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Abstract

Osteoporosis is a common skeletal disease becoming one of the biggest public 

health menaces with the consequence of millions of fractures annually around 

the world. Osteoporosis is mainly characterized by compromised bone strength 

that is determined by many skeletal factors such as bone mineral density (BMD), 

bone geometry, bone microarchitecture, and intrinsic material properties. The 

BMD and bone geometry all have strong genetic determinations. Identifying 

their genetic determinants has both biological and clinical importance. I first 

performed a remarkably large-scale whole genome linkage scan involving 3,998 

individuals from 434 pedigrees for four FNCS (femoral neck cross-sectional) 

geometry parameters, namely buckling ratio (BR), cross-sectional area (CSA), 

cortical thickness (CT), and section modulus (Z). Significant linkage evidence 

(Threshold LOD = 3.72 after correction for tests of multiple phenotypes) was 

found in the regions of 20ql2 and Xq25 for CT (LOD = 4.28 and 3.90, 

respectively). I also identified 8 suggestive linkage signals (Threshold LOD = 2.31 

after correction for multiple tests) for the respective geometry traits. Particularly, 

20ql2 was of prime interest because it was linked to multiple FNCS geometry 

traits and significantly interacted with 5 other genomic loci to influence CSA 

variation. The effects of 20ql2 on FNCS geometry were present in both male and 

female subgroups. There are also sex-specific QTLs for FNCS traits in the regions 

such as 2pl4, 3q26, 7q21 and 15q21. Second, I conducted a large-scale family-
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based association study by screening 20 important and novel osteoporosis 

candidate genes with 277 SNPs (single nucleotide polymorphisms) for the 

quantitative trait - BMD (bone mineral density) variation and the qualitative trait 

-  osteoporosis (OP) at three clinically important skeletal sites -  spine, hip and 

ultradistal radius (UD). 1873 subjects from 405 Caucasian nuclear families were 

genotyped and analyzed with an average density of 1 SNP per 4 kb across the 20 

genes. I detected four genes (DBP, LRP5, CYP17 and RANK) that showed 'highly 

suggestive' association (10,000-permutation derived empirical global P values 

< .01) with spine BMD/OP; four genes (CYP19, RANK, RANKL and CYP17) 

highly suggestive for hip BMD/OP; and four genes (CYP19, BMP2, RANK, 

TNFR2) highly suggestive for UD BMD/OP. Some of these findings supported 

previous results while the others were novel discoveries. The associations 

between BMP2 with UD BMD, and those between RANK with OP at spine, hip 

and UD also met the experimentwide stringent criterion (empirical global P 

values <.0007). In addition, I identified and validated a two-locus gene-gene 

interaction model involving GCR and ESR2, for which prior biological evidence 

exists. My results suggested the prioritization of osteoporosis candidate genes 

from among the many proposed in recent years and revealed the significant 

gene-gene interaction effects influencing osteoporosis risk. Taken together, my 

linkage and association studies for bone geometry and bone mass have further 

delineated the genetic basis of osteoporosis-related skeletal traits and laid a solid

foundation for downstream functional and molecular studies.
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CHAPTER 1

GENETICS OF HUMAN OSTEOPOROSIS

i



Profile, Epidemiology and Genetics of Osteoporosis

Osteoporosis is 'a systemic skeletal disorder characterized by low bone mass 

and microarchitectural deterioration of bone tissue, with a consequent increase in 

bone fragility and susceptibility to fracture' (1). Although fracture is definitely a 

diagnostic criterion for osteoporosis, bone mineral density (BMD) is often used 

as a surrogate because prevention is an important end goal and low BMD is one 

of the strongest risk factors for fracture (2). In this context, WHO designates 

osteoporosis at a bone density value as more than 2.5 SDs below the young adult 

mean value (3). The prevalence and severe consequence of osteoporosis and the 

associated high medical costs make it a major public health problem. About 

70%of US white women and 13% of US white men aged >50 years are expected 

to experience an osteoporotic fracture during their remaining lifetime (4,5).

Osteoporosis can be classified as primary or secondary. Primary osteoporosis 

is largely due to age-related bone loss and can be further classified as type 1 and 

type II (6). Type I or postmenopausal osteoporosis reflects a loss of trabecular 

bone, which results from lack of endogenous estrogens after menopause. It 

usually occurs in women within 15-20 years of menopause. Type II or senile 

osteoporosis occurs in women or men more than 70 years of age and represents 

a loss of cortical and trabecular bone. However, type II osteoporosis is not 

clearly distinct from type I osteoporosis because of the complex etiological
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overlaps between these two kinds of osteoporosis (6,7). Secondary osteoporosis 

results from the presence of other diseases (e.g., hyperthyroidism), medication 

exposure (e.g., glucocorticoids), or other conditions (e.g., poor nutrition) that 

predispose to bone loss.

Osteoporosis is the most prevalent metabolic bone disease and major public 

health problem. In the U.S. today, eight million American women and two 

million men have the disease, and ~34 million more are estimated to have low 

BMD phenotype that is a significant risk factor directly associated with 

osteoporosis. It is estimated that there are about 1.5 million fractures due to 

osteoporosis in U.S. annually. This number will increase dramatically as the 

number of people with excessive low bone mass and osteoporosis increases. The 

most common forms of osteoporotic fractures (OFs) include vertebral, hip and 

wrist OFs. The direct consequences of OFs include disabilities, nursing home 

placement or even mortality. In the US, the medical costs of osteoporosis and its 

attendant fractures are estimated to be $17.9 billion per year (8) and this number 

will keep escalating in the near future (8,9).

Although osteoporosis is a complex disorder influenced by numerous factors 

like endocritic, environmental and lifestyle factors (10), genetics plays a critical 

role in the etiology of osteoporosis in different ways. First of all, genetic factors 

were estimated to partially explain the variance in the liability to fracture (11-14).
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Second, it predominantly determines peak bone mass attained during the first 

three decades of a person's life, which is a major determinant of bone mass in 

later life, and thus, an important factor of osteoporosis (15-19). Third, bone loss 

was also showed to be associated with several candidate genes (20-22). Fourth, 

bone geometry and size, other important factors associated with osteoporosis, 

were reported to be as highly heritable as bone mass (23-29). Finally, some 

studies revealed that there were genetic components underlying in vivo level of 

bone turnover markers, which may reflect bone gain (30), bone loss (31,32) or 

predict fracture risk (33) in certain circumstances.

Bone Geometry and Bone Mass -  Two Highly Heritable Skeletal 

Factors Significantly Related to Osteoporotic Fractures

A. Bone Geometry

According to its definition, osteoporosis is a skeletal disorder characterized 

by compromised bone strength predisposing one to an increased risk of fracture 

(1). Bone strength, in turn, is determined by both the quantity of bone mass and 

the quality of bone. Clinically, bone mineral density (BMD) measured by dual

energy X-ray absorptiometry (DXA) is generally used to assess bone strength and 

predict fracture risk (34,35). However, recent studies have shown that BMD can 

only account for about 50-70% of total bone strength (36,37). Other factors, such
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as bone geometry, bone remodeling status, and bone microarchitecture also play 

important roles independent of BMD in determining bone strength (36,38,39). 

Among them, bone geometry has been demonstrated to be able to improve 

significantly the prediction of fracture in combination with BMD compared with 

using BMD alone (38,40). Specifically, adverse changes in the hip structural 

parameters studied in this thesis research can result in femoral neck (FN) 

fragility and increased risk of hip fracture in the elderly of both sexes (41,42).

Bone geometric parameters are measured by QCT (Quantitative computed 

tomography) (43,44) but also can be derived from two-dimensional (2D) images of 

conventional radiograph or DXA (Dual energy X-ray absorptiometry) (45,46). Beck 

et al. (47) developed a method to extract the femoral neck cross-sectional (FNCS) 

geometric parameters from hip DXA images. These parameters include, for 

example, cross-sectional area (CSA), cortical thickness (CT), section modulus (Z) 

and buckling ratio (BR). Studying these geometric variables is crucial to dissect 

out the determinants of the strength of femoral neck that is routinely subjected to 

a variety of loads such as axial compression, axial tension, bending or any 

combination of these. These geometric variables were capable of reflecting bone 

fragility associated with stress fractures at the femoral neck (41,48,49). 

Specifically, the axial component of stress is inversely proportional to cross- 

sectional area (CSA) (48), thus it is an indicator of bone axial strength (50). The 

maximum bending stress in the cross-section is inversely related to sectional
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modulus (Z) so that it is an index of bending strength (48). Volumetric BMD is 

proportional to cortical thickness (CT), which is negatively correlated with hip 

fracture risk (41,49). Finally, structural stability is determined by the resistance to 

structural failure by local buckling during loading, and this is in turn, 

determined by buckling ratio (BR) (41,51,52). In other word, buckling ratio 

captured the increased risk for local buckling and was one predictor of fracture 

risk (41).

In addition to environmental factors, genetic factors also influence hip 

geometry (53,54). Heritability of FNCS geometric parameters ranged from 0.37 to 

0.62 (55). The first whole genome linkage scan (WGS) for human FNCS geometry 

in our group suggested several potential important genomic regions such as 

10q26, 20pl2, 20qll, Xpll, Xp21 and Xq22 (55). The data from linkage studies in 

inbred mice or rats for bone strength and structure demonstrated the significant 

corresponding QTL regions in mouse chromosomes 4, 6, 8, 10, 14 (56-60) or rat 

chromosomes 4, 5, 7, 15, 19 (61) for certain femur strength and structure 

phenotypes. Candidate genes underlying the bone geometric variables were 

proposed, which include insulin-like growth factor I (IGF1), Tumor necrosis 

factor alpha (TNFA) and estrogen receptor alpha (ESR1) (42,62,63). All of these 

suggest the existence of genetic determinants for bone geometry. However, 

genetic research for bone geometry is still in its infancy compared with that of 

BMD.
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B. Bone M ass

As mentioned before, the BMD phenotype measuring the amount of bone has 

become the most commonly used index to diagnose osteoporosis and predict 

fracture. BMD is significantly and positively associated with bone strength (64- 

66) and explains a significant portion of the risk of osteoporotic fractures (67-69). 

Each 1 SD reduction of BMD below young adult normal values related to a 1.5- 

to 2.6-fold increase in a patient's risk for fracture (69). Although different 

noninvasive techniques are available to assess BMD, such as DXA, QCT and 

Ultrasound, DXA has become the most widely used technique for measuring 

BMD because of the advantages of high precision, short scan time, low radiation 

dose, and stable calibration (70). DXA measures BMD as the average 

concentration of mineral per unit area (areal BMD, g/cm2). BMD values are 

usually measured at lumbar spine, proximal femur, and distal forearm 

(ultradistal radius) (43), because fractures occurring at those skeletal sites are the 

most common forms of osteoporotic fractures.

BMD increases progressively with age from infancy to adulthood (71) and 

reaches the 'peak bone mass' around age of 25 (72,73). Except for nutritional, 

behavioral and environmental factors, the genetic factors also contribute 

significantly to the variation of peak bone mass in the human populations 

(74,75). The influence of gender on peak BMD also exists so that males have
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higher peak BMD than females at the skeletal sites because of a longer period of 

bone mass gain in males than in females (76).

BMD remains relatively stable after reaching its peak around age of 25. Then 

after the age of 45-55 (or the onset of menopause in females) (77), BMD starts to 

decline in both men and women (78,79). The rate and pattern of bone loss differs 

between men and women. In women, there is accelerated bone loss with abrupt 

estrogen withdrawal after the onset of menopause and for 10-15 years after 

(80,81). Males do not exhibit accelerated bone loss but, rather, a more gradual 

and stable bone loss rate. The changes in areal BMD with age in women and men 

are shown in Figure 1-1. Bone loss accompanying aging mainly results from an

Figure 1-1. Lifetime changes of areal BMD 

Bone Mineral Density
Spine or Hip

Mean ± 1 SD for both men and women is shown

increase in the rate of bone resorption and an imbalance between the activities of 

osteoclasts and osteoblasts, such that the excessive bone resorption on the
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endocortical, intracortical and trabecular surfaces reduces the amount of bone

and leads to much thinner and more fragile cortical and trabecular bones (82).

Areal BMD variation is subject to strong genetic control as demonstrated by 

many genetic epidemiological studies. The heritability (h2) of BMD, namely the 

proportion of the BMD variance attributable to genetic factors, has been 

estimated previously. Twin studies showed the h2 of BMD to lie between 70% to 

85% for spine and hip, and the h2 of wrist BMD to be about 50-60% (83-86). 

Family studies also suggest the existence of significant genetic effects on BMD 

variation (11,87-89). For example, a family-based study (11) implied the high h2 

(64-86%) for spine and hip BMD. Segregation analyses (88,90) suggested that 

there is at least one major gene for population BMD variation.

Gene Mapping for Bone Geometry and Bone Mass: An Overview

Bone geometry and bone mass are two osteoporosis pheonotypes that are 

influenced by multiple genetic and environmental factors, as well as their 

complex interactions. The genetic architecture of these two traits were 

interpreted to be composed of many contributing and interacting genetic 

variants, with a few genes having major effects and the majority having modest 

effects (91,92). Next, I will summarize the current status of gene mapping for 

bone geometry and bone mass in the field.
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A. General approaches fo r  identifying bone geom etry and bone m ass genes

Two major methods -  linkage and association, have been commonly 

employed in gene mapping for complex diseases/traits, especially in humans. 

The association mapping (also called linkage-disequilibrium (LD) mapping) can 

be further divided into two categories, namely the population-based association 

studies and the transmission disequilibrium tests (TDT). Each approach has its 

own merits and limitations (93-95).

Linkage

Genetic linkage occurs when particular alleles are inherited jointly. In terms 

of the quantitative trait, linkage refers to close physical location of such a gene to 

a chromosomal locus that is linked to variation in the trait. Linkage tests examine 

whether there is co-segregation or co-inheritance between alleles of a gene and a 

phenotype under study in pedigrees or relative pairs. The probability that a 

marker locus is linked to a disease/trait locus is expressed by the logarithm of 

the odds ratio (LOD score). Regions of chromosomes that contain genes that 

influence continuous quantitative traits (e.g. bone genometry or bone mass) are 

termed quantitative trait loci (QTL). The most important strength of the genome

wide linkage scan approach is that it may allow QTLs to be identified that are 

not candidates based on the current understanding of the disease 

pathophysiology. However, linkage test also has several limitations. First, the 

genomic regions identified in WGS generally are usually too large (e.g., -20-30
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cM) to allow for linkage-disequilibrium (LD) mapping (94). In such context, 

subsequent finer-scale saturation linkage mapping and LD mapping are needed 

to eventually identify the causal gene(s) (96-98). Second, the linkage approach for 

identifying genes underlying complex traits generally requires very large 

samples to be screened/genotyped (98-100). Moreover, the linkage samples are 

usually those of pedigrees or sibpairs, which are difficult to recruit.

Since the whole-genome linkage scan utilized thousands of genetic 

markers and thus incurred the problem of multiple testing, statistically more 

stringent criterion has been proposed to minimize the chance of false positive 

findings. For genome-wide linkage analysis in pedigrees, LOD scores > 3.3 and > 

1.9 are widely accepted as the criterion of claiming significant and suggestive 

linkage, respectively (101). Correspondingly, the thresholds for whole-genome 

linkage scans with sib pairs are LOD > 3.6 and > 2.2 (101).

Association

Genetic linkage studies based on pedigree data have limited resolution 

because of the relatively small number of meiosis events within the general 

pedigrees. Association mapping (also called linkage disequilibrium (LD) 

mapping) can be used to further narrow down the linkage region.



The classical definition of linkage disequilibrium (LD) refers to the non- 

random association of alleles at tightly linked loci. Consider two markers that 

were on the same chromosome. We designate the corresponding alleles and 

frequencies as A/a (p(A), p(a)), B/b (p(B), p(b)). Four haplotypes consisting of 

these two markers are possible: AB, Ab, aB and ab. If the frequencies of alleles A, 

a, B and b in the population were all 0.5 and these two loci were in linkage 

equilibrium, then we would expect the frequencies of each of the four haplotypes 

in the population to be 0.25. However, the statistically significant deviation of the 

haplotype frequencies from 0.25 suggested the LD between the two loci.

I) Population-based association  mapping  

Genetic association studies aim to correlate differences in between-group 

disease frequencies (or trait values for continuous variables) with differences in 

allele frequencies at candidate loci. The association study adopting a random 

sample chosen from a population is usually called population-based association 

study. The population-base design is often more powerful and feasible to be 

conducted than the family-based design. However, this approach is prone to the 

confounding effect of population stratification that refers to differences in allele 

frequencies between cases and controls due to systematic differences in ancestry 

rather than association of genes with disease. Some solutions, such as 'genomic 

control' (GC) and 'structured association' (SA) have been developed and widely 

used to correct for the stratification confounder (102-104).
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2) Transmission-Disequilibrium Test (TDT)

The most popular method for family-based design is the transmission 

disequilibrium test (TDT) (105). TDT is carried out with data on transmission of 

marker alleles from heterozygous parents for that marker to affected offspring 

(case). In TDT, cases' genotypes are compared to those of their parents to explore 

whether a specific allele of the marker at a locus of interest appears to be 

transmitted in excess of what is expected on the basis of Mendelian inheritance. 

Such apparent excess transmission indicates that cases are being selected for that 

allele, thereby providing evidence that this allele is a risk factor for disease. The 

test is unaffected by population stratification. The general procedure to conduct 

such study is as followed:

1) Affected probands are ascertained.

2) The probands and their parents are typed for the marker.

3) Those parents who are heterozygous for the marker of interest are 

informative and incorporated in the TDT test. They may or may not be affected.

Let a be the number of times a heterozygous parent transmits a marker 

allele, say Ml, to the affected offspring, and b be the number of times the other 

allele is transmitted to the affected offspring.

The TDT statistic is (a -  b)2 /{a  + b ) . It follows a %2 distribution with 1 degree 

of freedom, provided the sample size is reasonably large. By testing the null
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hypothesis of Ho: 0 = 0.5 or A = 0 (meaning "no linkage or no association") versus 

the alternative hypothesis of Hi: 0 < 0.5 and A  ̂0 (meaning "there exists linkage 

and association"), TDT can simultaneously test both linkage and association 

between marker alleles and a functional variant underlying the study trait. This 

approach is thus immune to the confounding effects of population stratification 

(99,100).

Whatever association test is used, the problem of multiple testing must be 

addressed. A full Bonferroni correction (dividing the nominal p value by N, the 

total number of individual tests, to obtain an experiment-wide threshold) is over

conservative for large values of N. Thus other methods such as false discovery 

rate (FDR) (106) and permutation test (107) were proposed to solve this problem. 

FDR method controls the expected proportion of incorrectly rejected null 

hypotheses (type I errors) in a list of rejected hypotheses. It is a less conservative 

comparison procedure with optimal power at a cost of increasing the likelihood 

of obtaining type I errors. The permutation test uses a Monte Carlo procedure to 

provide a global assessment of significance, it is more powerful than Bonferroni 

correction procedure when alleles at linked markers are associated.

