar goed,
zodat niet alle polymorfismen bepaald dienen te worden om toch alle genetische
variatie te kunnen voorspellen. Binnen elk LD-blok werden de variaties bepaald
die nodig waren om alle andere variaties te kunnen voorspellen, de zogenaamde
“tagging” polymorfismen. De correlatie van de DNA polymorfismen in het VDR-
gen werd bestudeerd in 3 verschillende rassen: het Kaukasische, Aziatische, en
Afrikaanse ras. Daarbij zagen we dat in de individuen van Afrikaanse afkomst meer
en beduidend kleinere blokken van SNPs met hoge correlatie gevonden werden.

In hoofdstuk 4 is de relatie tussen een functionele variant in het VDR gen
en het risico op het krijgen van een botbreuk onderzocht. De variant die werd
onderzocht zit in het gedeelte dat het VDR gen bestuurt, de zogenaamde promoter.
De promoter bepaald hoe hard het gen “aan” staat. Variaties in dit gedeelte kunnen
er dus voor zorgen dat er meer of minder VDR mRNA gemaakt wordt. De variatie
die in dit hoofdstuk is onderzocht, het Cdx2-polymorfisme, werd voor het eerst
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onderzocht door een Japanse groep in een kleine populatie van Japanse vrouwen.
Tijdens onze eerdere sequentie-bepaling (hoofdstuk 2), zagen we dat dit polymor-
fisme ook in onze populatie voorkwam en konden we de exacte positie van deze
variant bepalen. Vervolgens vonden we, in onze grote Rotterdam-populatie van
ongeveer 7000 mensen, een correlatie tussen dit polymorfisme en het risico op het
krijgen van een botbreuk. Deze correlatie was onafhankelijk van de botdichtheid.

In hoofdstuk 5 wordt de relatie beschreven tussen de polymorfismen in het
VDR gen en het risico op het krijgen van een botbreuk. In hoofdstuk 5.1 laten we
zien dat er een relatie bestaat tussen bepaalde variaties in het VDR-gen en botbreu-
krisico. De beschreven studie werd uitgevoerd in meer dan 6500 individuen van de
Rotterdam studie. Bepaalde polymorfismen in de promoter en in het uiteinde (het
zogenaamde 3’einde) van het gen voorspelde samen een verhoogd risico voor het
krijgen van een botbreuk. Deze relatie bleek heel consistent aanwezig te zijn en was
onafhankelijk van geslacht, leeftijd en type botbreuk.

Er werd ook een relatie gevonden tussen de promoter variant en botdichtheid,
daarnaast vonden we een relatie tussen de variatie in het uiteinde van het gen en
botverlies. Beide relatie konden echter niet het verhoogde risico op botbreuken
verklaren dat eerder was gevonden.

In hoofdstuk 5.2 is een analyse beschreven van alle eerder gepubliceerde artikel-
en (een meta-analyse) over een VDR polymorfisme en botbreuk risico: het Bsml
polymorfisme. Deze DNA variant is gesitueerd in het 3’-uiteinde van het gen en is
al door vele groepen onderzocht. Alle gepubliceerde artikelen met als onderwerp
de relatie tussen dit BsmI polymorfisme en het risico van een botbreuk werden
gebruikt voor de meta-analyse. Er werd geen relatie tussen dit polymorfisme en
botbreuken gevonden. Onze eerder beschreven studies (hoofdstuk 2 en 3) laten
echter zien dat het Bsml polymorfisme de totale genetische variabiliteit van het
3uiteinde van het VDR-gen niet goed voorspelt. Dit zou kunnen verklaren waarom
er geen relatie gevonden werd tussen het BsmI polymorfisme en botbreuken in alle
verschillende studies tot nu toe.

In hoofdstuk 6 laten we zien dat de variaties die eerder gerelateerd waren gevon-
den met botbreuken (hoofdstuk 5) ook samen hangen met verschillen in lengte van
de individuen. Dit werd gevonden in zowel de Rotterdamse ERGO populatie als de
Amsterdamse LLASA Studie.

Vervolgens is er een meta-analyse uitgevoerd van alle gepubliceerde data voor
het BsmI polymorfisme in relatie tot lengte. Deze meta-analyse had als conclusie
dat het Bsml polymorfisme gerelateerd is met verschillen in lengte in volwassen

populaties. Dit ondersteunt de eerder gevonden relatie in de Rotterdam studie en
de LASA Studie.
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In hoofdstuk 7 is de mogelijke functionaliteit van een aantal polymorfismen
in het promoter gedeelte van het VDR-gen onderzocht. Dit werd gedaan door het
onderzoeken van de capaciteit van (verschillende varianten van) de promoter om
een gen tot expressie te brengen (“aan” te zetten) . We vonden dat de variaties die
eerder (hoofdstuk 5) gerelateerd waren gevonden met fractuurrisico, ook minder
capaciteit hadden om een gen tot expressie te brengen. Waarschijnlijk leiden deze
varianten dus tot een lagere expressie van het VDR-gen.

In dit hoofdstuk werden ook de polymorfismen in het 3’uiteinde van het gen
onderzocht. Deze polymorfismen zijn gelegen in een gedeelte van het gen dat wordt
gedacht de stabiliteit van het mRNA te beinvloeden. Het bleek dat deze polymor-
fismen, welke al eerder bleken te relateren met botbreukrisico (hoofdstuk 5), ook
samen hingen met een verlaagde stabiliteit van het mRNA. Dit leidt uiteindelijk tot
minder mRNA van het VDR gen in de cel.

Beide resultaten van de functionaliteit experimenten zijn in lijn met de eerder
gevonden relaties van de DNA varianten met verhoogd botbreuk risico.

In hoofdstuk 8 wordt data van verschillende databanken gebruikt om de LD
blokken van het vitamine D bindings eiwit (DBP) gen te bepalen. Het DBP is erg
belangrijk voor het Vitamin D endocrien systeem, het zorgt voor transport van het
Vitamine D naar de doelcellen toe. Daarnaast kan het DBP ook een rechtstreeks
effect uitoefenen op de botafbrekende cellen, de osteoclasten. In hoofdstuk 8 zijn
er een tweetal polymorfismen in het DBP-gen onderzocht in de Rotterdam studie.
Er werd gevonden dat deze polymorfismen samenhangen met de vitamine D spie-
gel in het bloed. Bovendien zagen we een interactie van deze polymorfismen met
calcium-inname en met de eerder beschreven VDR-polymorfismen in relatie tot
botbreukrisico.

Gebaseerd op de beschreven resultaten in dit proefschrift, worden in hoofd-
stuk 9 een 5-tal onderwerpen bediscussieerd: 1. het gebruik van bioinformatica in
genetische studies, 2. de voor- en nadelen van linkage studies en associatie studies,
3. associatie studies van het hele genoom, 4. meta-analyse van genetische stud-
ies, 5. het gebruik van aparte polymorfismen of combinaties van polymorfismen
(haplotypes). Daarnaast wordt er in dit hoofdstuk ook een overzicht gegeven van
alle studies die zijn verschenen op het gebied van VDR polymorfismen in relatie
tot osteoporose en worden mogelijke verklaringen gegeven voor de tegenstrijdig
resultaten die in eerdere studies zijn gevonden. Geconcludeerd kan worden dat
VDR polymorfismen een effect op botbreuk risico kunnen hebben in sommige
populaties, maar niet noodzakelijkerwijs in alle populaties. Als laatste worden
enkele suggesties voor vervolgstudies gedaan.
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