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Abstract

Human height is a highly heritable trait, with heritability generally above 

0.75. Segregation analyses in different populations supported existence of 

major genes accounting for a considerable fraction of height variation. 

Association studies suggested a list of candidate genes associated with height 

Two previous consecutive whole genome linkage studies using 630 (WG1 

study) and an extended sample of 1,816 Caucasians (WG2 study) suggested 

9q22 [MLS (maximum LOD score) = 2.74 in WG2 study] and Xq24 (two-point 

LOD score = 1.91 in WG1 study, 2.64 in WG2 study) linked to height 

Therefore, the general hypothesis for the current study is that 9q22 and Xq24 

are two important genomic regions containing QTLs (quantitative trait loci) 

for height variation. To test this hypothesis, using a greatly extended large 

sample containing 3,726 Caucasians, a new genome-wide linkage scan was 

performed. A MLS of 4.34 was detected on 9q22 and a two-point LOD score of 

5.63 was attained for Xq24. In an independent sample (ie., the subjects not 

involved in WG1 and WG2 studies), 9q22 and Xq24 also achieved significant 

empirical p values (0.002 and 0.004, respectively) for "region-wise" linkage 

confirmation. Importantly, the two regions were replicated on a genotyping 

platform different from that used in the WG1 and WG2 studies (ie., a different 

set of markers and different genotyping instruments). Interestingly, 9q22 

harbors the ROR2 gene, that is required for growth plate development and
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Xq24 has been linked to idiopathic short stature. With the largest sample from 

a single population of the same ethnicity in linkage studies for complex traits, 

the current study, together with two previous ones, has provided 

overwhelming evidence identifying two new regions for human height 

variation. In particular, the data from the three consecutive whole genome 

studies are uniquely valuable and exemplary. They represent one of the first 

practical (rather than simulated) examples of how significant increase in 

sample size will improve linkage detection for human complex traits.
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CHAPTER 1

A Review on Genetic Studies of Human Height
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Human height is a highly heritable trait As early as 1903, Pearson and Lee 

identified a significant correlation of height between fathers and sons (Pearson 

and Lee 1903). Since then, many studies have quantified heritability of height 

in different populations. According to these studies, heritability of height may 

range from 0.75 to 0.90 (Stunkard et al. 1986; Phillips and Matheny, Jr. 1990; 

Carmichael and McGue 1995; Luo et al. 1998; Silventoinen et al. 2000; Luke et 

al. 2001). This high heritability makes height an ideal subject for genetic study.

Genetic study of human height has long been a major endeavor in human 

genetics. The major areas for height genetic research include segregation 

analysis, association study, and whole genome linkage study. In addition, as 

another important area for genetic study of height extensive studies have been 

performed on simple Mendelian diseases involving short stature.

Segregation Analyses

Several segregation analyses were performed on height to try to find its 

inheritance mode. A major gene mode of inheritance, accounting for 37% to 53% 

total height variation, was observed in populations from Kirghizians, 

Turkmenians, Chuvashians, and Israelis (Ginsburg et al. 1998). A major recessive 

gene for height was also suggested in 200 Dutch families (Xu et al. 2002) and in 

385 Chinese families (Li et al. 2004).
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Association Studies

Association studies have suggested a list of candidate genes associated with 

height variation. These genes include PTHR1 (PTH/PTHrP receptor 1) 

(Minagawa et al. 2002), PPARy3 (peroxisome proliferator-activated receptor- 

gamma 3) (Meirhaeghe et al. 2003), ER-a (estrogen receptor-a) (Lorentzon et al.

1999), CYP17 (cytochrome P450, family 17) (Zmuda et al. 2001), Dopamine D2 

Receptor (Arinami et aL 1999), VDR (vitamin D receptor) (Minamitani et aL 1998; 

Xiong et al. 2005), COLIA1 (collagen, type I, a l) (Gamero et al. 1998), GH-1 

(growth hormone 1) (Hasegawa et al. 2000), and LHB (luteinizing hormone ß) 

(Raivio et al. 1996).