B. WGS studies on bone geom etry and bone m ass in humans

Bone geometry
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Shen et al. (55) first performed a genome-wide linkage scan using a sample of 

1816 subjects from 79 multiplex pedigrees to identify genomic regions linked to 

femoral neck cross-sectional geometry. Significant linkage evidence was 

identified at 10q26 for buckling ratio (LOD = 3.27) and X pll (LOD = 3.45) for 

cortical thickness. Chromosome region 20pl2-ql2 showed suggestive linkage 

with cross-sectional area (LOD = 2.33), cortical thickness (LOD = 2.09), and 

buckling ratio (LOD = 1.94). Sex-specific linkage analyses further supported the 

importance of 20pl2-ql2 for cortical thickness (LOD = 2.74 in females and LOD = 

1.88 in males) and buckling ratio (LOD = 5.00 in females and LOD = 3.18 in 

males).

Recently, by adopting the sample of 1473 subjects of 323 pedigrees from the 

Framingham Osteoporosis Study, Demissie et al. (108) conducted genome-wide 

linkage analyses for the following bone geometric variables: femoral neck length 

(FNL, cm) and neckshaft angle (NSA); subperiosteal width (W1D, cm), cross- 

sectional area (CSA, cm2) and section modulus (Z, cm3) at the narrowest section 

of the femoral neck (NN), intertrochanteric (IT) and femoral shaft (S) regions. 

Substantial genetic influences were found for all geometric phenotypes, with h2 

values between 0.28 (NSA) and 0.70 (IT_WID). Suggestive linkages of bone 

geometric indices were found at lq, 2p, 4q, 13q, 15q and Xq. Particularly, 

substantial linkage (multipoint LOD >3.0) was detected for S_Z at 2p21 and 

21qll and S_W1D at Xq25-q26.
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BMD

The first WGS (whole genome linkage scan) study for BMD variation was 

done by Devoto et al. (109) in 149 individuals from seven large pedigrees. Several 

genomic regions with evidence of linkage to BMD at different skeletal sites have 

been identified, including lp36 and 4q32-34 for femoral neck BMD, and 2p23-p24 

for lumbar spine BMD. Koller et al. (110) conducted a WGS for BMD by using 

429 healthy Caucasian sister pairs, and then further tested several genomic 

regions in an expanded sample with 464 Caucasians and 131 African-American 

sister pairs. The strongest evidence was obtained at chromosome lq21-23 with 

lumbar spine BMD. Other suggestive evidences of linkage were observed on 

5q33-35 and llql2-13 for femoral neck BMD, and on 6pll-12 for lumbar spine 

BMD (110). Deng and his colleagues (111) performed a large-scale genome-wide 

scan in 635 Caucasian subjects from 59 multigeneration pedigrees. Four genomic 

regions, including 4q31, 7p22, 12q24, and 13q33-34, were identified as putative 

QTLs linked to spine BMD (111). For hip BMD, the evidences of linkage were 

detected at the genomic regions of 10q26, 12ql3, and 17pll. In addition, 

suggestive evidences of linkage to wrist BMD were also observed at several 

genomic regions, including 3p26, 4q32, 9p22-24, and 17pl3 (111). Recently, 

Deng's group performed an even larger whole genome linkage scan for BMD 

involving 4126 individuals from 451 families (112). Significant linkage was 

detected on 5q23 for wrist BMD (LOD = 3.39) and 15ql3 for female spine BMD
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(LOD = 4.49). For spine BMD, significant epistatic interactions between 3p25 and 

2q32 (p = 0.0022) and between 3p25 and llq23 (p = 0.0007) were revealed (112). 

Several genomic regions that showed linkage to BMD in previous studies were 

also replicated, such as 3p21, lp36, and Xq27 (112).

Another large-scale genome-wide scan for BMD variation was performed in a 

set of 330 healthy Caucasian pedigrees from the Framingham Study (113). The 

regions shown suggestive linkage evidence to spine and regional hip BMD 

included 6pter, 21qter, 12q23, 8q24, and 14q (113). Wilson et al. (114) conducted a 

WGS for BMD in 1,094 nonidentical twins and 444 concordant and discordant sib 

pairs and identified linkage on 3p21 and Ip36. In a study using 664 subjects from 

29 Mexican-American families, linkage was detected at 4p for BMD of the 

midpoint radius (115).

Sex- and age-specific WGS and meta-analysis for BMD variation in human 

populations were also reported. Ralston et al. (116) identified a significant QTL 

for femoral neck BMD on chromosome 10q21 (LOD score +4.42) in men <50 years 

and a suggestive QTL for spine BMD on chromosomes 18pll (LOD score +2.83) 

in women >50 years, as well as another suggestive QTL for spine BMD on 20ql3 

(LOD score +3.20) in women <50 years. The Amish Family Osteoporosis Study 

(117) detected a significant QTL influencing BMD variation on chromosome 7q31 

at the total hip (LOD = 4.15) and femoral neck (LOD = 3.09) and a second QTL
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influencing spine BMD at 21q22 (LOD = 3.36) in males. Suggestive evidence of 

linkage was found in men for a QTL at 12q24 affecting total hip BMD (LOD = 

2.60) and at 18pll for femoral neck (LOD = 2.07), and in women (n = 593) at lp36 

for femoral neck BMD (LOD = 2.02) and at lq21 for spine BMD (LOD = 2.11) 

(117). In age subgroup analyses, suggestive evidence for linkage was found for 

those <50 years of age (n = 521) on chromosomes llq22 and 14q23 (LODs = 2.11 

and 2.16, respectively) and for those >50 years of age (n = 443) on 3p25.2 (LOD = 

2.32) (117). A most recent meta-analysis (118) accumulated the data from 9 

genome-wide scans involving 11,842 subjects. Data were analysed separately for 

spine and femoral neck BMD variations and by gender. For spine BMD the QTL 

with greatest significance was on chromosome Ipl3.3-q23.3 (p=0.002) but this 

effect was specific for females. Other significant spine BMD QTL were on 

chromosomes 12q24.31-qter, 3p25.3-p22.1, Ilpl2-ql3.3, Iq32-q42.3 including one 

on 18pll-ql2.3 which had not been detected by individual studies (118). For 

femoral neck BMD the strongest QTL was on chromosome 9q31.1-q33.3 

(p=0.001). Other significant QTL were identified on chromosomes 17pl2-q21.33, 

14ql3.1-q24.1, 9q21.32-q31.1 and 5ql4.3-q23.2 (118). This large-scale meta

analysis (118) also found that the loci regulating BMD in men and women and at 

different sites were largely distinct.

An exciting finding in gene mapping of osteoporosis was reported in a study 

by Styrkarsdottir et al (119). They performed a WGS in a large sample of 207
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Icelandic osteoporotic families (containing 1,323 individuals), using a phenotype 

that combines BMD measurements and osteoporotic fractures. Significant 

linkage was found on chromosome 20pl2.3 (LOD = 5.10). After fine mapping of 

the region by saturating 30 additional markers, they focused on a 6.6-cM 

(centiMorgan) region surrounding the linkage peak that corresponds to a 1.7-Mb 

(megabases) segment. In the follow-up LD mapping and association analyses, 

they found that three variants in the bone morphogenetic protein 2 (BMP2) gene 

were associated with osteoporosis in the Icelandic patients. They further 

replicated the association of the three identified variants in a Danish cohort of 

postmenopausal women. This study (119) was benefited by several aspects: large 

extended pedigrees, homogeneous populations, and excellent genealogical 

record keeping. Though the identified association needs to be confirmed in other 

ethnic groups, and the biological effects of the three putative variants in the 

BMP2 gene have to be determined, this study highlighted an optimistic prospect 

of successful gene identification for osteoporosis via linkage mapping, fine 

mapping and positional cloning.

C. Candidate genes studies on bone geom etry and bone m ass in humans

Bone geometry

Using the sample from the Rotterdam study, Rivadeneira et al. initiated the 

candidate gene studies on bone geometry (42). In 2372 Dutch men and 3114 

Dutch women, they estimated the effects of a CA repeat polymorphism in the
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promoter region of the IGF1 (insulin-like growth factor I) gene with hip bone 

geometry parameters, including neck width, cortical thickness, buckling ratio, 

and section modulus (42). Men who were noncarriers of the 192-bp allele of the 

CA repeat polymorphism had narrower femoral neck and lower section modulus 

(p < 0.05) than homozygote men; whilst noncarrier females had thinner cortices 

and higher buckling ratios (p < 0.05) but no significant differences in femoral 

neck width and section modulus. Moffett et al. evaluated the association between 

a G-308A polymorphism (rsl800629) at the TNFA (Tumor Necrosis Factor-n) 

locus and bone geometry variables in 4306 white women who were at least 65 yr 

of age at study entry (62). They found that women with the A/A genotype had 

greater subperiosteal width (P = 0.01) and endocortical diameter (P = 0.03) than 

those with the G/G genotype. The net result of these structural differences was 

that there was a greater distribution of bone mass away from the neutral axis of 

the femoral neck in women with the A/A genotype, resulting in greater indices 

of bone bending strength (cross-sectional moment of inertia: P = 0.004; section 

modulus: P = 0.003) (62). Employing a sample of 1,873 subjects from 405 

Caucasian nuclear families, Deng et al. identified the significant within-family 

associations between SNP4 (rsl801132) in exon 4 of ESR1 (estrogen receptor 

alpha) gene with endocortical diameter and subperiosteal width (p = 0.008 and 

0.021, respectively) (63). In addition, the total association between SNP5 

(rs932477) in intron 4 with cortical thickness and buckling ratio was detected 

(single locus analyses: p = 0.035 and 0.041, respectively). Haplotype analyses
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further supported the above association (p = 0.010 and 0.004, respectively) (63). 

Most recently, Rivadeneira et al. reported the effects of ESR2 (estrogen receptor 

beta) polymorphisms (mainly the haplotype 1 estimated from two SNPs in intron 

2 and the 3'-untranslated region (UTR)) on hip bone geometry, such that 

haplotype 1 homozygote women had 2.6% thinner cortices, 1.0% increased neck 

width, and 4.3% higher bone instability (buckling ratios) (120). They also found 

that the variants of ESR2 interacted with ESR1 and 1GF1 to influence the hip bone 

geometry in postmenopausal women (120).

Bone mass

Two review articles have comprehensively and exhaustively summarized all 

reported genetic association studies for bone mass (121,122). Including a 

comprehensive review of all these candidate gene studies here is neither 

appropriate nor possible. However, it is worth mentioning one representative 

case. Grant et al. (123) described an association between a guanine-to-thymidine 

polymorphism in the first intron of the Type I collagen a l gene (COL1 Al) with 

BMD and osteoporotic fractures. This polymorphism is located at the first base of 

a binding motif for the transcription factor Spl and was thus named as the Spl 

polymorphism. Subsequently, significant associations between the COL1A1 Spl 

polymorphism with BMD and osteoporotic fractures were reported in other 

studies (124-127). Interestingly, the Spl polymorphism has been shown to predict 

fractures even after correction for BMD variation (125,127). Thus, this
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polymorphism may also affect bone quality, probably on the bone tissue material 

properties (128). These findings substantiated the speculation that both BMD and 

bone quality are under genetic controls and the genetic factors for them may not 

be the same.

In association studies, the results have so far largely been inconsistent, mainly 

due to different study design and samples, lack of thoroughness, and/or lack of 

control for potential population admixture and for multiple testing (95). These 

problems can be considerably minimized by performing powerful, robust and 

thorough candidate gene association analyses (95), in which a candidate gene is 

examined for association with effectively all genetic variants in the intragenic 

and regulatory regions using large samples and robust experimental and 

analysis designs. At present, direct association mapping of functional variants is 

limited by incomplete knowledge about functional variations. Most current 

association mapping is indirect with reliance on LD between a functional variant 

and either a single marker allele or a multi-locus haplotype. The presence of LD 

between some nearby variants means that full information often can be obtained 

by genotyping only a subset of the variants and by considering their joint 

haplotypes (95,129-131). By use of this haplotype-tagging approach, it is possible 

to study all but rare genetic variants by genotyping a limited number of 

relatively common single nucleotide polymorphism (SNPs). Much recent 

methodological work has been conducted to optimize this approach, including
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the investigation of haplotype-block structure and techniques for selecting 

haplotype-tagging SNP (htSNPs). With the extensive and continuously 

accumulation SNP databases, it becomes feasible for association studies to 

examine all the variants within and around putative genes, including the 

functional variants.

In summary, the current results of gene mapping for osteoporosis phenotypes 

such as bone geometry and bone mass are largely inconsistent and controversial. 

Well-designed, powerful and robust linkage and association studies are 

necessary in order to identify genes that account for the majority of bone 

geometry and BMD variation with high certitude. In this project, I performed a 

large-scale, powerful genome-wide linkage analysis for bone geometric 

variables, as well as a robust and comprehensive analysis of twenty osteoporosis 

candidate genes mainly for BMD phenotypes.
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CHAPTER 2

A GENOMEWIDE SCAN IDENTIFIED QTL 

UNDERLYING FEMORAL NECK CROSS-SECTIONAL 

GEOMETRY THAT ARE NOVEL STUDIED RISK 

FACTORS OF OSTEOPOROSIS
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IN TR O D U C TIO N

Osteoporosis is a common skeletal disease becoming one of the biggest public 

health menaces with the consequence of millions of fractures annually around 

the world (132). Hip fracture is the most severe clinical outcome of age-related 

osteoporosis due to its high prevalence (132,133), serious effects on quality of life 

(134,135), and excessive therapeutic cost (136,137). The leading cause of hip 

fracture is the reduced bone strength at the proximal femur (138) associated with 

low bone mass and poor bone quality. Clinically, bone mineral density (BMD) 

has been used to assess bone strength and predict fracture risk (35,132). 

However, recent studies have shown that BMD can only account for at most 50- 

70% of total bone strength (36,37). Other factors, such as bone geometry, bone 

remodeling status, and bone microarchitecture also play important roles 

independent of BMD in determining bone strength and the associated 

osteoporosis fracture (36,38,39). Specifically, hip geometric variables can be used 

to substantially enhance the identification of people at high risk of hip fracture 

(38,139,140). Furthermore, adverse changes in the femoral neck cross-sectional 

(FNCS) geometry parameters lead to femoral neck (FN) fragility and increased 

risk of hip fracture in the elderly (41,42).

In addition to environmental factors, genetic factors also influence hip 

geometry (53,54). Heritability of FNCS geometric parameters ranged from 0.37 to
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0.62 (55). Candidate genes underlying those variables were proposed (62,63). 

However, genetic research for bone geometry is still in its infancy compared with 

that of BMD.

The first whole genome linkage scan (WGS) for human FNCS geometry 

suggested several potential important genomic regions (55). Now I report the 

results of a genome-wide screen for the same geometric variables using a much 

expanded sample with 3,998 Caucasians from 434 pedigrees. The current sample 

size is more than twice the previous one (1,816) (55) and thus renders this study 

much higher statistical power (95). This sample represents the largest one ever 

obtained from a single study population of the same ethnicity in the field of 

linkage studies of osteoporosis. I not only detected a number of FNCS geometry 

QTL in both the entire sample and sex-specific subgroups, but also observed 

significant epistatic interaction effects.

M ATERIALS A N D  M ETHODS

Subjects

The study was approved by the Creighton University Institutional Review 

Board. All the study subjects signed informed-consent documents before 

entering the project. The study subjects came from an expanding database 

created for ongoing studies in the Osteoporosis Research Center (ORC) of 

Creighton University to search for genes underlying human complex traits such
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as BMD and BMI (body mass index). The sampling scheme and exclusion criteria 

have been detailed elsewhere (141). Briefly, patients with chronic diseases and 

conditions that might potentially affect bone mass, structure, or metabolism were 

excluded. These diseases/conditions included chronic disorders involving vital 

organs (heart, lung, liver, kidney, brain), serious metabolic diseases (diabetes, 

hypo- and hyper-parathyroidism, hyperthyroidism, etc.), skeletal diseases (Paget 

disease, osteogenesis imperfecta, rheumatoid arthritis, etc.), chronic use of drugs 

affecting bone metabolism (hormone replacement therapy, corticosteroid 

therapy, anti-convulsant drugs), and malnutrition conditions (such as chronic 

diarrhea, chronic ulcerative colitis, etc.), and so forth. Blood samples were 

collected for extracting DNA, medical history and lifestyle questionnaires were 

administered, anthropometries obtained, BMD and bone size measured for 

calculating bone geometry parameters.

All the study subjects were Caucasians of European origin. Specific for FNCS 

geometry traits, the sample contained a total of 4,386 phenotyped subjects from 

434 pedigrees (see Table 2-1 for their basic characteristics), of whom 3,998 

subjects were genotyped. The sample mainly consisted of pedigrees of median to 

large size and provided us an exceedingly large number of relative pairs 

(>150,000) informative for linkage analysis. For example, the number of sibling 

pairs and first cousin pairs are 6,316 and 15,122, respectively. Among the
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genotyped subjects, 1,816 were used in the previous WGS study (55) and the 

remaining 2,182 were newly added into this study.

Table 2-1. Characteristics of the femoral neck cross-sectional geometric variables 

in the study subjects stratified by age and sex

Age Group
Height

Ages (years) (m) Weight (kg) BR CSA (cm2) CT (cm) Z (cm3)
Male
20-29 (277) 24.26±2.97 1.80+0.07 84.76+15.26 10.57+1.93 3.63+0.61 0.19+0.03 2.50+0.54
30-39 (324) 35.61±2.85 1.80+0.07 90.11+18.17 11.66+1.88 3.33+0.52 0.17+0.02 2.34+0.47
40-49 (439) 45.13+2.85 1.79+0.07 90.77+15.17 12.16+2.14 3.25+0.52 0.16+0.03 2.31+0.49
50-59 (328) 54.59+2.96 1.77+0.07 91.50+14.81 12.65+2.20 3.14+0.54 0.16+0.03 2.24+0.48
60-69 (217) 64.88+2.77 1.76+0.07 91.86+15.92 13.59+2.59 3.05+0.52 0.15+0.03 2.23+0.49
70-79 (162) 73.94+2.55 1.75+0.06 87.62+13.31 14.08+2.71 3.06+0.56 0.15+0.03 2.28+0.54
80+ (47) 83.27+3.41 1.72+0.08 80.09+12.77 14.69+3.00 2.85+0.59 0.14+0.03 2.10+0.51
Female
20-29 (393) 24.80+3.15 1.66+0.06 68.07+15.62 9.84+1.64 2.78+0.43 0.17+0.02 1.61+0.30
30-39 (538) 35.46+2.85 1.66+0.07 70.09+15.73 10.60+1.84 2.68+0.42 0.16+0.02 1.59+0.32
40-49 (662) 44.98+2.85 1.65+0.06 72.64+16.38 10.97+1.98 2.62+0.43 0.16+0.02 1.57+0.33
50-59 (419) 54.27+2.91 1.63+0.06 73.26+15.87 11.78+2.25 2.49+0.45 0.15+0.03 1.51+0.33
60-69 (307) 64.91+2.83 1.61+0.06 73.11+17.03 12.97+2.67 2.33+0.45 0.14+0.03 1.45+0.33
70-79 (211) 74.37+2.83 1.59+0.06 70.72+13.78 13.85+2.90 2.19+0.47 0.13+0.03 1.38+0.33
80+ (62) 84.21+3.50 1.55+0.07 66.22+15.31 15.27+3.35 1.96+0.53 0.11+0.03 1.24+0.38

Note: For each trait, data are presented as Mean ± SD. The numbers in the brackets are 

sample size in each age group. There are a total of 4386 subjects from the 434 pedigrees 

summarized for this table. Though only 3998 subjects have direct genotype data, however, 

genotypes of the remaining subjects may be inferred from their relatives and thus these 

subjects are informative in linkage analyses. Therefore, their phenotype data are also 

included in the summary for this table.

Abbreviations- BR: buckling ratio; CSA: cross-sectional area; CT: cortical thickness; Z: 

section modulus.
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Measurement

Areal BMD (g/cm2) and bone size (cm2) of femoral neck were measured by 

dual-energy X-ray absorptiometry (DXA) with a Hologic 1000, 2000+, or 4500 

scanner (Hologic Inc., Bedford, MA). All scanners are calibrated daily, and long

term precision is monitored with external phantoms. The coefficients of variation 

(CV) of femoral neck BMD and bone size measurement obtained on the Hologic 

2000+ scanner were 1.87%, and 1.94%, respectively. Similar CV were obtained on 

Hologic 1000 and 4500 scanners (24). BMD data obtained from different 

machines were transformed to a compatible measurement using the formula 

described in Genant et al (142) and the algorithm that we developed in-house 

and used extensively (143,144). Areal bone size measurements by different 

scanners in our center were highly compatible with one another and were well 

within the precision limits (24). In particular and intuitively, members of the 

same pedigree were usually measured on the same type of machine, ensuring 

minimum or no effect on my linkage analysis due to measurements by different 

scanners.

Using DXA-derived femoral neck BMD and bone size, I estimated four FNCS 

geometric variables. The algorithm and the underlying assumptions regarding 

the geometry and structure of femoral neck have been well detailed earlier 

(41,48). Briefly, the method assumes that the bone within the femoral neck region
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has the configuration of a uniform right circular cylinder, 60% of the measured 

bone mass is cortical (i.e. f c = 0.6), and the effective density of bone mineral in 

fully mineralized bone tissue is 1.05 g/cm3 (i.e. pm = 1.05 g/cm3), which were 

well substantiated (41).

The four estimated FNCS geometric variables are: buckling ratio (BR) - an 

index of bone structural instability; cross-sectional area (CSA) - an indicator of 

bone axial compression strength; cortical thickness (CT); and section modulus (Z) 

- an index of bone bending strength. They are computed as follows:

CSA = BMDx W ' w^ere yy j.pe femora] neck periosteal diameter and can be
P m

approximated by dividing the areal bone size of femoral neck by the width of the 

region of interest (in Hologic DXA systems, the width of the femoral neck region 

is standardized at 1.5cm) (42).

W -  FD
CT = ---------- ; where ED = 2

BR W 12 

CT
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Genotyping

For each subject, DNA was extracted from peripheral blood by using the 

Puregene DNA isolation kit (Centra Systems, Inc., Minneapolis, MN). All the 

subjects were genotyped with 410 microsatellite markers (including 393 markers 

for 22 autosomes and 17 markers for the X chromosome) from the Marshfield 

screening set 14 by Marshfield Center for Medical Genetics. The markers had an 

average population heterozygosity of 0.75 ± 0.06 and spaced on average 8.9 cM 

apart. The detailed genotyping protocol is available at 

http:/ / research.marshfieldclinic.org/genetics/Lab_Methods/methods.html. A 

genetic database management system (GenoDB) (145) was employed to manage 

the phenotype and genotype data for linkage analyses. GenoDB was also used 

for allele bining (including setting up allele bining criteria and converting allele 

sizes to distinct allele numbers), data quality control, and data formatting for 

PedCheck (146) and linkage analysis. PedCheck was performed to ensure that 

the genotype data conform to Mendelian inheritance pattern at all the marker 

loci. In addition, I used MERLIN (147) to detect genotyping errors of unlikely
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recombination (e.g., double recombination) in our sample. The genotyping error 

rate of -0.03% was determined.

Statistical Analyses

Variance component linkage analyses (148-150) for quantitative traits were 

performed using SOLAR (Sequential Oligogenic Linkage Analysis Routines) 

(148), available online (http://www.sfbr.org/solar/). Twopoint and multipoint 

linkage analyses were performed for each FNCS geometric variable in the 434 

pedigrees.

Age, sex, height, weight and sex-by-age interaction were tested for 

importance on FNCS geometric phenotypes and significant factors were adjusted 

as covariates in linkage analyses. Each phenotype was tested for normality of 

distribution by kurtosis using Kolmogorov-Smirnov test. In the 434 pedigrees, 

the kurtosis values of adjusted cross-sectional geometric variables ranged from 

0.47 to 0.70. Though the variance component analyses implemented in SOLAR 

are quite robust to slight deviations from normality (kurtosis < 2.0) (151), I still 

carried out 10,000 simulations using the procedure "lodadj" implemented in 

SOLAR (152) to correct for such deviations and to test the robustness of my 

results. This method is considered to be one of the best ways to deal with 

normality issues (153). Thus estimated correction constants for LOD scores of the 

four FNCS geometric variables ranged from 0.99 to 1.05. All LOD scores given in
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the text were empirically adjusted LOD scores. In addition, I calculated empirical 

point-wise p values for adjusted LOD scores by using the "empp" command in 

SOLAR.

As currently available version of SOLAR cannot handle multipoint linkage 

analysis for the X chromosome, I only calculated two-point LOD scores for X- 

specific markers. Other software, such as GENEHUNTER (154) that is capable of 

multipoint linkage analysis for the X chromosome, however cannot handle large 

pedigrees that made up the major part of our sample. Breaking down the large 

pedigrees into smaller ones might be an option, but this procedure would result 

in a considerable loss of statistical power.

To aid in interpretation of the linkage results, I performed pairwise 

correlation analyses among the FNCS geometric variables and hip BMD using 

SOLAR. Since four correlated FNCS geometric variables were analyzed, 

correcting for multiple analyses of related phenotypes was performed as 

described by Camp and Farnham (155). Briefly, the number of effectively 

independent tests was estimated to be 2.5, and it was used to establish the 

genome-wide thresholds of "suggestive" and "significant" evidence for linkage 

for the four traits, which were 2.31 and 3.72, respectively (155).

Two-locus analyses to test for epistatic interaction effects on the FNCS
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geometric variables were performed using the chromosomal region showing the 

strongest evidence for linkage (for BR, CSA and CT: 20ql2; for Z: 16q24) paired 

with any other loci harboring linkage peak with LOD score > 1 for the 

corresponding trait in the single-locus multipoint genome-wide scan. Two levels 

of modeling in addition to single-locus modeling were performed: 1) two-locus 

models with only additive effects for each pair of loci; 2) two-locus models with 

additive effects as well as an epistatic term for interaction between the two loci. 

One-tailed P values were generated using x2 statistic with 1 degree of freedom 

for all hypotheses tested with respect to each geometric variable (156). 

Significance for a single test for interaction effect on any one variable was 

assessed at a type I error rate of 0.05/N  according to Bonferroni adjustment for 

multiple comparison. N was the number of independent tests conducted for each 

trait. In terms of CSA or CT, N was less than the number of epistatic interactions 

tested because several testing regions were close in position (< 30 cM) and thus 

should not be regarded as independent (157). The thresholds of significant 

interaction were thus calculated as 0.006 for BR, 0.004 for CSA, 0.005 for CT, and 

0.010 for Z, respectively.

To understand and corroborate my results of single-trait analyses, I also 

performed principal component analysis (PCA) of the four cross-sectional 

geometric variables, using the statistical package SAS (SAS v.6.12, SAS Institute, 

Cary, NC). PCA method is effective for correlated phenotypes regulated by a
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common locus (153,158). Individual scores of the first two principal components 

(PCI and PC2) were used as phenotypes in the linkage and interaction analyses.

Finally, due to the earlier findings that there may exist gender-specific 

influences on bone geometry (57,76,159), I also conducted linkage analyses for 

FNCS geometric variables in men and women separately in the 434 pedigrees. In 

the sex-specific analyses, the phenotype values for individuals of the opposite 

sex were recorded as missing data. Also, age, height and weight were tested and 

significant factors were adjusted as covariates in the analyses. Moreover, to be 

more precisely, the Marshfield sex-specific genetic maps were used in the 

subgroup analyses instead of the sex-average map used elsewhere in this study 

(The Marshfield electronic database is at

http://research.marshfieldclinic.org/genetics/).

RESULTS

Quantitative Genetic Analysis

The basic characteristics of the four FNCS geometric variables in the study 

subjects stratified by age and sex are summarized in Table 2-1. The data show 

that males generally have larger values of geometric parameters than females. In 

both sexes, CSA, CT and Z decrease with the advancing of age, whereas BR 

increases with aging. Such trends are consistent with those reported by previous
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studies (41,159-162). Heritability estimates of BR, CSA, CT, and Z were (mean ± 

SE) 0.58 ± 0.03, 0.48 ± 0.03, 0.62 ± 0.03, and 0.38 ± 0.03, respectively, indicating 

that a substantial proportion of the variation in bone geometry is attributable to 

genetic effects. All of the four geometric variables were significantly correlated 

both genetically and phenotypically (Table 2-2). Also, as expected (42), these 

geometric variables are significantly correlated with hip BMD (Table 2-2). The 

square of the phenotypic correlation that approximates the proportion of 

variation of one trait that can be attributable to the other is in the range of 1-77%. 

The square of the genetic correlation that approximates shared genetic effects 

between two traits is in the range of 10-88%, indicating the existence of 

independent gene effects contributing to each phenotype.

Table 2-2. Correlations between femoral neck cross-sectional geometric variables, 

hip BMD, and principal components

Phenotype BR CSA CT Z Hip BMD

BR 1 -0.71 -0.94 -0.31 -0.83

CSA -0.50 1 0.90 0.86 0.89

CT -0.83 0.84 1 0.58 0.93

Z -0.11 0.88 0.50 1 0.63

Hip BMD -0.69 0.72 0.82 0.48 1

PCI -0.12 0.73 0.28 0.62 —

PC2 0.69 -0.13 -0.50 0.51 —

Values in upper right triangle are genetic correlation coefficients. 

Values in lower left triangle are phenotypic correlation coefficients.
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All correlations are significant (p < 0.001) with data adjusted by significant covariates 

such as age, sex, height, weight and sex-by-age.

Baseline Linkage Analysis

Using conservative thresholds correcting for multiple analyses, namely 

"suggestive" evidence for linkage at LOD score 2.31 and "significant" evidence 

at 3.72, the multipoint genome wide scan identified 1 QTL for BR (Figure 2-1 A), 2 

QTL for CSA (Figure 2-1B), 2 QTL for CT (Figure 2-1C), and 1 QTL for Z (Figure 

2-ID). They are located at 4 chromosomal regions, which are lp, 12p, 16q, and 

20q (Figure 2-1, Table 2-3). All of these regions were further plotted in detail in 

Figure 2-2A-D. I also plotted the two-point LOD score results for X chromosome 

in Figure 2-2E given that LOD scores greater than 2.31 for CSA and CT were 

achieved at X-specific markers. Considering the threshold for "suggestive" 

evidence for a single classic linkage analysis (101,163), I further summarized in 

Table 2-3 the genomic regions (for autosomes) or markers (for X chromosome) 

with LOD > 1.86 for any one of the studied FNCS geometric variables.

The most impressive region is 20ql2, where suggestive linkage was detected 

for BR (LOD=3.53 at marker GATA47F05), CSA (LOD=2.60 between 

GATA42A03 and GATA47F05), and significant linkage for CT (LOD=4.28 at 

GATA42A03) simultaneously (Figure 2-2D, Table 2-3). This chromosomal region 

is a QTL cluster according to the definition given in a recent study (153).
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Another two autosomal regions, namely lp l2  at marker GATA12A07N and 

12pl3 at AAC040Z, showed suggestive linkage for CSA (LOD=2.31) and CT 

(LOD=2.80), respectively (Figure 2-2A&B, Table 2-3). As for variable Z, 16q24 at 

marker GATA11C06N gave the suggestive linkage evidence (LOD=2.80, Figure 

2-2C, Table 2-3).

On the X chromosome, I detected suggestive linkage evidence for CSA in 

Xq25 at marker ATCT003 with two-point LOD of 2.70 (Table 2-3, Figure 2-2E). 

For CT, two X-specific regions showed suggestive linkage (two-point LOD=2.38 

in X pll at GATG011, and LOD=2.37 in Xq23 at GATA172D05) and one showed 

significant linkage (two-point LOD=3.90 in Xq25 at ATCT003).

Table 2-3. Chromosomal genomic regions with LOD scores > 1.86 for femoral 

neck cross-sectional geometric variables

V ariab les Location'1 M ark erb L O D c P  v a lu e 11 L O D e C an d id ate  G en es

BR 10q22 (87 cM) GATA121A08N 1.91 0.0031 <0.59 BMPR1A, COL13A1
20ql2 (59 cM) GATA47F05 3.53 < 0.0001 1.94 CDMPl,MMP-9, NCOA3

CSA lpl2 (151 cM) GATA12A07N 2.31 0.0004 1.46 —
3q26 (177 cM) GATA3H01 1.99 0.0011 <0.59 —

3q27 (197 cM) TTTA040 1.86 0.0015 0.94 AHSG
13q34 (108 cM) AGAT113Z

GATA42A03/
1.94 0.0012 <0.59 COL4A1, COL4A2

20ql2 (58 cM) GATA47F05 2.60 0.0001 1.93 CDMPRMMP-9, NCOA3
Xpll (58 cM) GATG011 2.23 0.0005 1.10 TIMP1
Xq21 (104 cM) GATA31F01P 1.97 0.0011 <0.59 —

Xq25 (144 cM) ATCT003 2.70 0.0001 0.68 —

CT lpl2 (154 cM) GATA12A07N 1.96 0.0010 1.08 —
3p21 (70 cM) ATA10H11 2.19 0.0006 <0.59 PTHR1, COL7A1, CCR2
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3pl4 (84 cM) AG ATI 28 1.98 0.0010 <0.59 —
3q27 (198 cM) TTTA040 2.19 0.0006 0.93 AHSG
12pl3 (27 cM) AAC040Z 2.80 0.0003 1.06 PXR1, MGP
17qll (55 cM) GGAA9D03 2.04 0.0007 <0.59 MMP-28, SERT
20ql2 (57 cM) GATA42A03 4.28 < 0.0001 1.73 CDMP1,MMP-9, NCOA3
Xpll (58 cM) GATG011 2.38 0.0005 3.45 TIMP1
Xq23 (116 cM) GATA172D05 2.37 0.0005 2.63 —
Xq25 (144 cM) ATCT003 3.90 < 0.0001 2.17 —

16q24 (120 cM) GATA11C06N 2.80 < 0.0001 0.74 —

a The numbers in parentheses are genetic distance of the LOD score peak from the most 

p-terminal marker on the chromosome according to the Marshfield genetics map. 

b The nearest marker from the LOD peak.

c LOD scores in bold are those reaching genome-wide level of 'suggestive' linkage 

(LOD>2.31) or 'significant' linkage (LOD>3.72) after correcting for multiple analyses. 

d Pointwise empirical p value estimated by SOLAR in this study. 

e Corresponding LOD scores from our previous linkage study (55).

Abbreviations- AHSG: Alpha-2-HS-Glycoprotein; BMPR1A: Bone Morphogenetic 

Protein Receptor, Type 1A; CDMP1: Cartilage-Derived Morphogenetic Protein 1; CCR2: 

Chemokine, CC Motif, Receptor 2; COL4A1: Collagen, Type IV, Alpha-1; COL4A2: 

Collagen, Type IV, Alpha-2; COL7A1: Collagen, Type VII, Alpha-1; COL13A1: Collagen, 

Type XIII, Alpha-1; MGP: Matrix Gla Protein; MMP-28: Matrix Metalloproteinase 28; 

MMP-9: Matrix Metalloproteinase 9; NCOA3: Nuclear Receptor Coactivator 3; PTHR1: 

Parathyroid Hormone Receptor 1; PXR1: Peroxisome Receptor 1; SERT: Serotonin 

Transporter; TIMP1: tissue inhibitor of metalloproteinase 1.

Epistatic Interaction Analysis
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With stringent criteria for statistical significance specific for each geometric 

variable, I found that there were five significant epistatic interactions influencing 

CSA variation (Figure 2-3). The most striking one was that between 20ql2 and 

3q27 (Figure 2-3B, epistatic 2-locus model LOD = 4.70; P = 0.0002), compared 

with the additive 2-locus model (LOD = 1.98). 20ql2 also significantly interacted 

with 2q33 (epistatic / additive 2-locus model LOD: 2.59 / 0.86, P = 0.002), 2q37 

(epistatic / additive 2-locus model LOD: 2.40 / 0.93, P = 0.004), 7pl5 (epistatic / 

additive 2-locus model LOD: 2.40 / 0.88, P = 0.004), 12q24 (epistatic / additive 2- 

locus model LOD: 3.09 / 1.29, P = 0.002) on influencing CSA variation (Figure 2-

3). However, no significant epistatic effects on other femoral neck geometric 

variables were found.

Principle-Component Linkage Analysis

Principal-components analysis (PCA) transformed the original four FNCS 

geometric variables into two uncorrelated components, PCI and PC2, which 

explained 85.2% and 14.4% of the total variation of all four FN geometric 

variables, respectively. The principle component loadings (i.e. the correlation 

coefficients between the variables and factors) suggest that PCI is a primary 

factor for CSA variation, while PC2 is mainly responsible for BR variation (Table 

2-2).

Linkage analyses using PCI and PC2 as surrogate phenotypes showed that
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except for 17qll all of the genomic regions with LOD > 1.86 for at least one of the 

original geometric variables still retained the similar linkage peaks for PCI or 

PC2, though the magnitudes were smaller (Table 2-4). Moreover, I found that 

20ql2 significantly interacted with 2q33, 2q37, 3q27, 7pl5, and 12q24 to exert 

epistatic effect on PCI variation (data not shown), which was similar to the case 

of CSA.

Table 2-4. Principle component analyses for chromosomal regions with LOD

scores > 1.86 for original femoral neck cross-sectional geometric variables.