Whole Genome Linkage Studies

Only a limited number of whole genome linkage studies were performed on 

height (Table 1-1). These studies have suggested a number of genomic regions 

linked to height However, the studies have the following limitations.

1. Relatively small sample sizes. Most studies have a sample size less than 

2,000.

2. Relatively low significance levels for the reported linkage to height Most 

reported linkage findings did not achieve a LOD score of 3, the generally
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accepted threshold for a significant linkage at the genome-wide level 

(Lander and Kruglyak 1995).

3. No study (except for the study by Liu et al., 2004) was performed on an 

extended sample to try to substantiate its previous linkage findings.

4. No study (except for the study by Deng et a t , 2002 and Liu et al., 2004) 

performed linkage analyses of height on chromosome X.

5. Few reported regions of linkage to height were replicated across studies.

Studies of Short Stature

Syndromes of short stature provide unique models for study of human 

height development Studies of these syndromes identified a list of causative 

genes and genomic regions, which are potentially important to normal height 

variation. Examples of these genes are listed in Table 1-2.
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Table 1-1. Whole Genome Linkage Studies on Human Height

Sample Size Population Chromosome
Region

LOD Score Ref.

1 1,417 subjects from Finnish 1p21 4.25 (in males) (Sammalisto et
277 pedigrees 9p24 2.57 (in males) al. 2005)

18q21 2.39 (in males)
13q12 2.66 (in

females)
4q35 2.18
22q13 2.85

2 513 sibpairs from 174 Dutch 6q12 2.32 (Willemsen et
pedigrees al. 2004)

3 1,702 subjects from Framingham 6q 2.45 (Geller et al.
330 pedigrees heart study 2003)

4 1,702 subjects from Framingham 18q21 3.12 (Mukhopadhyay
330 pedigrees heart study and Weeks

2003)
5 2,885 subjects from Framingham 14q11.2 2.45 (Beck et al.

330 pedigrees heart study 2003)
6 1,184 subjects from Dutch 6q25 3.06 (Xu et al. 2002)

200 pedigrees 9p1 2.09

7 1,816 subjects from Caucasians 9q22 2.74 (Liu et al. 2004)
79 pedigrees from US 9q34 2.66

Xq24 2.64

7p14 2.05
8 1,377 subjects from Caucasians 3p26 3.17 (Wiltshire et al.

573 pedigrees from UK 2002)
9 630 subjects from 53 Caucasians 5q31 2.14 (Deng et al.

pedigrees from US Xp22 1.95 2002)
Xq24 1.91

10 614 subjects from Finnish 7pter 2.91 (Perola et al.
247 pedigrees 9q 2.61 2001)

11 408 subjects from 58 Finnish (Botnia 6q24-25 3.85 (Hirschhorn et
pedigrees region) al. 2001)
746 subjects from Sweden 7q31.3-36 3.40
179 pedigrees
753 subjects from Finnish 13q32-33 3.56
183 pedigrees
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Table 1-2. Genes for Syndromes with Short Stature

Gene Chromosome
Region

Syndrome Ref.

Cathepsin K 1q21 Pycnodysostosis (Gelb et al. 1996)
PTHrPR (parathyroid hormone 3p22-p21.1 Jansen’s metaphyseal (Schipani et al.
related protein receptor) dysplasia 1995)

Blomstrand (Jobert et al. 1998)
chondrodysplasia

FGFR3 (fibroblast growth factor 4p16.3 Achondroplasia (Rousseau et al.
receptor 3) 1994)
GHRHR (growth hormone 7p15-14 IGHD (isolated growth (Salvatori et al.
releasing hormone receptor) hormone deficiency) 1999)
EXT1 (exostosin 1) 8q24 Multiple hereditary (Cook et al. 1993)

exostoses
CHH (cartilage-hair hypoplasia) 9p21-p12 Cartilage-Hair (Sulisalo et al.