Chromosome Location Marker PCI peak 
LOD scores

PC2 peak 
LOD scores

1 lpl2 (151 cM) GATA12A07N 1.80 -
3 3p21 (70 cM) ATA10H11 1.40 -

3q26 (177 cM) GATA3H01 1.56 -
3q27 (198 cM) TTTA040 1.64 -

10 10q22 (87 cM) GATA121A08N - 2.27
12 12pl3 (27 cM) AAC040Z 1.60 -
13 13q34 (108 cM) AGAT113Z 1.53 -
16 16q24 (120 cM) GATA11C06N 1.27 -
17 17qll (55 cM) GGAA9D03 - -
20 20ql2 (58 cM) GATA42A03 1.61 2.61
X Xpll (58 cM) GATG011 2.07 1.33

Xq21 (104 cM) GATA31F0LP 1.70 -
Xq23 (116 cM) GATA172D05 1.09 1.35
Xq23-q24 (121 cM) GATA48H04 - 1.90
Xq25 (144 cM) ATCT003 1.71 -

Bold figures- PC peak LOD scores equal to or higher than 1.5.

Blank- PC peak LOD scores less than 0.59.

Sex-Specific Linkage Analysis

The results of sex-specific linkage analyses are summarized in Table 2-5. A
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major male-specific FNCS geometry QTL may be located in 7q21, where 

suggestive linkage was detected for CSA (LOD=2.84 at marker GATA3F01) and 

CT (LOD=2.76 at GATA3F01) simultaneously (Figure 2-4A). 7q21 also showed a 

LOD score of 2.27 for BR at marker GATA5D08 (Figure 2-4A). In females, three 

putative FNCS geometry QTL were identified. First, 2pl4 at GATA66D01 

showed significant linkage for BR (LOD=4.76, Figure 2-4B) and suggestive 

linkage for CT (LOD=2.64, Figure 2-4B). Second, 3q26 at GATA3H01 showed 

suggestive linkage for BR, CSA and CT (LOD=2.66, 2.74 and 3.25, respectively, 

Figure 2-4C) in females. The third potential female-specific FNCS geometry QTL 

was 15q21 that showed suggestive linkage signal for BR and CT (LOD=3.19 and 

2.79, respectively, Figure 2-4D). I did not identify any sex-specific QTL for Z 

(Table 2-5).

I also summarized in Table 2-5 the genomic regions with LOD > 1.86 among 

males and females separately for any one of the studied FNCS geometric 

variables. One particular region worth mentioning was 20ql2, which showed the 

LOD score of 1.99 for BR in females and LOD of 1.96 for CT in males (Table 2-5). 

Plotting of multipoint linkage results of chromosome 20 for BR and CT showed 

that the linkage patterns in both the entire sample and male/female subgroups 

were quite alike, though the linkage signals in the latter were weaker than in the 

former due to the much smaller sample sizes (Figure 2-5). For CSA the situation 

was similar to BR or CT though the peak LOD scores within 20ql2 in subgroups
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were less than 1.86 (data not shown).

Table 2-5. Genomic regions with LOD scores > 1.86 in sex-specific linkage analyses 

for femoral neck cross-sectional geometric variables

V ariab le P osition  (cM ) / M ark er L O D a L O D b C a n d id a te  G en es
Male-Specific
BR 7q21 (81) /GATA5D08 2.27 1.04 CTR, PON1, PEX1, GUSB
CSA 5q33 (116) / GATA6E05 2.26 1.15 DTDST

7q21 (74) / GATA3F01 2.84 1.39 CTR, PON1, PEX1, GUSB
CT 7q21 (74) / GATA3F01 2.76 < 0.59 CTR, PON1, PEX1, GUSB

15q24 (59) / GATA85D02 2.20 2.15 —

Z
20ql2 (46) / GATA42A03 1.96 0.69 CDMP1,MMP-9, NCOA3

Female-Specific
BR 2pl4 (100) / GATA66D01 4.76 < 0.59 —

3q26 (216) / GATA3H01 2.66 0.65 —
15q21 (35) / GATA63A03N 3.19 <0.59 CYP19, MADH6, FBN1
20ql2 (63) / GATA42A03 1.99 5.00 CDMP1,MMP-9, NCOA3

CSA 3q26 (217) / GATA3H01 2.74 1.09 —
CT 2pl4 (103) / GATA66D01 2.64 0.66 —

3q26 (217) / GATA3H01 3.25 1.44 —
7P15 (47) / GGAA3F06 1.86 0.64 NPY, HOX genes
10q26 (176) / GATA71C09 2.19 0.88 FGFR2
15q21 (36) / GATA63A03N 2.79 <0.59 CYP19, MADH6, FBN1

Z — — — —

a LOD scores in bold are those reaching genome-wide level of 'suggestive' linkage

(LOD>2.31) or 'significant' linkage (LOD>3.72) after correcting for multiple analyses. 

b Corresponding LOD scores from our previous linkage study (55).

Abbreviations- CDMP1: Cartilage-Derived Morphogenetic Protein 1; CTR: Calcitonin

Receptor; CYP19: Aromatase; DTDST: DTD Sulfate Transporter; FBN1: Fibrillin; FGFR2: 

Fibroblast Growth Factor Receptor 2; GUSB: Beta-Glucoronidase; HOX: Homeobox; 

MADH6: Sma- and Mad-Related Protein 6; MMP-9: Matrix Metalloproteinase 9; 

NCOA3: Nuclear Receptor Coactivator 3; NPY: Neuropeptide Y; PEX1: Peroxisome 

Biogenesis Factor 1; PON1: Paraoxonase 1
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Figure Legend

Figure 2-1. Multipoint linkage results for femoral neck cross-sectional geometric 

variables. The dashed horizontal lines indicate the threshold for suggestive linkage 

(+2.31) or significant linkage (+3.72) accounting for multiple testing.

Figure 2-2. Genomic regions showing at least suggestive linkage (LOD > 2.31) for 

femoral neck cross-sectional geometric variables. BR - solid line; CSA - dotted line; CT

-  dashed line; Z - dot-dashed line.

Figure 2-3. Epistatic interaction analyses for cross-sectional area (CSA) in the entire 

sample. Single locus model -  solid line; additive two locus model - dotted line; epistatic 

two locus model - dashed line.

Figure 2-4. Genomic regions with LOD > 2.31 in sex-specific linkage analyses for 

femoral neck cross-sectional geometric variables. BR - solid line; CSA - dotted line; CT

-  dashed line; Z - dot-dashed line.

Figure 2-5. Linkage analyses of chromosome 20 for BR and CT in the entire sample and 

subgroups stratified by sex. The entire 434 pedigrees - solid line; males in the 434 

pedigrees - dotted line; females in the 434 pedigrees -  dashed line.
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Comparison with Our Previous FNCS Geometry Study

The results obtained in this study were compared with those of the 1st WGS 

for FNCS geometry QTL (55) (Table 2-3 & 2-5). With the exception of Xq25 for 

CSA and 16q24 for Z, all of my major findings related to the entire sample 

(figures in bold in Table 2-3) in this study had the corresponding LOD scores in 

the earlier study (55) equal to or greater than 1.0. Of them, the region of note was 

again 20ql2, for which peak LOD scores over 1.7 were found for BR, CSA and CT 

(55), consistent with my current findings about 20ql2. Other regions of interest 

were X pll, Xq23 and Xq25 since they reached suggestive or significant linkage 

threshold for CT in both studies.

As for sex-specific analyses, the major male-specific QTL detected in this 

study, 7q21, also had peak LOD scores over 1.0 for BR and CSA previously 

(Table 2-5). Of the three major findings in females, 3q26 achieved LOD scores 

over 1.0 for CSA and CT in the former study; while the other two regions, 2pl4 

and 15q21, did not achieve impressive LOD scores previously (Table 2-5).

DISCUSSION

The studied four FNCS geometric variables are capable of reflecting bone 

fragility associated with osteoporotic fractures at the femoral neck (41,48,49). 

Specifically, structural stability is reflected by buckling ratio (BR) (41,51,52).
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Cross-sectional area (CSA) (48) is an indicator of bone axial strength (50). Cortical 

thickness (CT) is proportional to volumetric BMD and negatively correlated with 

hip fracture risk (41,49). Finally, section modulus (Z) is an index of bending 

strength (48). Significant associations were already reported between these FNCS 

geometric variables with hip fracture rate (42), and such effect on fracture might 

be different from that of BMD according to the previous experience (41,164-166). 

Given their clinical significance and high heritability, related studies are being 

conducted to unravel the underlying genetic factors, with certain progress 

already made (62,63).

This study, using 3,998 subjects from 434 pedigrees, represents the largest 

linkage study in osteoporosis to date. With more than doubled sample size, I 

refined one of our major findings in the 1st WGS for FNCS geometry, which was 

the suggestive linkage of 20pl2-ql2 with BR, CSA and CT (55). Instead of a broad 

linkage region of ~40 cM wide covering 20pl2-ql2, this time all the three linkage 

peaks clustered within a 3 cM narrow region which is 20ql2 (Figure 2-2D). PCA 

supported this finding (Table 2-4). In addition, compared with the 1st WGS (55), 

maximum LOD scores across 20pl2-ql2 doubled for BR (from 1.94 to 3.53) and 

CT (from 2.09 to 4.28), plus increased maximum LOD for CSA (from 2.33 to 2.60). 

Such phenomenon served as a good example showing the importance of large 

sample sizes to linkage studies in terms of more precisely localizing the QTL- 

containing regions and greatly increasing the linkage signals (95), which are
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unfeasible without sufficient recombination events. Sex-stratified analyses 

further demonstrated that the effect of 20ql2 on FNCS geometry was present in 

both genders although with weaker linkage signals due to the reduced sample 

size (Figure 2-5). It also should be noted that my FNCS geometry QTL identified 

at 20ql2 coincides with previous findings of Mitchell et al. for serum osteocalcin 

concentrations (OC), which is a widely used biochemical marker of bone 

turnover and may predominantly reflect skeletal development or turnover 

events associated with bone geometry for all ages (167).

There are several potential candidate genes for hone geometry which localize 

within or very closely with the region of peak linkage -  20ql2. The first is 

CDMP1 that encodes cartilage-derived morphogenetic protein 1, mediating the 

induction of bone and cartilage formation (168,169). Deleterious Mutations in 

CDMP1 can cause skeletal abnormalities (170,171). The second is MMP-9 (Matrix 

Metalloproteinase 9) involved in bone modeling, which has been associated with 

BMD variation in Japanese (172). Another candidate gene, NCOA3 (Nuclear 

Receptor Coactivator 3), as a nuclear receptor coactivator interacting with 

osteoporosis-related nuclear hormone receptors (e.g. thyroid hormone and 

vitamin D receptors) (173), was recently associated with lumbar spine BMD (174).

The importance of 20ql2 to FNCS geometry was also embodied in that it 

interacted with other genomic loci to significantly improve their linkage
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evidence for CSA (Figure 2-3). Interestingly, previous studies have reported 

linkage in those interacting regions with bone geometry and BMD phenotypes, 

such as 2q33-37 with QUS (quantitative ultrasound) parameters (175), 3q with 

proximal femur structure (56), 7pl5 with femoral BMD (176), and 12q24 with 

femoral neck BMD (177). It should be noted that most of those linkages were 

detected at femoral sites, which closely related to my findings.

The candidate genes contained in the above interacting regions include: 

parathyroid hormone receptor 2 (PTHR2), Insulin-like Growth Factor Binding 

Protein 2 (IGFBP2), and Indian Hedgehog Homolog (IHH) in 2q33; Type IV 

Collagen Alpha 3 Chain (COL4A3), and Type VI Collagen Alpha 3 (COT6A3) in 

2q37; Alpha-2-HS-Glycoprotein (AHSG) in 3q27; Neuropeptide Y (NPY) and 

Homeobox (HOX) genes in 7pl5; Insulin-like Growth Factor 1 (IGF-I) and Matrix 

Metalloproteinase 17 (MMP17) in 12q24. Of these, IGF-I was recently associated 

with the FNCS geometric variables studied here and fragile fracture in 

Caucasians (42), as well as with femoral BMD (178) and bone area (179). Other 

genes, such as AHSG and NPY, were also associated with FN BMD previously 

(180,181). However, the primary genetic factors underlying CSA variation 

concerning those regions should be gene-gene interaction effects as suggested by 

the significantly elevated peak TOD scores conditioned on 20ql2. Although the 

exact epistatic interaction mechanisms remain unknown at present, the 

identification of such interactions here may be crucial to understanding the
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contributions of genes, which, by themselves, have relatively small effects on 

CSA variation.

I also repeatedly found the significance of the X chromosome to CT. Our 

WGS for BMD variation (182) revealed the linkage of hip BMD to Xq27 that is 

less than 10 cM away from Xq25, which may partially supported the significant 

linkage of CT to Xq25. In addition, I detected the suggestive linkage of CSA to 

Xq25 this time. I found support in Klein et al's study, which linked femoral 

midshaft CSA to the mouse X chromosome that was syntenic to the human X 

chromosome (57). The significance of Xq25 to CSA and CT was also 

substantiated by PCA (Table 2-4). However, few clear candidates reside within 

the identified X-specific loci.

I did not find the linkage evidence for 8q24 and 10q26, two regions showing 

suggestive linkage for CSA and BR, respectively, in the 1st WGS. This is not 

unexpected considering the between-study differences in major confounding 

factors such as genetic heterogeneity, marker allele frequency, genotyping error 

rate and statistical power (95,182). On the other hand, three regions, lpl2, 12pl3 

and 16q24 were detected for the first time to be linked with CSA, CT and Z, 

respectively, with the former two had peak LOD scores greater than 1 in the 1st 

WGS (55) (Table 2-3). Again, PCA supported my findings concerning those 

regions by showing similar linkage patterns, though with smaller LOD scores
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(Table 2-4). On 12pl3, there are two putative candidate genes, namely 

Peroxisome Receptor 1 (PXR1) and Matrix Gla Protein (MGP), with MGP having 

been associated with BMD by an early study (183). 16q24, syntenic to mouse 

chromosome 8, was reported to be linked with femoral biomechanics, structure 

and density (28). Moreover, 16q24 is right next to 16q23 that had been linked to 

femoral neck BMD (119).

It is worth mentioning that the data from linkage studies in inbred mice or 

rats for bone strength and structure are consistent with some of my data. The 

QTL regions for FNCS geometry detected in this study, such as lp, 3p, 12q, 13q 

and 16q, are homologous to the corresponding QTL regions in mouse (57-59) 

(Chr 4, 6, 10, 14, 8, respectively) or rat (61) (Chr 5, 4, 7, 15, 19, respectively) for 

certain femur strength and structure phenotypes. These suggest that genetic 

determinants for bone biomechanics and geometry derived from mouse or rat 

studies can be extrapolated to humans with caution.

Several potential sex-specific QTL for certain geometric variables were 

identified, such as 7q21 in males, and 2pl4, 3q26 and 15q21 in females (Table 2-5, 

Figure 2-4). At these genomic regions, the linkage signals detected in the entire 

sample and the sex-specific subgroups exhibited similar patterns, but the former 

is much lower than the latter. This could be due to the increased sample 

homogeneity after removing the influence of mixed genders. Conversely, these
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results might also be treated with caution because of the inflated false-positive 

and/or false-negative rates due to increased multiple comparisons and 

insufficient power in individual subgroups. The putative male-specific QTL-7q21 

contained the calcitonin receptor gene - CTR, which was recently associated with 

various bone phenotypes including hip BMD and fracture in Caucasian men 

(184). Of the female-specific QTLs, 3q26 was previously linked with femoral 

structure (25,56); 15q21 harbors the aromatase gene - CYP19 that were associated 

with hip BMD, fracture and a number of estrogen related bone phenotypes in 

Caucasian women (185). These studies corroborated my sex-specific findings.

The exceedingly large sample size and the presence of complex pedigrees that 

make up the majority of our sample led to the huge number of informative 

relative pairs (> 150,000) in the present study. Thus this work possessed much 

higher statistical power than most of other linkage studies of complex traits, 

ensuring the robustness of my linkage results (95). Furthermore, to correct for 

multiple analyses caused by four correlated phenotypes tested, 1 employed the 

method of Camp and Farnham (155) to get the corrected genome-wide P values 

that were consistent with the original paradigm used for determining 

significance thresholds for the single scan (101). Thresholds calculated this way 

had been proved to be conservative compared to those empirically determined 

by simulation (155). Multiple testing is also a major problem in the epistasis 

analyses. To control for untoward effects of multiple comparisons, I only
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examined the possible interactions between the regions showing maximum LOD 

scores with regions having peak LODs > 1.0. The corrected significant levels 

were obtained via the conservative Bonferroni method.

Several issues need to be addressed for this study. The first is concerning the 

limitations of the present study, which has been well discussed before (55) and 

will not be repeated here. Second, the present study should not be regarded as a 

"replication study" of our previous one (55) according to Lander's guidelines 

(101). To preserve power to detect robust significant linkage, I analyzed the 

entire sample combining both formerly and newly recruited subjects and 

compared the results between two studies without claiming "replication" or 

"confirmation". Third, 1 did not estimate the locus-specific variance using 

SOLAR because the implemented variance-components method was well known 

to result in a large upward bias in such estimation (186,187). Fourth, though PCA 

supported my findings concerning FNCS geometry traits by showing similar 

linkage patterns, compared with the single-trait analyses, the peak LOD scores 

decreased below the respective linkage thresholds except for 20ql2 in PCA. 

However, this is normal because PCA is only effective to detect common genetic 

component underlying correlated traits (153). The inclusion of Z that shared no 

common linkage regions with the other three traits in PCA reduced the linkage 

signal to certain extent. On the other hand, the PCA data supported the 

clustering of maximum peak LOD scores for BR, CSA and CT on 20ql2, which
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was clearly observed in single-trait analyses. Finally, at the loci with highest LOD 

scores for FNCS geometry traits, families with more than 50 members comprised 

-35% of the entire sample and contributed -42% of the linkage signal, showing 

that large families account for only part of the linkage evidence.

Our effort resulted in the discovery of 20ql2 and Xq25 that are of particular 

importance to the variation of FNCS geometry due to their high LOD scores 

exceeding the 'significance' threshold corrected for multiple analyses. 20ql2 is 

also likely to be a pleiotropic locus linked to multiple FNCS geometric traits. 

These two loci can serve as a starting point for further replication or fine- 

mapping study. Further, I detected significant epistatic interaction effects 

between 20ql2 and several promising genomic regions influencing CSA 

variation. Sex-specific QTL underlying FNCS geometry were identified as well. 