Hypoplasia 1993)
COMP (cartilage oligomeric 19p13.1 Pseudoachondroplasia (Briggs et al. 1995)
matrix protein) and multiple

epiphyseal dysplasia
SHOX (short stature homeobox- Xp22 Leri-Weill (Rao et al. 1997)
containing gene) dyschondrosteosis
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A Review on Previous Two Whole Genome Studies
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WG1 Study

Introduction

This study was the first whole genome study performed on height by our 

group (Deng et al. 2002). The sample contained 630 subjects from 53 pedigrees.

Results

According to SOLAR, heritability (h2) of height in the sample was 0.73.

Figure 2-1 shows the linkage signals for chromosomes 1-22. Figure 2-2 shows 

the linkage signals (two-point LOD scores) for chromosome X.

The highest linkage signals were detected on 5q31, where a MLS of 2.14 was 

achieved at 144cM pter (Figure 2-1). On chromosome X, two regions attained 

suggestive linkage signals (Figure 2-2). Xp22 achieved a two-point LOD score 

of 1.95 at the marker DXS1060 and Xq24 a two-point LOD score of 1.91 at the 

marker DXS1001.

Discussion

Only modest linkage signals were detected in this genome-wide linkage 

scan. Few regions achieved LOD scores more than 1.5. Lack of significant 

linkage findings in this study might be attributed to the modest statistical



power of the study due to its relatively small sample size. Therefore, it is 

desirable to perform a follow-up study on an enlarged extended sample for 

better detection of linkage signals for height Such a follow-up study is also 

necessary to substantiate the suggestive linkage findings on 5q31, Xp22 and 

Xq24.
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marked increase of linkage signals was also observed (Figure 2-5), where the 

two-point LOD score was increased from 1.91 for the WG1 study to 2.64 

(empirical p = 0.0005) (at marker DXS8067). In the 26 new pedigrees, which are 

independent of WG1 study, Xq24 also achieved a LOD score of 1.45 with an 

empirical p value of 0.0052 (at marker DXS8055).

Discussion

Compared with the WG1 study, an increase in intensity of linkage signals for 

most genomic regions was observed in this follow-up study. This enhanced 

sensitivity for linkage detection may be largely attributed to the markedly 

increased statistical power due to drastically enlarged sample size.

The most notable region was 9q22, where linkage signals had the largest 

increase. The MLS achieved on this region nearly approached 3, the threshold 

for significant linkage at the genome-wide level. In addition, Xq24, the region 

with suggestive linkage signals (LOD = 1.91) in WG1 study, had a further 

increase in LOD score to 2.64. As Xq24 consistently showed suggestive linkage 

signals in these two consecutive whole genome studies, the region's linkage to 

height is preliminarily substantiated. In support of that, in a sample 

independent of WG1 study, i.e., the 26 new pedigrees, Xq24 also achieved an
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empirical p value of 0.0052 for linkage to height which met the criterion for 

region-wise linkage confirmation. According to the criterion, a nominal p 

value of 0.01 is generally required for linkage confirmation at a 5% 

significance level should 5 markers be used to replicate a region in an 

independent sample (Lander and Kruglyak 1995).

Based on the above two whole genome studies (Deng et al. 2002; Liu et aL 

2004), it is reasonable to hypothesize that 9q22 and Xq24 are two important 

genomic regions containing QTLs underlying human height variation. To 

test this hypothesis, a new whole genome study on a further extended 

sample was performed.
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Figure 2-3. Linkage Signals on Chromosomes 1-22 in WG1 and WG2
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Figure 2-4. Linkage Signals on Chromosome 9 in WG1 and WG2
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CHAPTER 3

MATERIALS AND METHODS
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Sample Description