The knowledge obtained will turn out to be crucial to the identification of genetic 

polymorphisms associated with hip bone geometry and fractures, for which 

molecular biological studies are needed to eventually unravel the corresponding 

specific mechanisms. Those polymorphisms can also be used as genetic markers 

for femoral neck fragility as well as life-long indicators of hip fracture risk, with 

the aim of improving the diagnosis and treatment of osteoporotic fractures in 

humans.
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CHAPTER 3

A ROBUST AND COMPREHENSIVE ASSOCIATION 

ANALYSIS OF TWENTY OSTEOPOROSIS CANDIDATE 

GENES IDENTIFIED SIGNIFICANT ASSOCIATION 

AND GENE-GENE INTERACTION
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IN TR O D U C TIO N

Osteoporosis is characterized by low bone mass and deteriorated bone 

microarchitecture leading to the increase in bone brittleness and susceptibility to 

fractures. Its etiology is complex and involves a wide spectrum of endogenous 

(genetic and hormonal) and environmental factors. In osteoporosis genetics, 

BMD is the predominant study phenotype because it has a high heritability of 

-70% (94,188) and that low BMD can serve as a good surrogate for osteoporosis 

and low/no-trauma fractures (143). Linkage evidence for BMD loci has been 

detected across every human chromosome. Yet no consensus stable BMD-linkage 

regions have been established (95). In addition, more than 50 candidate genes 

have been associated with various bone phenotypes - mainly BMD (122). 

However, similar to linkage studies, no conclusive consensus associations have 

been found until now, nor have any causal variants been identified definitely 

(122).

Factors that may significantly contribute to the inconsistencies in osteoporosis 

genetic studies include but are not limited to: inadequate statistical power 

mainly due to small sample size, population stratification, genetic heterogeneity, 

experimental errors, and limited coverage of candidate genes or genomic regions 

(95). In addition, ignoring gene-gene interaction (i.e., epistasis) also can 

contribute to the failure of replicating single-locus findings, especially when 

epistatic interactions are an important part of the underlying genetic architecture
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(189,190). To minimize the above problems, 1 performed a large-scale family- 

based association study, in which 1873 Caucasians from 405 nuclear families 

(Table 3-1) were genotyped and analyzed with a high-density set of SNPs (single 

nucleotide polymorphisms) across 20 osteoporosis candidate genes. I studied 

human osteoporosis, at three clinically important skeletal sites -  spine, hip and 

ultradistal radius (UD), either as a quantitative trait - BMD variation, or as a 

qualitative trait -osteoporosis. I focused mainly on the novel osteoporosis 

candidate genes suggested recently. I exploited the advanced and more- 

affordable multiplex SNP genotyping technology (Illumina BeadArray system), 

and the greatly enriched public SNP information to achieve a more complete 

coverage of the genetic variation of the selected candidate genes so as to increase 

the relative power to detect associations. Gene-gene interactions were 

investigated as well using multianalytic approaches for model selection and 

validation, with the aim of distinguishing true epistatic interactions from joint 

effects or chance findings. Our strategy yielded a number of interesting findings 

in the osteoporosis genetics field.

MATERIALS AND METHODS

Subjects

The study was approved by the Creighton University Institutional Review 

Board. Signed informed-consent documents were obtained from all study 

participants before they entered the study. People with chronic diseases and
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conditions that might potentially affect bone mass, structure, or metabolism were 

excluded. These diseases/conditions included chronic disorders involving vital 

organs (heart, lung, liver, kidney, brain), serious metabolic diseases (diabetes, 

hypo- and hyper-parathyroidism, hyperthyroidism, etc.), other skeletal diseases 

(Paget disease, osteogenesis imperfecta, rheumatoid arthritis, etc.), chronic use of 

drugs affecting bone metabolism (hormone replacement therapy, corticosteroid 

therapy, anti-convulsant drugs), and malnutrition conditions (such as chronic 

diarrhea, chronic ulcerative colitis, etc.), and so forth.

All of the 1873 participants from 405 nuclear families were US Caucasians of 

European origin and recruited for BMD (bone mineral density) study by 

advertising. The general related characteristics of them were listed in Table 3-1. 

Briefly, our sample includes 740 parents (age range: 40.7-87.9), 389 male children 

(age range: 19.1-61.9), and 744 female children (age range: 19.0-66.9). The nuclear 

families varied in size from 3 to 12, with an average of 4.62 (± 1.78, SD) 

individuals. A large number of families (N = 341) were composed of both parents 

and at least one offspring. The remaining 64 families, with one or no parent, 

contained two or more children. There were 27.2%, 22.7%, 22.7% and 27.4% of 

nuclear families with 1, 2, 3 and more than 3 children, respectively, yielding 1512 

sib pairs and 2266 parent-offspring pairs in total. The sample used in this 

association study is part of the linkage study sample in Chapter 2.
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BMD values at spine, hip and UD were measured using a Hologic QDR 2000+ 

or 4500 DXA (Hologic Inc., Bedford, MA, USA). Both machines were calibrated 

daily. The coefficient of variation (CV) values of the DXA measurements for 

BMD were 1.87% on Hologic 2000+ and 1.98% on Hologic 4500, respectively. The 

qualitative osteoporosis phenotype (denoted as "OP") was defined by low BMD 

(191) - namely BMD Z scores (adjusted by significant covariates including age, 

sex, height and weight) within the lowest 10% of the population distribution. I 

also defined OP following the WHO criterion of BMD T score less than -2.5 (191) 

in order to cross-validate the association results with those obtained from Z 

scores.

Table 3-1. Basic characteristics of the study subjects from the 405 nuclear families

Trait Sons  
( n = 359)

D a u g h te rs  
(n = 697)

F ath ers  
(n = 308)

M o th e rs  
(n = 324)

Age (years)' 35.7 (10.7) 37.6(10.3) 63.0 (10.7) 62.5 (10.5)
Height (cm)* 179.7 (6.9) 165.3 (6.1) 176.5 (6.7) 161.9 (6.3)
Weight (kg)’ 86.8 (15.0) 70.1 (6.0) 90.2 (15.2) 73.7 (15.4)
Spine BMD (g/cm2)* 1.07 (0.13) 1.05 (0.13) 1.07 (0.18) 0.99 (0.18)
Hip BMD (g/cm2)* 1.08 (0.14) 0.96 (0.13) 1.02 (0.15) 0.89 (0.16)
UD BMD (g/cm2)* 0.53 (0.07) 0.44 (0.06) 0.50 (0.08) 0.41 (0.08)
Menopause+ — 5.9 (41) — 41.4 (133)

Phenotypes are missing for 30 sons, 47 daughters, 52 fathers, and 56 mothers.

Data are unadjusted means (SD).

+ Data are the percentages of postmenopausal women (number of such women).

Gene and SNP Selection
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I determined my list of osteoporosis candidate genes for study on the basis of 

the following criteria: 1) evidence of significant linkage and/or association from 

recent studies of osteoporosis, 2) biological significance, namely the chosen genes 

are involved in osteoblast or osteoclast proliferation, differentiation and 

activation; in bone-related hormone (e.g. calcitonin, estrogen, steroid, vitamin D) 

metabolism or calcium homeostasis in vivo; or in bone matrix formation or 

degradation in vivo, and 3) evidence of importance to bone suggested by the 

functional genomics or molecular genetic studies. The candidate genes studied 

could be roughly grouped into five groups according to their roles in bone 

biology: 1) constituting or regulating RANKL/RANK/OPG signaling pathway, 

including OPG (osteoprotegerin), RANK (receptor activator of NF-Kappa-B), 

RANKL (receptor activator of NF-Kappa-B ligand), TNF (tumor necrosis factor 

a), and TNFR2 (tumor necrosis factor receptor 2); 2) involved in estrogen 

metabolism and function, including CYP17 (17-alpha-hydroxylase), CYP19 

(aromatase), and ESR2 (estrogen receptor-p); 3) regulating calcium homeostasis - 

namely DBP (vitamin D-binding protein), mediating the inhibitive effect of 

calcitonin on bone resorption - namely CTR (calcitonin receptor), or promoting 

bone formation - including BMP2 (bone morphogenetic protein 2), 1GF1 (insulin- 

like growth factor I), LRP5 (low density lipoprotein receptor-related protein 5), 

and TGFB1 (transforming growth factor, beta-1); 4) implicated in a novel 

pathophysiological mechanism for osteoporosis by our functional genomics 

research (192), including CCR3 (chemokine receptor 3), GCR (glucocorticoid
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receptor), and HDC (histidine decarboxylase); 5) decreasing the structural 

integrity of bone -  MTHFR (methylene tetrahydrofolate reductase), or negatively 

regulating bone mass - including ALOX12 (arachidonate 12-Oxidoreductase) and 

SOST (sclerostin). These genes were located across 17 chromosomes in humans 

(Table 3-2).
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Table 3-2. Characteristics of 20 candidate genes and SNP and haplotype results for spine, hip and UD BMD

Gene
Symbol

Region Length
(kb)

Exons
SNPs

Intended
SNPs
Used

SNPs/kb
Median

I D'l

Median
r2

LD
Blocks

Block
Coveraqe3

Highly
Suqqestiveb

Suggestive15

MTHFR 1 p36.3 21 12 11 5 4.7 0.99 0.05 2 1.33

TNFR2
1 p36.3- 
p36.2

42 10 16 12 4.6 0.48 0.02 7 1.42 UD OP
Spine BMD,

OP at Spine & Hip

CCR3 3p21.3 144 4 18 16 2.6 1.00 0.10 2 0.31

DBP 4q12-q13 64 13 15 12 4.0 0.95 0.06 3 0.81 Spine BMD BMD at Hip & UD

GCR 5q31.3 158 10 49 29 4.7 1.00 0.16 5 0.89

TNF 6p21.3 3 4 10 7 2.4 1.00 0.07 3 6.30

CTR 7q21.3 150 13 36 27 5.6 0.53 0.09 7 1.05
BMD at Hip & UD, 

Spine OP

OPG 8q24 29 5 11 9 3.9 0.94 0.20 2 1.35

CYP17 10q24.3 7 8 7 7 3.0 1.00 0.64 1 3.38
BMD at Spine 

& Hip
UD BMD, 

UD OP

LRP5 11 q 13.4 137 23 41 26 5.3 0.64 0.18 7 1.04
Spine BMD, 

Spine OP
Hip BMD,

OP at Hip & UD

IGF1
12q22-
q23

85 4 27 19 5.1 0.98 0.16 4 1.20

RANKL 13q 14 45 5 13 10 3.9 0.98 0.17 2 0.94 Hip BMD Spine BMD

ESR2 14q23.2 254 9 22 17 4.3 0.98 0.47 2 0.30

CYP19 15q21.1 130 10 33 28 4.6 0.83 0.03 6 1.02
OP at Hip & 

UD

BMD at Spine & 
UD,

Spine OP 

UD BMD,
15q21 - 
q22

HDC 24 12 23 11 3.6 0.68 0.12 5 1.79 OP at Spine, Hip 
& UD

ALOX12 17p13.1 15 14 9 7 1.9 1.00 0.06 1 1.00 BMD at Hip & UD

SOST
17q12-
q2f

5 2 7 4 4.1 0.94 0.48 1 4.13
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RANK 18q22.1 66 10 18 18 3.5 0.48 0.06 7 0.99
UD BMD, 

OP at Spine, 
Hip & UD

TGFB1 19q13.2 52 7 9 6 5.0 1.00 0.03 2 0.67

BMP2 20p12.3 13 3 9 7 3.6 0.53 0.07 4 2.24
UD BMD, UD 

OP
BMD at Spine & 

Hip, Hip OP

Total or 
Average

1,444 8.95 384 277 4.0 0.85 0.16 3.65 1.61

a Fraction of gene length covered by block defined by genotyped SNPs. Genes entirely within a larger block have block coverage > 1. 

b Genes were defined as highly suggestive or suggestive significant if any SNP or haplotype showed P< 0.01 or 0.01 < P< 0.05, respectively.
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I selected SNPs mainly according to the public information available in 

dbSNP [genome build 34] (http://www.ncbi.nlm.nih.gov/Omim/). An initial 

list of 384 SNPs in and around the candidate genes was determined on the basis 

of the following criteria: (1) validation status, especially in Caucasians, (2) an 

average density of 1 SNP per 3 kb, (3) degree of heterozygosity, i.e., minor allele 

frequencies (MAF) > 0.05, (4) functional relevance and importance, (5) reported 

to dbSNP by various sources of confirmation. Furthermore, Illumina (San Diego, 

CA, USA) helped us revise the list by screening all of the SNPs via a proprietary 

algorithm that predicts performance on the Illumina platform. My final pre

experiment set of 384 SNPs contained 15 coding SNPs - 10 synonymous and 5 

nonsynonymous changes.

Genotyping

Genomic DNA was extracted from whole blood using a commercial isolation 

kit (Gentra Systems, Minneapolis, MN, USA) following the procedure detailed in 

the kit. DNA concentration was assessed by a DU530 UV/VIS 

Spectrophotometer (Beckman Coulter, Inc, Fullerton, CA, USA). We contracted 

the genotyping work to Illumina, which conducted highthroughput genotying 

using their Integrated BeadArray System. We organized all of the 1932 DNA 

samples (including duplicates; each delivered for 4 jug with final concentration of 

100 ng/pl) into 21 96-well barcoded DNA microtiter plates. Finally we received 

620,308 genotypes from Illumina, each with a quality metric "GC_Score"
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indicating reliability of genotypes called. The allele frequencies for each SNP 

were estimated in all the subjects of the nuclear families via a maximum 

likelihood method implemented in the program SOLAR 

(http://www.sfbr.org/sfbr/public/software/solar). Hardy-Weinberg

equilibrium was tested using the PEDSTATS procedure embedded in Merlin 

(http:// www.sph.umich.edu/csg/abecasis/Merlin/).

According to Illumina, the overall sample success rate, locus success rate and 

genotype call rate were 98.24% (1898/1932), 85.16% (327/384) and 99.95% 

(620,308/620,646), respectively. The reproducibility rate as revealed through 

blind duplicating was 100%. Of the 327 successfully genotyped SNPs, 50 were 

discarded (12 were monomorphic, 10 significantly departed from HWE at the P < 

0.01 level among parents, and 28 had MAF < 5%). The GC_Scores across all SNP 

genotypes ranged from 0.53 to 0.97, with a mean (±SD) of 0.86+0.08. Thus, I 

incorporated a total of 277 (84.7%) of the original 327 Illumina-produced SNPs 

into the final analyses. The detailed information of all the 277 SNPs was given in 

Table A1 (available online at http://orclinux.creighton.edu/donghai.htm).

PedCheck (146) was used to check Mendelian consistency of SNP genotype 

data and any inconsistent genotypes were removed. Then the error checking 

option embedded in Merlin (147) was run to identify and disregard the 

genotypes flanking excessive recombinants, thus further reducing genotyping
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errors. Less than 0.02% of the overall 525,483 genotypes analyzed (<105) were 

omitted due to the violation of any of the above two rules.

Statistical Analysis

Population haplotypes and their frequencies were inferred for each of the 

twenty genes using PHASE v2.1.1

(http: / / www.stat.washington.edu/stephens/software.html) software among 

the group of 703 unrelated parents. Softwares inferring haplotypes in pedigrees 

(mainly GENEHUNTER 2.0 or SIMWALK2) were not used since they assume 

linkage equilibrium among markers, while our selected SNPs were distributed 

over short distances (within or around each gene) and could be tightly linked. 

Based on the inferred haplotype data, I used HaploBlockFinder 

(http:/ / cgi.uc.edu/cgi-bin/kzhang/haploBlockFinder.cgi) to identify block 

structures and select haplotype-tagging SNPs (htSNPs) of each candidate gene 

(193). To generate graphical representation of LD (linkage disequilibrium) 

structure as measured by | D' |, I adopted the program Haploview (194) 

(http:/ /www.broad.mit.edu/mpg/haploview/index.php), which yielded

similar haplotype block structures when compared with HaploBlockFinder.

1 conducted family-based association test (FBAT) (195,196) 

(http://biosunl.harvard.edu/~fbat/fbat.htm) for the quantitative trait -  BMD 

residuals adjusted by significant covariates including age, sex, height and
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weight, as well as for the qualitative OP phenotypes defined by the criteria of Z 

or T scores. The dichotomous OP phenotypes defined by the above two methods 

have already been used in a recent genetic association study of osteoporosis 

(191). The reason of studying OP is that genes controlling low BMD in families 

that are significant enough to cause osteoporotic fracture may have no effect on 

normal BMD variation (119) and therefore will be missed if only BMD is studied. 

Simultaneously testing associations with both BMD and OP will thus deepen our 

understanding of the bone effects of the studied genes. The haplotype version of 

FBAT (HBAT) (197) was performed to obtain empirical global P values for single- 

SNP and haplotype markers (with adjustment for all possible alleles or 

haplotypes) by means of the Monte-Carlo permutation procedures implemented 

in HBAT (10,000 permutations were conducted). Haplotype analyses were 

conducted in two ways: (1) using sliding windows defined by four-SNPs 

consecutively across each gene and (2) using haplotypes constructed by htSNPs 

that are selected via HaploBlockFinder. Adopting both approaches may better 

exploit the information contained in haplotypes (198). In addition, I conducted 

the global association test between marker genotypes at each SNP locus with the 

studied phenotypes using the -g flag in FBAT.

It is difficult to correct the complex multiple testing issues in this study 

because of the biological interdependence of the selected candidate genes and the 

various correlations (LD) over all the SNPs. Therefore I chose to rank the results
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for each phenotype separately by empirical global P values following a recent 

study of the same nature (199). The genes with any marker (SNP or haplotype) 

having empirical global P values in the range of (0.01, 0.05] or < 0.01 were 

defined as "suggestive" or "highly suggestive", respectively for the 

corresponding phenotypes.

I used the multifactor-dimensionality reduction (MDR) 

(http: / /www.epistasis.org) method to test for potential high-order gene-gene 

interactions (200-203) influencing OP risk and thereby to provide specific 

interaction models for further confirmation. Detailed algorithms and 

explanations of MDR can be found elsewhere (189,190,202). Briefly, MDR first 

pooled multilocus genotypes with high dimensions into only one dimension; 

then it combined 'cross-validation' and 'permutation-testing' procedures to 

minimize false-positive results and evaluate the model fitness by multiple 

examination of the data (200). Cross-validation (CV) consistency and prediction 

error were calculated for each combination of a pool of genetic polymorphisms. 

The final best model was selected as the one having the maximal CV consistency 

and minimal prediction error. If the two criteria could not be met 

simultaneously, the model meeting any one of the criteria and involving the 

fewest loci/factors was chosen as the best. The statistical significance was 

assessed by comparing the average prediction error from the observed data with 

the distribution of average prediction errors under the null hypothesis of no
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associations derived empirically from 1000 permutations. The null hypothesis 

was rejected when the permutation-derived Monte Carlo P value was < .05.

In the present study, to generate a balanced case-control sample used in 

MDR, I selected 143 cases and 143 controls from the 286 nuclear families that are 

part of the original 405 families. Therefore, all of the 286 subjects were 

independent in terms of relationship. 'Cases' were the subjects having OP at any 

one of the three studied skeletal sites (spine, hip and UD). Here 'cases' were 

defined based on all the skeletal sites instead of separately at each site as in 

FBAT. Such an approach had the advantage of increasing the number of 'cases' 

to improve the power of MDR while also being feasible in osteoporosis research 

(204). 'Controls' were the subjects having no OP at any of the skeletal sites 

examined.

I applied 137 htSNPs that comprehensively represented the 20 genes (see 

"Descriptive Analyses") into the MDR analyses. Because true effects can be 

overwhelmed when many markers are analyzed (205), I adopted the staged 

approach to study the extremely large amount of combinations among the 137 

loci. First I tested interactions using MDR within each of the five gene groups 

(described in "Gene and SNP Selection") separately; then the markers of the best 

model from each group were selected to build the final cross-group model. The 

much reduced number of markers for the final MDR analysis guarantees
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reasonable power to detect potential gene-gene interaction effects (205). I did not 

test for the interactions involving >4 loci given the relatively small size of my 

case-control sample (205).

To exclude the possibility that the significant final best models for each 

group identified by MDR represent only the gene-gene joint effects driven by the 

main effects from the component loci instead of the epistatic interactions, 

conditional logistic regression was performed using SPSS (version 13.0 for 

windows). For doing that, the genotypes of the markers of interest (i.e., markers 

in the final MDR model) were first recoded as high- (casexontrol ratio >1) or 

low-risk (casexontrol ratio <1) genotypes (205). Then all the recoded markers 

and their interaction terms were forced into the conditional logistic models for 

significance test. If an interaction term is not significant (P value > 0.05) by 

logistic regression, then the corresponding significant MDR interaction model 

could be simply caused by the additive main effects from the component loci 

(205).

RESULTS

Descriptive Analyses

Table 3-2 summarizes the characteristics of the 20 candidate genes. These 

genes range in size from 3 kb to 254 kb, the range of the number of SNPs per
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gene was 4-29, with an average of 14 SNPs per gene and an average density of 1 

SNP per 4.0 kb. I summarized the information for all of the 277 analyzed SNPs 

such as their names, cytogenetic position, locations on dbSNP build 34, and MAF 

into the Table A1 (available online at

http://orclinux.creighton.edu/donghai.htm). The average heterozygosity across 

all the 277 SNPs was 0.37 and their MAF were approximately uniformly 

distributed (see Figure Al, available online at

http://orclinux.creighton.edu/donghai.htm), showing that my selected SNPs 

were informative.

I identified 137 htSNPs representing 73 blocks across the 20 genes in total. 

SNPs that could not be classified into any LD block containing other SNPs were 

considered as a separate block of size 1 (there were 20 such "orphan" SNPs in my 

data set). The average length of the 53 blocks composed of > 1 SNPs was 18.1 kb, 

ranging from 2.5 kb to 106.4 kb. The average number of blocks per gene was 3.7 

and the range was 1-7 blocks per gene. I plotted graphs of pairwise LD values 

and haplotype block delineations for each gene in Figure A2 (available online at 

http://orclinux.creighton.edu/donghai.htm).

A ssociation Analyses

Figures 1, 2 and 3 illustrated the empirical global P values for single-SNP and 

haplotype sliding window (defined by four-SNPs consecutively across each
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gene) analyses for all of the 277 SNPs for BMD variation at the three studied 

skeletal sites respectively. For spine BMD, the highly suggestive genes were DBP 

and LRP5 while the suggestive genes were TNFR2, BMP2, CYP19 and RANKL 

(Table 3-2 and Figure 3-1). For hip BMD, RANKL was highly suggestive while 

BMP2, LRP5, CTR and DBP were suggestive (Table 3-2 and Figure 3-2). For UD 

BMD, the highly suggestive genes were BMP2 and RANK, while the suggestive 

genes were DBP, CYP19, HDC, ALOX12, CYP17 and CTR (Table 3-2 and Figure 

3-3). Detailed illustrations of BMD associations with each of the above genes 

were presented in Figure 3-4. Among the significant genes for BMD variations, 

association results of haplotype blocks defined by the LD structures were similar 

to those yielded by analyses of single SNPs and haplotype sliding windows 

(Figure 3-4). Within each highly suggestive BMD gene, multiple markers showed 

empirical global P values < .05, with the most significant markers giving P values 

< .01. Specifically, in the DBP gene, 5 out of 12 SNPs, 5 out of 12 haplotype 

windows and 2 out of 3 blocks had empirical global P values < .05 for spine 

BMD, with the most significant P = .003; in the LRP5 gene, 7 out of 26 SNPs, 6 out 

of 23 haplotype windows and 2 out of 7 blocks exhibited empirical global P 

values < .05 for spine BMD, with the most significant P = .005. In RANKL, 4 out 

of 10 SNPs, all of the 7 haplotype windows and 2 blocks had empirical global P 

values < .05 for hip BMD, with the most significant P = .001. In BMP2, 3 out of 7 

SNPs, 3 out of 4 haplotype windows and 1 out of 4 blocks had empirical global P 

values < .05 for UD BMD, with the most significant P = .0005. In RANK, 1 out of
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18 SNPs and 3 out of 15 haplotype windows showed empirical global P values < 

.05 for UD BMD, with the most significant P = .009 (Figure 3-4).
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FIGURES LEGENDS

Figure 3-1. Association results for spine BMD using single SNP markers and haplotype windows. Empirical global P values from 

HBAT analyses are calculated after 10,000 permutations. Triangles: SNP results. Bold lines: 4-SNP haplotype sliding window results. 

Any suggestive significant results (P < .05) were marked with associated genes.

Figure 3-2. Association results for hip BMD using single SNP markers and haplotype windows. Empirical global P values from 

HBAT analyses are calculated after 10,000 permutations. Triangles: SNP results. Bold lines: 4-SNP haplotype sliding window results. 

Any suggestive significant results (P < .05) were marked with associated genes.

Figure 3-3. Association results for UD BMD using single SNP markers and haplotype windows. Empirical global P values from 

HBAT analyses are calculated after 10,000 permutations. Triangles: SNP results. Bold lines: 4-SNP haplotype sliding window results. 

Any suggestive significant results (P < .05) were marked with associated genes.

Figure 3-4. Gene-specific results for BMD variation. Empirical global P values are plotted. For spine BMD, SNP: diamond; haplotype 

window: dotted line; haplotype: dotted line with arrow. For hip BMD, SNP: triangle; haplotype window: solid line; haplotype: solid 

line with arrow. For UD BMD, SNP: circle; haplotype window: long-dashed line; haplotype: long-dashed line with arrow. Only 

haplotypes with suggestive evidence (-log P > 1.3, i.e. P < 0.05) or haplotypes showing best signals (if no significant haplotypes exist) 

were plotted. X axes were in the unit of Mb, vertical bars represent exons.
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Figure 3-2. A s s o c ia tio n  re su lts  fo r  h ip  B M D  us ing  s in g le  S N P  m a rke rs  and  h a p lo typ e  w in d o w s . E m p irica l g loba l P  v a lu e s  fro m  H B A T
a n a ly s e s  a re  c a lc u la te d  a fte r 10 ,000  p e rm u ta tio n s . T ria n g le s : S N P  resu lts . B o ld  lines: 4 -S N P  h a p lo typ e  s lid in g  w in d o w  re su lts . A n y
s u g g e s tiv e  s ig n ific a n t re su lts  (P  < .05) w e re  m a rke d  w ith  a s s o c ia te d  g e n e s .
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Figure 3-3. A s s o c ia tio n  re su lts  fo r  U D  B M D  us ing  s in g le  S N P  m a rke rs  and  h a p lo typ e  w in d o w s. E m p irica l g lo b a l P  va lu e s  fro m  H B A T

a n a ly s e s  a re  c a lc u la te d  a fte r 10 ,000  p e rm u ta tio n s . T ria n g le s : S N P  resu lts . Bold lines: 4 -S N P  h a p lo typ e  s lid in g  w in d o w  resu lts . A n y
s u g g e s tiv e  s ig n ific a n t re su lts  (P  < .05) w e re  m a rke d  w ith  a s s o c ia te d  g enes .
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Figure 3-4. Gene-specific results for BMD variation. For spine BMD, SNP: diamond; 
haplotype window: dotted line; haplotype: dotted line with arrow. For hip BMD, SNP: 
triangle; haplotype window: solid line; haplotype: solid line with arrow. For UD BMD, 
SNP: circle; haplotype window: long-dashed line; haplotype: long-dashed line with 
arrow. Only haplotypes with suggestive evidence (-log P > 1.3) or haplotypes showing 
best signals (if no significant haplotypes exist) were plotted. X axes were in the unit of 
Mb, vertical bars represent exons.

AL0X12 BMP2
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Figure 3-4. Continued.



Family-based association testes for the qualitative osteoporosis phenotype 

(OP) detected 8 significant genes (Table 3-3), which were among the list of 11 

significant genes for BMD phenotypes. The association results for OP defined by 

either Z score or T score were the same. Briefly, for spine OP, LRP5 and RANK 

were highly suggestive while CTR, CYP19, HDC and TNFR2 were suggestive; 

for hip OP, CYP19 and RANK were highly suggestive while BMP2, HDC, TRP5 

and TNFR2 were suggestive; for UD OP, BMP2, CYP19, RANK and TNFR2 were 

highly suggestive while CYP17, HDC and LRP5 were suggestive.

Overlapping genes significant for both BMD and OP were also found at each 

skeletal site. In summary, at spine, LRP5 was highly suggestive while CYP19 and 

TNFR2 were suggestive for BMD and OP; at hip, BMP2 and TRP5 met the 

'suggestive' criterion for both traits; at UD, BMP2 and RANK were highly 

suggestive while CYP17, CYP19 and HDC were suggestive for both traits (Table 

3-2; CYP19 was highly suggestive for UD OP). Within the same genes the SNPs 

that were associated with BMD were usually different from those associated with 

OP, with the exception of TRP5 (SNP1 and 2 were suggestive for both BMD and 

OP at hip) and HDC (SNP10 and 11 were suggestive for both BMD and OP at 

UD). However, when considering three kinds of markers together (SNPs, 

haplotype windows and blocks), at each skeletal site the BMD-associated and 

OP-associated regions overlap for most of the BMD- and OP- double significant 

genes (Table 3-3, Figure 3-4).
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Table 3-3 Association to OP (osteoporosis) as a qualitative trait at spine, hip and ultradistal in HBAT analyses, only those 

genes having markers suggestively significant for OP (10,000-permutation derived empirical global P values < .05) in at 

least one skeletal site were listed.

M ark er ID C om p on en t
SN P (s)a

Em pirical global P valu eb M arker ID C om p on en t
SN P (s)a

E m pirical global P  valu eb

Spine O P H ip O P U D  O P Spine O P H ip O P U D  O P

B M P2_SN P7 rs235753 0.130 0 .0 5 0 0 .0 0 5 LR P5_SW 4 L R P 5_4-7 0 .0 1 8 0 .092 0 .096
LR P5_SW 5 L R P5_5-8 0 .0 1 5 0 .056 0 .0 5 0

C TR_SN P1 rs2374634 0 .0 5 0 0.183 0.086 LR P5_SW 6 LR P5_6-9 0 .0 1 0 0 .0 3 2 0 .053
C T R _SN P2 rs l8 0 1 1 9 7 0 .0 4 9 0.150 0.104 L R P5_SW 7 L R P5_7-10 0 .0 2 3 0 .090 0 .096
C TR _SN P3 rs2283002 0 .0 3 4 0.118 0.096 LR P5_Block2 L R P 5_4-7 0 .0 5 0 0.163 0 .216

C Y P17_SW 1 C Y P 1 7 _ l-4 0.068 0.061 0 .0 3 2 r a n k _ s n p i rs4941125 0 .0 2 4 0 .0 0 9 0 .0 0 4

R A N K _SN P2 rs7235803 0.131 0 .0 4 9 0 .0 2 5

C Y P 19_S N P 2 rs2255192 0 .0 2 8 0 .0 1 4 0.074 R A N K _SN P4 rs8086340 0 .0 0 1 0 .0 0 0 9 7 0 .0 0 2

C Y P 19_S N P 3 rs2289105 0 .0 4 4 0 .0 4 4 0 .0 4 0 R A N K _SN P7 r s l 1664594 0 .0 0 0 1 7 * 0 .0 0 0 1 4 * 0 .0 0 0 2 6 *

C Y P 19_S N P 10 rsl 2901187 0.102 0 .0 3 7 0.060 r a n k _ s n p i o rs4303637 0 .086 0 .106 0 .0 2 2

C Y P I9_S N P 11 rsl 7523527 0 .0 3 3 0 .0 0 7 0 .0 1 0 R A N K _SN P15 rs9646629 0 .174 0 .192 0 .0 4 4

C Y P I9_S N P 12 rs749292 0 .0 4 7 0 .0 1 5 0 .0 2 0 R A N K _SN P16 rs884205 0 .092 0 .094 0 .0 1 6

C Y P 19_S N P 13 rsl 1636639 0 .0 4 5 0 .0 1 8 0 .0 1 9 R A N K _SN P17 rs2957127 0.148 0 .158 0 .0 3 7

C Y P 19_S N P 24 rs2445761 0.068 0 .0 5 0 0.153 RAN K_SW 1 R A N K _l-4 0 .0 0 1 0 .0 0 0 3 3 * 0 .0 0 0 8 7

C Y P 19_S N P 26 rs2470144 0.092 0 .0 3 0 0.098 RA N K _SW 2 R A N K _2-5 0 .0 1 5 0 .0 1 4 0 .0 2 1

C Y P 19_S W 7 C Y P 19_7-10 0 .090 0 .0 3 0 0.206 R A N K _SW 3 R A N K _3-6 0 .0 0 9 0 .0 0 9 0 .0 0 6

C Y P 19_S W 8 C Y P 19_8-11 0 .0 5 0 0 .0 1 7 0 .0 1 4 R A N K _SW 4 R A N K _4-7 0 .0 0 2 0 .0 0 2 0 .0 0 0 3 5 *

C Y P 19_S W 9 C Y P 19_9-12 o .o n 0 .0 0 3 0 .0 0 6 R A N K _SW 5 R A N K J5-8 0 .0 0 1 0 .0 0 0 5 7 * 0 .0 0 0 3 2 *

C Y P 19_S W 10 C Y P 19_10-13 0 .0 2 2 0 .0 0 7 0 .0 0 6 R A N K _SW 6 R A N K _6-9 0 .0 0 0 4 2 * 0 .0 0 0 3 1 * 0 .0 0 0 9 2

C Y P 19_S W 11 C Y P 19_11-14 0 .077 0 .0 2 3 0 .0 2 9 R A N K _SW 7 R A N K _7-10 0 .0 0 1 0 .0 0 0 3 0 * 0 .0 0 0 4 5 *

C Y P 19_S W 13 C Y P 19_13-16 0 .084 0 .0 3 5 0.054 R A N K _SW 9 R A N K _9-12 0 .0 1 9 0 .0 2 8 0 .0 0 7

R A N K _SW 10 R A N K _10-13 0 .0 0 4 0 .0 0 5 0 .0 0 0 9 3

H D C _SN P1 rsl 0519263 0.064 0 .0 3 0 0 .0 4 4 R A N K _SW 12 R A N K  J  2-15 0 .0 1 0 0 .0 1 9 0 .0 1 2

H D C _SN P2 rsl 802536 0.055 0 .0 2 4 0 .0 3 1 R A N K _SW 13 R A N K _13-16 0 .0 2 3 0 .0 3 1 0 .0 2 8
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h d c _ s n p i o rs l2 9 0 1 3 7 3 0 .0 2 4 0 .0 1 5 0 .0 1 6

h d c _ s n p i i rs2 1 14447 0 .0 2 3 0 .0 1 4 0 .0 1 7

LR P5_SN P1 rs682429 0 .0 1 7 0 .0 5 0 0.082
L R P5_SN P2 rs312016 0 .0 1 9 0 .0 5 0 0.079
L R P5_S N P 4 rs4988300 0 .0 2 3 0.055 0.096
L R P5_SN P6 rs634008 0 .0 0 8 0 .0 3 5 0 .0 4 0

L R P5_S N P 7 rs 3 12023 0 .0 0 8 0 .0 2 7 0 .0 3 4

R A N K _SW 14 R A N K _14-17 0 .0 1 6 0 .0 2 5 0 .0 1 6

R A N K _B lockl R A N K _l-3 0.091 0 .0 4 3 0 .0 2 9

R A N K _Block2 R A N K _4-5 0 .0 0 4 0 .0 0 4 0 .0 0 6

R A N K _Block3 R A N K _6-7 0 .0 0 0 0 9 * 0 .0 0 0 0 9 * 0 .0 0 0 0 4

R A N K _Block5 R A N K _10-14 0 .0 0 4 0 .0 0 5 0 .0 0 1

T N FR 2_SW 5 T N FR 2_5-8 0 .0 3 3 0 .0 1 7 0 .0 0 3

T N FR 2_SW 6 T N FR 2_6-9 0 .085 0 .0 4 6 0 .0 5 3

a For single-SNP, the corresponding cell in this column shows its dbSNP rs number; for haplotype sliding window 

(SW), the cell shows the component SNPs of the window.

b P values are obtained by 10,000-time permutations. P values < .05 are in boldface italic; and P values significant after 

Bonferroni correction by the number of independent LD blocks (single-test threshold a=.0007) are indicated by 

asterisks (*).
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For the three studied BMD phenotypes, the global genotypic association 

results at each SNP locus (data not shown) matched very well with nearly all the 

results of the global allelic association tests, with the exception of CYP17. In 

CYP17, its SNP1 to SNP5 were all significant for BMD variation at spine and hip, 

with global genotypic P values ranging from .002 to .032 for spine and from .004 

to .027 for hip. Therefore, CYP17 was also ranked as a highly suggestive gene for 

spine and hip BMD variations. However, the corresponding global allelic P 

values were > .05 for those marker-phenotype combinations (Figure 3-4). For the 

OP phenotypes studied at the three skeletal sites, all of the global genotypic 

association results were consistent with the global allelic association results.

In total, I found 4, 4, 4 genes that met the 'highly suggestive' criterion for 

BMD and/or OP (BMD/OP) at spine, hip and UD, respectively. At the 

'suggestive' significance level, there were additional 6, 7, 6 significant genes for 

BMD/OP at spine, hip and UD, respectively (Table 3-4). All of the eleven 

significant genes could play a role in BMD regulation and/or OP risk at multiple 

skeletal sites (Table 3-4). I also compared my candidate gene findings with 

previous reports in Table 3-4.