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 (ORQ of 

Creighton University to search for genes underlying common human complex 

traits, including height body mass index, bone mineral density, etc. The 

sampling scheme and exclusion criteria have been detailed elsewhere (Deng et 

al. 2002). Briefly, patients with chronic diseases and conditions that may 

potentially affect the development of human height as well as other studied 

traits were excluded from the study. These diseases/conditions included 

chronic disorders involving vital organs (heart lung, liver, kidney, brain), 

serious metabolic diseases (diabetes, hypo- and hyperparathyroidism, 

hyperthyroidism, etc.), skeletal diseases (Paget's disease, osteogenesis 

imperfecta, rheumatoid arthritis, etc.), chronic use of drugs affecting bone 

metabolism (corticosteroid therapy, anti-convulsant drugs), and malnutrition 

conditions (chronic diarrhea, chronic ulcerative colitis, etc.), etc.

All the study subjects were Caucasians of European origin. The sample 

contains a total of 4,103 phenotyped subjects from 434 pedigrees (see Table 3-1
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for their basic characteristics), of whom 3,726 subjects were genotyped. The 

sample was mainly made up of pedigrees of median to large size, i.e., with 10 

to 451 genotyped subjects per family (see Table 3-2 for pedigree size 

distribution). Such a structure of the sample was advantageous by providing a 

large number of relative pairs informative for linkage analyses, with a total of

158,456 (see Table 3-3 for the number of relative pairs contained in the 

sample). Among the genotyped subjects, 1,816 were from the previous WG1 

(Deng et al. 2002) and WG2 studies (Liu et al. 2004) and the remaining 1,910 

were newly recruited. Figure 3-1 shows how the sample has developed from 

the initial 630 subjects for WG1 study to the current size.

For comparison purpose, Tables 3-1 to 3-3 also list the respective information 

for WG1 and WG2 study.
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Table 3-1. Basic Characteristics of Study Subjects

Age Groups Gender Current Study WG2 WG1

Mean Height (cM) SD Sample Size Mean Height (cM) SD Sample Size Mean Height (cM) SD Sample Size

20-29 M 180 6.8 250 181 6.7 111 183 7.0 23

F 166 6.1 355 166 6.1 155 166 5.5 40

30-39 M 180 7.4 279 180 8.0 213 180 9.2 72

F 166 6.5 489 166 6.6 310 166 7.6 102

40-49 M 179 6.5 383 179 6.7 271 178 6.9 65

F 165 6.5 633 165 6.3 347 164 6.7 112

50-59 M 177 6.9 309 178 7.1 161 178 7.4 34

F 163 5.7 412 164 5.5 210 163 5.0 55

60-69 M 176 7.1 204 176 7.1 124 176 8.3 35

F 161 6.1 312 162 6.0 196 162 6.0 59

70- M 174 6.4 200 173 6.1 128 172 6.7 30

F 158 6.9 276 158 6.9 192 157 7.2 44

21





Genotyping

Current Study

For each subject DNA was extracted by employing the Puregene DNA 

isolation kit (Gentra Systems, Inc., Minneapolis, MN). Genotyping experiment 

was performed at Center for Medical Genetics of Marshfield Clinic Research 

Foundation. 410 microsatellite markers (including 17 markers for chromosome 

X) from Marshfield Screen Set 14 were genotyped. The markers had an 

average population heterozygosity of 0.75 and were spaced on average 8.9cM.

PCR amplifications were carried out in 4 p.1 volumes containing lOmM Tris- 

HCI (pH 8.3), 50 mM KCI, 1.5 mM MgC12, 0.001% gelatin, IOOjiM each dNTP, 

75nM of fluorescent-labeled forward and unlabeled reverse primers, 0.12 units 

of Taq polymerase (Roche Diagnostic Corp.) and 1.5% v/v pyrolidinone 

(Sigma-Aldrich). Thermal cycling is carried out for 27 cycles at 95°C for 40 

seconds; 55°C for 75 seconds; 72°C for 40 seconds and a final extension of six 

minutes at 72°C.