89



Table 3-4. Candidate gene findings for BMD/OP at spine, hip and UD in the 

context of previous studies

N o ev id en ce
H ig h ly  su g g estiv e  (P  v a lu e s  < .01) (P  v alu es > .10)

P rio r A sso cia tio n
P rio r A sso cia tion S u p p orted  N ew  R ep ort of A sso cia tio n  N ot S u p p orted
S p in e H ip UD S p in e H ip U D S p in e H ip UD
DBP
LRP5

CYP19
RANK

CYP19 RANK BMP2
RANK

TNF MTHFR
TNF

CYP17 RANKL
CYP17

TNFR2

S u g g estiv e  ( .0 1 < P  v a lu es  <.05)
P rior A sso cia tio n  S u p p o rted N ew  R ep ort of A sso cia tio n
S p in e H ip U D S p in e H ip U D
BMP2 BMP2 DBP HDC ALOX12 ALOX12
CTR CTR LRP5 RANKL DBP CTR

CYP19 LRP5 HDC CYP17
TNFR2 TNFR2 HDC

MDR was run to detect gene-gene effects influencing OP risk for both within- 

and cross-group models. All of the best models identified were significant (P 

values < .05 at least). The best within-group models were [RANK4, TNFR2_10, 

TNFR2_12], [CYP17_1, ESR2_4, ESR2_10], [BMP2_7, DBP3], [GCR9, GCR29, 

HDC10], and [ALOX12_2, SOST1] from groups 1 to 5, respectively. The final 

cross-group best model was [GCR9, ESR2_4] (Table 3-5). To evaluate whether the 

above gene-gene effects are caused by epistatic interactions, conditional logistic 

regression analyses were conducted. The results supported the significant gene- 

gene interactions for the best models in group 1 (i.e., [RANK4, TNFR2_10, 

TNFR2_12]), group 4 (i.e., [GCR9, GCR29, FIDC10]), and the final group (i.e., 

[GCR9, ESR2_4]); the P values for the interaction terms of the group 1, group 4
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and final group were .012, .022 and .047, respectively; the odds ratios [OR] (high 

risk vs. low risk) for the corresponding models were 1.2,1.1 and 1.3, respectively. 

The potential gene-gene interactions for the best models of groups 2, 3, and 5 

were not supported by the conditional logistic regression analysis. Interestingly, 

the HBAT analysis among all of the 405 nuclear families for the interacting loci 

identified by MDR found the significant global association with OP risk for 

haplotypes reconstructed on the basis of the best cross-group model - [GCR9, 

ESR2_4] (namely rs6188-rsl256061 combination, P = .021). Two individual 

haplotypes defined by these two loci were also associated with OP risk (P values 

=.0026 and .050, respectively, for haplotype "AA" and "CA" of [GCR9, ESR2_4]). 

Therefore, the gene-gene interaction of the best cross-group model suggested by 

MDR was supported by both conditional logistic regression and HBAT.
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Table 3-5. Within-group and cross-group best gene-gene effect models for OP identified by MDR method

loci number Group 1 2 3 4 5 Final

2-locus
Loci combination

CV consistency 
Prediction error (%)

TNF7,
TNFR2_1
10
38.27a

CYP19_4,
ESR2_6
10
36.97b

[BMP2_7,
DBP3]
10
35.32b

HDC7,
HDC10
10
36.82b

[ALOX12_2,
SOST1]
10
36.82b

[GCR9,
ESR2_4]*
10
34.55b

Loci combination
[RANK4,
TNFR2_10,

[CYP17_1,
ESR2_4,

CALCR1,
CALCR24,

[GCR9,
GCR29,

MTHFR3,
MTHFR4,

ALOX12_2,
GCR29,

3-locus TNFR2_12]* ESR2_10] LRP5_4 HDC10]* SOST1 HDC10
CV consistency 10 10 9 10 8 10
Prediction error (%) 37.86b 35.59c 35.17b 33.68c 39.46b 35.02c

4-locus
Loci combination

RANK10, 
RANKL8, 
TNFR2 4,

CYP17_4, 
CYP19_10, 
CYP19 24,

CALCR1, 
BMP2_1, 
BMP2 2,

CCR3_2,
CCR3_7,
GCR1,

ALOX12_l,
ALOX12_2,
MTHFR1,

BMP2_7,
CYP17_1,
RANK4,

TNFR2_12 ESR2_6 LRP5_4 GCR29 SOST1 TNFR2_12
CV consistency 9 9 9 9 9 10
Prediction error (%) 36.1̂ 36.76b 34.13c 38.81b 35.33c 35.48b

In each group, the best gene-gene effect models regardless of the number of interacting loci are shown in brackets.

* The best models that were validated for interaction effects by conditional logistic regression implemented in SPSS. 

a Empirical P value > .05 on the basis of 1000 permutations. 

b Empirical P value in the range of (.01, .05] on the basis of 1000 permutations. 

c Empirical P value < .01 on the basis of 1000 permutations.
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DISCUSSION

To our best knowledge, this study is the first comprehensive investigation of the 

allelic, haplotypic, genotypic association and gene-gene interaction of a large group 

of osteoporosis candidate genes. Most of them aroused interest in the osteoporosis 

field only in recent years and had been studied for only one or several 

polymorphisms within some of them (122). Several genes were never studied in the 

association context although they were important to osteoporosis etiology as 

shown in cellular and functional studies, such as HDC and CCR3 etc (192). The 

present work also had a number of strengths with regard to minimizing the 

limitations often afflicting association studies in osteoporosis. First, given the 

sample size adopted the present study has about 90% power to detect association 

assuming a marker is in strong LD (r2 > 0.8) with a functional mutation locus that 

accounts for > 2% of phenotypic variation (63). Second, I performed the family- 

based study for both quantitative BMD measurements and dichotomous OP 

phenotypes at various skeletal sites to assess the role of the 20 candidate genes in 

association with osteoporosis. OP stimulated my interest because that genes 

controlling low BMD in families could be different with those contributing to 

normal BMD variation (119). In the genetic research of either osteoporosis (191) or 

other complex diseases such as obesity (206) and hypertension (207,208), studying 

both the major predicative quantitative trait and its related dichotomous qualitative 

phenotype is gradually becoming common. Third, the experimental errors had 

been controlled to a very low level according to the Illumina report. Fourth,
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multianalytic approaches were adopted to facilitate interpreting my findings and 

comparing with previous work. My results obtained were convincing since there 

was evidence of convergence across different methods. Fifth, I achieved much 

greater coverage than previously reported for the majority of the studied candidate 

genes. Across the 20 genes, an average of ~14 SNPs were analyzed per gene; the 

average density of 1 SNP / 4 kb was achieved; almost every gene and its proximal 

regulatory regions (5'-promoter, 3'-untranslated region (3'-UTR)) were fully 

covered by LD blocks detectable with the studied SNPs. In addition, my LD 

findings provided valuable information about the LD structures across the 20 

studied osteoporosis candidate genes for the Caucasian population of European 

origin. I found the mean block size to be 18.1 kb in our population with the 

working SNP density of 4 kb, which is smaller than the previous reported size of 22 

kb in the European population perhaps due to the more sparse SNP density of 7.8 

kb genotyped in their study (130). Finally, 1 investigated the potential complex 

gene-gene interactions influencing OP among a large number of tagging SNPs, 

which were usually ignored by many previous genetic studies in the field. 

Additional significant insights were gained in such interaction analyses as shown.

Prioritization

Both single-SNP and haplotype-based methods were used to investigate the 20 

candidate genes in terms of their associations with osteoporosis phenotypes. 

Elaplotype analysis was also diversified by using both block-based and non-block-
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based (sliding window) haplotypes. Whether a specific method is more effective in 

association tests depends on whether the true causal allele is in higher LD and has 

more closely matched allele frequency with the marker set that method utilizes. 

Since LD patterns and SNP density varied across the 20 candidate genes, it is best 

to adopt all of the above methods to increase the chances to 'capture' the hidden 

causal alleles by LD (199). Our data indeed suggested this since sometimes only 1 

or 2 kinds of markers within the same gene regions can detect the significant 

associations for the same traits (Table 3-3, Figure 3-4).

There is currently no appropriate and established method to correct for the 

highly correlated tests in this study. One suggestion is to adjust for multiple testing 

by the number of LD blocks (209) and this approach has been used in practice (199). 

Given the assumption that 73 blocks identified for the 20 genes represent 

independent information, the corrected single-test threshold may be 

a=.05/73=.0007 for experimentwide significance at the a=.05 level. SNP2 in BMP2 

(rsl980499) met this stringent criterion for UD BMD (Figure 3-4); SNP7 in RANK 

(rsl 1664594) and its associated haplotype windows and block3 reached this level 

for OP at spine, hip and UD simultaneously (Table 3-3). In addition, haplotype 

window 1 of RANK covering SNP1 to SNP4 reached the strict threshold for hip OP 

(RANK_SW1, Table 3-3). However, all of the tested genes had been related to 

osteoporosis by genetic epidemiological and/or molecular and functional studies. 

Most of the genes were already studied in the association context, thus rendering
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my corresponding tests of each gene to be of nature of replications. Hence the 

above adjustment could be too strict to allow for the identification of significant 

association signals. To best present and explain my results, I ranked my findings 

according to the empirical global P values and focused on highly suggestive genes. 

While there may still be false positive results, my approaches provide a relatively 

comprehensive and reliable list of novel osteoporosis candidate genes prioritized 

by their significance levels for further replication and functionality studies.

Genes highly suggestive fo r  spine BMD/OP

Three genes previously associated with BMD variation at spine, namely DBP, 

LRP5 and CYP17, as well as a novel finding -  the RANK gene, met the highly 

suggestive criterion for spine BMD/OP in this study. The protein encoded by DBP 

is a key factor for regulating calcium homeostasis through the vitamin D endocrine 

system (210). In DBP, 1 found highly suggestive associations of spine BMD with its 

blockl polymorphisms (Figure 3-4). Especially, the highly suggestive DBP 

haplotype window 3 (DBP_SW3) in blockl contains the (TAAA)(n)-Alu 

polymorphism that was previously associated with the same trait -  spine BMD in 

the same ethnic group - Caucasians (211,212). In addition, 1 detected a novel highly 

suggestive variant, SNP2 (rsl7467825 in Figure 3-4), within the 3'-UTR of DBP 

gene. This SNP could be in strong LD with a causal functional variant (or be such 

variant per se) that influence spine BMD variation via affecting the mRNA stability
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of DBP, similar to the recently identified role of VDR 3'-UTR polymorphisms in 

influencing both VDR mRNA stability and osteoporotic fracture risk (213).

As for LRP5, which encodes a transmembrane protein mediating WNT~P- 

catenin signaling pathway important in the regulation of bone metabolism (214), I 

found the highly suggestive evidence of its block5 polymorphisms to spine BMD 

(Figure 3-4). The block5 region ranged from intron 7 to intron 19 and contained a 

number of spine BMD-associated polymorphisms previously reported (215-219). I 

also identified a new 3'-UTR polymorphism - SNP26 (rs7105218) of LRP5 that 

nearly reached the highly suggestive threshold for spine BMD (Figure 3-4), the 

functionality of which may resemble the VDR 3'-UTR polymorphisms as well (213). 

In addition, two polymorphisms in intron 1, SNP6 (rs634008) and SNP7 (rs312023) 

showed highly suggestive association with spine OP (Table 3-3), which was 

partially supported by the previously reported association between the LRP5 

intron 1 polymorphisms with spine BMD (219).

The CYP17 gene encodes cytochrome P450cl7a - the enzyme with both 170- 

hydroxylase and 17,20-lyase activities crucial for the biosynthesis of gonadal 

hormones like estrogens and androgens (220) that have beneficial effects on bone 

remodeling. Deleterious mutations in CYP17 can cause retarded skeletal growth 

and diffuse osteoporosis (221). In the past the genotypes of one SNP in the 5'-UTR 

(5' untranslated region) of CYP17, namely T27-C (also denoted as -34T—>C), had
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been associated with spine BMD (222,223). Although that SNP was not directly 

studied here, my findings of the highly suggestive empirical global associations 

between the genotypes of CYP17 SNPs 1, 3, 4 (global genotypic P values were .004, 

.002, .002, respectively) with spine BMD still lent some support since the entire 

CYP17 gene is covered by one block (Figure 3-4).

RANK is the central regulator of osteoclast development and function and bone 

resorption, plus being required for regulation of calcium homeostasis (224). 1 

discovered for the first time that the RANK polymorphisms were highly suggestive 

for spine OP. In particular the SNP7 (rsl 1664594) and its related haplotype 

windows and block3 reached the experimentwide significance level. Since SNP7 is 

very close to exon 3/intron 3 boundary (<1 kb apart), it may be in strong LD with 

certain functional variant influencing the mRNA splicing of RANK, or 

alternatively, with the functional allele of exon 3 changing the amino acid sequence 

of RANK protein. Both of these possible changes may lead to the malfunction of 

RANK signaling network in osteoclasts that will ultimate impact bone mass and 

structure (224). The polymorphisms within block2 and block5 (i.e., SNPs, haplotype 

windows and blocks) also showed highly suggestive evidence in association with 

spine OP (Table 3-3). Block2 was never studied before while the effect of block5 

markers, as suggested earlier, may be mediated through a nearby missense 

substitution -  Alal92Val in exon 7, which was associated with whole body BMD 

recently (191).
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Genes highly suggestive fo r  hip BMD/OP

For hip BMD/OP, the highly suggestive genes in this study were CYP19, RANK 

and RANKL, and CYP17 for which I found prior supports. CYP19 gene, which 

encodes the aromatase enzyme that converts androgens into estrogens, is crucial 

for normal bone development in both males (225) and females (226). Two most 

frequently studied CYP19 polymorphisms were 1) the TTTA repeat polymorphism 

in intron 4, and 2) the silent polymorphism (G—A. at Val80) in exon 3. These two 

polymorphisms were in nearly complete TD in Caucasians ( | D' | =0.98 (225)) and 

were previously associated with osteoporosis risk/fracture (227) or BMD at total 

hip or component sites of hip (225,228). The Val80 polymorphism was also analyzed 

in this study, which is SNP7 (rs700518) and is suggestively significant for hip OP 

via its haplotype window 7 (CYP19_SW7, Table 3-3). The highly suggestive 

polymorphisms for hip OP in my study were SNP11 (rsl 7523527) and its associated 

haplotypes within the 5'-UTR (The translation of CYP19 starts from exon 2. The 

CYP19 5'-UTR contains at least 9 variants of exon 1 and spans the region from 

SNP9 to SNP28 in this study. For simplicity I only illustrated the most distant one - 

exon 1 that is ~90 kb upstream from exon 2 in Figure 3-4). The association evidence 

of CYP19 5'-UTR polymorphisms with osteoporosis phenotypes is emerging 

(225,229,230). The underlying mechanism could be related to the differences in 

CYP19 transcription rate caused by those 5'-UTR polymorphisms or any causal 

functional variants in strong TD with them (230).
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In the RANK gene, similar to spine OP, the highly suggestive associations of 

polymorphisms belonging to blocks 2, 3 and 5 with hip OP were found. Again, the 

associations of SNP7 and its related haplotype windows and block3 with hip OP 

reached experimentwide significance level, for which the possible mechanism was 

discussed above (for spine OP). The significance of block5 markers for hip OP 

could be explained by their potential strong LD with the nearby Alal92Val 

missense substitution, which was associated with extremely low hip BMD recently 

(191).

RANKL is essential for osteoclastogenesis by binding and activating RANK 

(224). Highly suggestive associations with hip BMD were detected for two RANKL 

SNPs (SNP3 and 8, namely rs9525641 and rs3742257) and all of the RANKL 

haplotypes (Figure 3-4). The recently identified SNP - rs9594782, which was highly 

significant for extremely low hip BMD (191), was localized to the blockl of RANKL 

and near SNP3 -  the most and highly significant SNP for hip BMD in this study. 

No prior reports studied RANKL block2 region, whose polymorphisms were also 

highly suggestive for hip BMD (Figure 3-4). The ubiquitous highly suggestive 

associations of RANKL with hip BMD indicate that the gene-based replication and 

functional analysis is needed to unravel the causal variants within RANKL.
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Similar to spine BMD, the highly significant associations of CYP17 with hip 

BMD were found only at the genotype level (empirical global genotypic P values 

were .004 for SNPs 2-4). These, to certain extent, supported the prior findings 

showing that CYP17 T27-C genotypes were significantly associated with femoral 

neck BMD (222,223). The data from ours and others all suggested that the genetic 

effects of CYP17 on BMD variations at spine and hip may be dominant or recessive 

instead of additive.

Genes highly suggestive fo r  LID BMD/OP

Four genes -  CYP19, BMP2, RANK and TNFR2 were highly suggestive for UD 

BMD/OP. Similar to hip OP, I detected the highly significant associations with UD 

OP for the CYP19 5'-UTR polymorphisms (SNP11 and its related haplotypes). The 

recent report that the TTTA repeat and the Val80 genotypes were predicative of 

radius BMD (225) supported my finding since block3 harboring SNP11 were in 

strong LD with block2 harboring those 2 markers (Figure 3-4). Furthermore, my 

data supported Lorentzon et al's conclusion that the possible biological effects of 

the TTTA repeat or the Val80 polymorphisms could be mediated by the 5'-UTR 

polymorphisms of CYP19 (225). Functionality analysis of CYP19 5'-UTR is 

necessary for testing this hypothesis.

1 first reported the significance of BMP2, RANK and TNFR2 genes to UD 

BMD/OP phenotypes. BMP2 is important to bone based on its crucial role in bone
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formation and osteoblast differentiation (231). It was reported as a susceptibility 

gene for osteoporotic fractures and low BMD in Icelandic and Danish populations 

(119). I found that BMP2 blockl was highly suggestive for UD BMD, particularly 

the SNP2 of BMP2 reached the experimentwide significance level (Figure 3-4). 

Since SNP2 lies in the proximal promoter region of BMP2, its variants per se or 

highly correlated (i.e. in strong LD) functional variants could influence the mRNA 

transcription rate of BMP2, which may ultimately lead to UD BMD variation in 

Caucasians. In addition, I detected the highly suggestive association between SNP7 

of BMP2 with UD OP (Table 3-3). Residing within 3'-UTR, SNP7 variants may 

directly or indirectly influence the mRNA stability of BMP2, similar to 3'-UTR 

polymorphisms within the VDR gene (213).

The association patterns of RANK with UD OP were almost the same as with 

spine and hip OP (Table 3-3). Particularly, the unanimous experimentwide 

significant association evidence for SNP7 and its related haplotypes strongly 

support the existence of nearby causal functional loci, whose specific alleles may 

result in abnormal RANK mRNA splicing or protein structure and ultimately lead 

to low BMD phenotypes and increased OP risk independent of skeletal sites. Taken 

together, it is clear that the surrounding areas of SNP7 are worth to be thoroughly 

investigated to dissect out the causal variants of RANK underling BMD/OP 

variation.
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TNFR2 is critical for mediating the effect of TNFa on osteoclastogenesis 

(232,233). In TNFR2,1 detected a haplotype window - TNFR2_SW5 that was highly 

suggestive for UD OP (Table 3-3). This window included two previously BMD- 

associated variants, namely the exon 6 T676G and the intron 4 CA repeat 

polymorphisms (234,235). It was also suggested that the haplotype containing the 

specific alleles of those two loci may define low BMD phenotype (234). All of those 

lent support to my finding in TNFR2.

Other findings in relation to previous studies

In addition to the highly suggestive results, the suggestive findings, either 

replicating previous ones or being reported for the first time, were also tabulated in 

Table 3-4. The prior associations of the BMP2 and CTR genes with BMD/OP 

phenotypes at spine and hip (119,184,236) were mainly supported by the BMP2 

SNP1 (rs235710) within the 5'-promoter region and the CTR SNP1 (rs2374634) 

within the 3'-UTR (Table 3-3, Figure 3-4); the significance of LRP5 gene to 

BMD/OP phenotypes at hip and UD (215,218,237,238) was mainly supported by 

SNP6 (rs634008) and SNP7 (rs312023) of LRP5 (Table 3-3); other suggestively 

supported prior findings (Table 3-4) were detailed in our recent comprehensive 

review (122). Among the novel suggestive findings, the most notable ones were the 

associations of HDC and ALOX12 genes with BMD/OP at multiple skeletal sites 

(Table 3-4). HDC is the only enzyme for the synthesis of human histamine (239), 

which can stimulate osteoclastogenesis and osteoclast activity (240). A high level of
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circulating histamine was associated with osteoporosis and excessive bone 

resorption (241). Our recent functional genomics study also showed that the 

expression of HDC gene was significantly up-regulated in subjects with low BMD 

(192). Here I supported those findings by showing the polymorphisms of HDC, 

especially SNP10 (rsl2901373) and SNP11 (rs2114447) in the promoter region that 

may influence HDC gene expression, were associated with OP risk at all of the 

three skeletal sites and BMD variation at UD. Another gene - ALOX12 in human is 

functionally similar to mouse ALOX15 gene because both encode the enzyme of 

12/15-lipoxygenase (12/15-LO). ALOX15 has been established as an important 

regulator of peak bone mass in mice, suggesting the same bone effect of ALOX12 in 

human (242). This study firstly reported the associations of ALOX12 markers with 

human BMD variations at hip and UD. Specifically, the haplotype block covering 

the entire ALOX12 gene was associated with hip BMD, while SNP2 (rs2073438) in 

the intronl/exon2 boundary of ALOX12 was associated with UD BMD. These 

results partially supported the speculation that ALOX12 may be a human BMD 

regulatory gene (188,242).

Since associations with P values in the 0.05 - 0.10 range may reflect lack of 

power rather than lack of replication, 'no evidence of association' was defined 

according to the criterion of P values >.10 for all of the tests of a specific gene- 

phenotype combination. I found no support for two previous associations based on 

my data (Table 3-4). First, the significant associations between TNF
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polymorphisms with spine and hip BMD variations observed previously (243,244) 

were not supported. However, those studies had very small sample sizes and did 

not control for population stratification. In addition, their subjects were Caucasian 

females at specific physiological stages such as post-menopause and puberty. 

Therefore, the lack of replication may reflect that the prior associations were false

positive or population-specific. Second, the association between MTHFR with hip 

BMD in Caucasians (245) was not observed. Yet this discrepancy was easy to 

explain since the bone effects of MTHFR depended on folate status (245) for which 

I did not measure. Ignoring such gene-environment interaction could cause lack of 

power to detect the effect of MTHFR on hip BMD variation.

Gene-gene interactions fo r  OP

The most promising gene-gene interaction detected was that between GCR and 

ESR2. It was identified from the cross-group models and further confirmed by 

conditional logistic regression and HBAT. The accumulation of findings across all 

analyses indicated the existence of epistatic interaction between GCR and ESR2 

influencing OP risk. Biological studies also shed some light on explaining this 

interaction model. In bone, glucocorticoids induce bone resorption (246) while 

estrogens inhibit it (247). Therefore, GCR and ESR2 play counteracting yet critical 

roles in bone metabolism. More interestingly, it has been shown that the molecular 

cross-talk between the GCR and ESR signaling pathways exists because the in vivo 

levels of GCR are down-regulated by ESR-dependent proteasomal degradation
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(248). Thus the different genotype combinations from these two genes, if 

representing part of the GCR-ESR cross talk, could result in different GCR 

regulation of downstream gene transcriptions associated with different bone 

effects. Taken together, the statistical and biological evidence all supported the 

existence of GCR-ESR2 epistatic interaction on OP risk.

The other two interactions, one between RANK and TNFR2 and the other 

between GCR and EIDC, were the significant best models within their respective 

groups. The biological nature of these two gene-gene interactions that may 

influence OP risk is not clear and remains interpretive challenge. Nevertheless, my 

data provided some clues for future studies.

Other pertinent issues

Several issues and limitations of this study should be considered. First, 

although the SNP density and block coverage are already very high (Table 3-2), 1 

concede that still not all of the genetic variants of the 20 selected genes were 

studied. An exhaustive representation of all the possible common variants within 

those genes will be feasible in the near future by the use of HapMap 

(http://www.hapmap.org) tagSNPs (249). Examining the ElapMap tagSNPs that 

are not in strong LD with my studied SNPs and haplotypes (r2< 0.8) can close the 

coverage gaps when conducting further studies on those genes among Caucasians.
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Second, similar to any other candidate gene studies on complex diseases/traits, 

this work only reveals part of the whole genetic architecture underlying the 

etiology of osteoporosis. With the nearly completion of the International HapMap 

Project and the rapid improvements in high-throughput SNP genotyping 

technology, the ultimate solution to completely understanding the genetic basis of 

osteoporosis may come from the genome-wide association approach in which a 

dense set of tagSNPs across the whole human genome is genotyped to survey the 

common genetic variation (250) for a role in osteoporosis or the related heritable 

quantitative traits such as BMD. This study, however, represents a precursor to the 

genome-wide association studies of osteoporosis.

Third, despite the overlapping significant genes for both BMD and OP at each 

studied skeletal site, the association outcomes for BMD and OP did not completely 

match. For example, RANK was experimentwide significant for OP at spine and 

hip but not significant for BMD at those two skeletal sites (Table 3-3, Figure 3-4). 

On the other hand, RANKL, was highly suggestive significant for hip BMD but not 

significant for hip OP (Table 3-3, Figure 3-4). These results supported the recent 

notion that genes controlling low BMD in families that are significant enough to 

cause osteoporotic fracture (OF) are not necessarily the same as those that control 

the normal BMD variation in families (119). Another prior notion - there are 

common and specific genetic factors underlying determination of BMD in various 

skeletal sites (251) -  was also supported (Figure 3-4).
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Fourth, the best epistastic effect detected for OP is that between GCR and ESR2 - 

two genes in different yet related signaling pathways and having no main effects 

individually as shown by FBAT and HBAT (P values for all the markers of GCR 

and ESR2 were > .05). This is not surprising since both theoretical and empirical 

studies showed the existence of epistasis without any independent main effects 

(190). In the research of human diseases such as breast cancer, atrial fibrillation,

Type II diabetes and hypertension, the statistically significant evidence for epistasis

in the absence of detectable independent main effects of any one polymorphism 

was all found (190). Therefore, such phenomenon does not seem to be exception in 

the genetic etiology of human complex diseases (190). Our examples suggested that 

some candidate genes may exert their bone effects only through interactions with 

other genes in either the same or related molecular pathways.

The prioritized eleven genes, plus the gene-gene interactions detected in this 

study deserve further investigation to confirm their importance to osteoporosis. In 

addition, the general importance of these genes to BMD variation and/or OP risk 

may need to be evaluated in other non-Caucasian populations. Other important 

topics such as gene-environment interactions and parent-of-origin effects regarding 

these genes are also worth pursuing. Eventually, functional genomics and 

molecular genetics approaches are needed to improve the understanding of the
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underlying mechanisms driving the statistically significant evidence from the 

epidemiological studies.
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CHAPTER 4

SUMMARY AND FUTURE STUDIES
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Summary

Most of the skeletal factors associated with osteoporotic fractures such as bone 

geometry and bone mass have been demonstrated to be under genetic controls. 

Identification of genetic determinants for these various skeletal factors will lead to 

a better understanding of osteoporosis pathophysiology and to the development of 

new diagnostic tools and therapeutic agents. So far, the genetic studies for bone 

geometric variables are still very rare. In contrast, many linkage and association 

studies have been conducted on BMD, however, relatively little success has been 

achieved and inconsistent results have accumulated. The lack of inconsistence may 

be due to a number of factors, such as lack of sufficient statistical power to generate 

reliable and reproducible results, differences in study design, selection of 

phenotypes, genotype and phenotype quality control, as well as genuine etiology 

differences in different ethnic populations. In the present project, I conducted 

powerful genome-wide linkage scans for bone geometric variables at femoral neck 

and association studies on twenty promising osteoporosis candidate genes for 

BMD phenotypes at spine, hip and wrist. I tried best to circumvent the 

aforementioned pitfalls and the results obtained were reliable and robust.

In my linkage study, I found that 20ql2 and Xq25 may harbor genes influencing 

femoral neck cross-sectional geometry. Particularly, 20ql2 can interact epistatically 

with other loci (e.g. 3q27, 12q24) to influence CSA (cross-sectional area) variation. 

In addition, several chromosomal regions (e.g. 7q21, 2pl4) exhibit linkage to bone
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geometry phenotypes in a gender-specific manner. This linkage project serves as a 

starting point for downstream studies to identify the genetic basis of bone strength 

and osteoporotic fractures.

In terms of my association study for BMD phenotypes, I found that the 

association between BMP2 with UD BMD, and those between RANK with OP at 

spine, hip and UD reached the experimentwide stringent criteria (empirical global

P values <.0007). In addition, four genes (DBP, LRP5, CYP17 and RANK) showed

highly suggestive associations (empirical global P values ^.01) with spine BMD/OP;

four genes (CYP19, RANK, RANKL and CYP17) were highly suggestive for hip 

BMD/OP; and four genes (CYP19, BMP2, RANK, TNFR2) were highly suggestive 

for UD BMD/OP. This robust and comprehensive association study suggested the 

prioritization of osteoporosis candidate genes from among the many proposed in 

recent years.

Future Studies

For results obtained from  linkage study o f  bone geom etry

The genomic regions identified in my genome-wide linkage study of bone 

geometry are generally too large to allow for physical mapping. Therefore, fine 

mapping those regions to a small interval (~ 1-2 cM) is generally necessary to 

identify the causal gene(s). Fine mapping generally involves following steps:



1) Saturation linkage mapping: Investigates the regions of potential linkage by 

typing additional markers and/or families (98), to narrow linked regions to ~10cM.

Many empirical studies have demonstrated that saturation linkage mapping 

with dense markers and/or additional families significantly increases the LOD 

scores and decreases the 1-LOD support interval (equivalent to 95% confident 

interval) to ~10 cM (252-255). However, linkage analysis can rarely further narrow 

candidate regions beyond this level. This is because there are generally not enough 

meioses in pedigrees of a few generations to detect recombination events between 

closely spaced loci under complex inheritance.

2) LD mapping: Further narrows a candidate region to ~l-2 cM by regional LD 

mapping.

LD mapping exploits the consequences of recombinations that occurred 

between a mutation and a marker in previous generations in a population history, 

therefore could provide much higher resolution than linkage analyses (256). There 

are two commonly used regional LD mapping strategies (96): 1) The positional 

candidate approach examines specific genes or variants on the basis of potential 

functional importance; 2) The positional cloning approach selects markers, based 

on their proximity to one another, for evaluation in a chromosome region. By 

examining dense markers across a chromosome region of known linkage, I will see 

variations in the strength of associations between these markers and the
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phenotype, enabling causative gene(s) to be mapped (96). Both population-based 

association and TDT can be applied.

Recently, successful examples using these strategies in identifying predisposing 

genes for complex human diseases emerged rapidly, such as for inflammatory 

bowel disease (257-259), asthma (260,261), type 1 diabetes (262), rheumatoid 

arthritis (263,264), and schizophrenia (265). While the definitive biological evidence 

of these discovered genetic variants needs to be substantiated by functional studies, 

these successful examples demonstrate that the technology for fine mapping and 

positional cloning is becoming mature and solid (266).

For results obtained from association  study fo r  bone m ass (BMD)

My association study for BMD identified a number of SNP loci with potential 

functional importance to BMD variation. Further functional assays are needed to 

unravel the exact mechanisms underlying the observed associations. In general, 

potential functional studies include the following strategies (non-exclusively):

Promoter analyses: If SNP changes the recognition sequences of potential 

transcriptional factors, binding affinity to the transcription factors may be modified. 

This would then lead to changes in transcriptional efficiency. EMSA 

(electrophoretic mobility shift assay) and luciferase reporter assays can be used to 

examine this potential effect of candidate SNPs or haplotypes. Promoters with



different functionally alternative alleles or haplotypes will exhibit different 

transcriptional activities.

RNA splicing assay: SNPs located in the splicing-site may result in alternative 

transcripts and alter the gene activity. The potential alternative splicing regions of 

the target gene can be amplified by RT-PCR and the products will be separated by 

electrophoresis. Polymorphisms which lead to alternative splicing will be readily 

identified by a change in product size relative to that of the wild type allele.

Gene activity assay: SNPs in the coding region may change the amino acid 

sequences of the corresponding protein, leading to modification of gene activity. To 

test these potential effects, constructs that differ in the target SNPs will be built and 

expressed in vitro. Gene activity of different products will then be compared using 

standard corresponding gene (protein) activity assays.
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Appendix I. Abbreviations

BMD — Bone Mineral Density

BMP2 — Bone Morphogenetic Protein 2

BR — Buckling Ratio

cM — centi Morgan

CSA — Cross-sectional Area

CSM1 — Cross-sectional Moment of Inertia

CT — Cortical Thickness

CV — Coefficient of Variation

DEXA/DXA — Dual Energy X-ray Absorptiometry 

ED — Endocortial Diameter 

h2 — heritability

htSNP — haplotype-tagging Single Nucleotide Polymorphism

LD — Linkage Disequilibrium

LOD — Logarithm of the odds ratio

Mb — Megabases

QTL — Quantitative Trait Loci

SD — Standard Deviation

TDT — Transmission Disequilibrium Test

WGS — Whole Genome Linkage Scan

Z — Section Modulus



ALOX12 — Arachidonate 12-Oxidoreductase

BMP2 — Bone Morphogenetic Protein 2 

CCR3 — Chemokine Receptor 3 

CTR — Calcitonin Receptor 

CYP17 — 17-Alpha-Hydroxylase 

CYP19 — Aromatase 

DBP — Vitamin D-binding Protein 

ESR2 — Estrogen Receptor-(3 

GCR — Glucocorticoid Receptor 

HDC — Histidine Decarboxylase 

IGF1 — Insulin-like Growth Factor I

LRP5 — Low Density Lipoprotein Receptor-related Protein 5

MTHFR — Methylene Tetrahydrofolate Reductase

OPG — Osteoprotegerin

RANK — Receptor Activator of NF-Kappa-B

RANKL — Receptor Activator of NF-Kappa-B Ligand

SOST — Sclerostin.

TGFB1 — Transforming Growth factor, Beta-1

TNF — Tumor Necrosis Factor a

TNFR2 — Tumor Necrosis Factor Receptor 2
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Appendix II. Glossary

Allelic heterogeneity: The same phenotypic outcome can be caused by different 
variants within the same gene. For example, vitamin D-dependent rickets type IIA 
could result from any of eight different mutations in the vitamin D receptor (VDR) 
gene.

centiMorgan (cM): Genetic distance is usually reported in units of Morgan or as 
centiMorgan (cM), where lcM = 1% chance recombination at each meiosis.

Complex trait/disease: A measured phenotype, such as disease status or a 
quantitative character, which is influenced by many environmental and genetic 
factors, and potentially by interactions among them.

Gene-gene interaction (i.e. Epistasis): A form gene interaction whereby one gene 
masks or interferes with the phenotypic expression of one or more genes at other 
loci.

Gene-environment interaction: A phenomenon whereby an individual's genotype 
interacts with environment factors to determine his/her risk of disease.

Genetic heterogeneity: includes allelic heterogeneity and locus heterogeneity.

Haplotype: A combination of alleles at different sites on a single chromosome.

Haplotype block: A chromosome region with high LD and low haplotype 
diversity. Within each block, there is little or no evidence for recombination and 
only a small number of distinct haplotypes (compared with all combinations of the 
various alleles) is present in the population.

Haplotype tagging: the concept that most of the haplotype structure in a haplotype 
block can be captured by genotyping a smaller number of markers than all of those 
that constitute the haplotypes. These crucial SNP markers to type are so called 
haplotype-tagging SNPs.

Heritability (li2): The proportion of the phenotypic variance due to genetic 
variance. It reflects the degree to which the phenotype is inherited.

Identical by descent (IBD): Two alleles are identical by descent if both are 
descended from the same allele in a common ancestor.

Linkage: Connection between two loci, where the two loci are close enough on the 
same chromosome that their alleles co-segregate.
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Linkage disequilibrium (LD): Two loci that are in LD are inherited together more 
often than would be expected by chance. LD depends heavily on population 
history.

Locus (pi. loci): A chromosomal location.

Locus heterogeneity: The same phenotypic outcome can be caused by variants at 
different genetic loci. For example, alleles at both the BRCA1 and BRCA2 locus can 
increase susceptibility to breast cancer.

Microsatellite: A class of repetitive DNA sequences that are made of tandemly 
organized repeats that are 2-8 nucleotides in length. They can be highly 
polymorphic and are frequently used as markers in genetic studies.

Multi-point linkage analysis: It tests several markers (e.g. all markers on the same 
chromosome) at the same time to produce a probability based linkage map. The 
area with the highest LOD score is the place to look in more details for the disease 
gene. The power is increased because more families are informative and the 
analysis of several markers simultaneously allows a better mapping of the disease.

Penetrance: The probability of an individual expresses the character of a 
trait/disease in the phenotype, given that he/she has a certain genotype. If the 
phenotype is always expressed in the presence of the genotype, the genotype is 
completely penetrant. If it is not always expressed, it is incompletely penetrant.

Pleiotropy: A genetic variant can affect more than one trait.

Population stratification: The presence of multiple subgroups with different allele 
frequencies within a population. The different underlying allele frequencies in 
sampled subgroups might be independent of the disease within each group, and 
they can lead to false positive or false negative results in association studies.

Power: The power of a statistical test is the probability that the test will correctly 
reject the null hypothesis when it is false. The higher the power, the greater the 
chance of obtaining a statistical significant result when the null hypothesis is false.

Quantitative Trait Loci (QTL): Genetic loci that contribute to variations of 
quantitative phenotypes.

Single nucleotide polymorphism (SNP): DNA sequence variation due to change 
in a single nucleotide.
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Transmission disequilibrium test (TDT): A method of detecting genetic 
association that avoids problems of population stratification. The transmission of 
alleles from heterozygous parents to affected offspring is compared to the expected 
1:1 ratio.

Type I error: The probability of rejecting the null hypothesis when it is true. For 
association or linkage studies, type I errors are manifest as false-positive reports.

Two-point linkage analysis: It tests linkage between the trait and each marker 
locus separately.
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