A Scanning Fluorescence Detector (SCAFUD) system was used for allele 

identification and sizing. The genotype data were exported and stored in a 

Microsoft Excel file. A genetic database management system (GenoDB) (Li et 

al. 2001) was employed to manage the genotype data. PedCheck (O'Connell
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and Weeks 1998) was used to check the Mendelian inheritance pattern at all 

marker loci. Genotype data that could not pass the check were deleted from 

the dataset and the corresponding samples were re-typed.

WG1 and WG2 Study

630 subjects were genotyped with 380 (including 18 from chromosome X) 

microsatellite markers in WG1 study, and 1,816 subjects were genotyped with 

451 (including 19 from chromosome X) microsatellite markers in WG2 study. 

The markers were from ABI PRISM® Linkage Mapping Sets Version 2.0 (for 

WG1 study) and Version 2.5 (for WG2 study) (Applied Biosystems, Foster 

City, CA). Generally, these markers were ~10cM apart and have an average 

population heterozygosity of ~0.79. The overall marker density was ~8.6 cM 

per marker for WG1 study, and ~8.1cM per marker for WG2 study.

PCR reaction was in 20 nL volume with IX PCR Buffer II, 2.5 mM MgCl2, 250 

|iM dNTPs, 10 pmoles of each primer, 100 ng of DNA and 0.6 units of AmpliTaq 

Gold DNA Polymerase. PCRs were performed on GeneAmp® PCR System 9700 

Thermal Cyclers (Applied Biosystems, Foster City, CA,). Thermal cycling 

conditions were programmed as: 94°C for 10 minutes, followed by 10 cycles of 

94°C for 15 sec, 55°C for 30 sec, 72°C for 1 minute; 20 cycles of 89°C for 15 sec, 

55°C for 30 sec, 72°C for 1 minute; a 10 minute extension at 72°C. The reaction
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products were cooled to 4°C before removed from the thermal cyclers. PCR 

products of makers within the same panel were pooled at the following ratios: 4 

|ol of 'blue' (FAM) marker, 2\Aoi 'green' (VIC) maker and 6 |xl of 'yellow7 (NED) 

marker. Pooled PCR products were stored at -20°C until electrophoresis.

For WGl study, allele identification and sizing was performed on ABI 

PRISM® 377 and 310 DNA Analyzer (Applied Biosystems, Foster City, CA). For 

WG2 study, ABI PRISM® 3700 DNA Analyzer was used for that purpose. 

Genotypes at each marker were determined using GeneScan® Analysis (v3.7) 

and Genotyper® (v3.7) software. Further steps for genotype data analysis were 

the same for current whole genome study.

Statistical Analyses

Variance component linkage analyses (Amos 1994; Amos et al. 19%; Almasy 

and Blangero 1998) for quantitative traits were performed using SOLAR 

(Sequential Oligogenic Linkage Analysis Routines) (Almasy and Blangero 

1998) (http:/ /www.sfbr.org/sfbr / public / software/ solar / solar.html).

Multipoint and two-point LOD scores were calculated for chromosome 1 

through chromosome 22. As SOLAR can not handle multipoint linkage 

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

markers on chromosome X. Other software, such as GENEHUNTER
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(Kruglyak et al. 19%) that is capable of multipoint linkage analysis for 

chromosome X, unfortunately cannot handle large pedigrees that make up the 

major part of the sample. Breaking down the large pedigrees into smaller ones 

might be an option, but this procedure may result in a considerable loss of 

statistical power.

Empirical p values for significant linkage findings of WG2 and current study 

were estimated using the procedure "lodadj" implemented in SOLAR This 

procedure samples the null distribution (the distribution of LOD scores 

obtained under the "no linkage" hypothesis) so that a sorted array of LOD 

scores are obtained and the proportion of LOD scores greater than an 

observed LOD score is the tatter's empirical p value. This was achieved by 

generating 10,000 replicates, with a fully informative marker unlinked to 

height simulated in each replicate. IBDs and LOD scores were then computed 

for linkage to height for the simulated markers.

In linkage analyses, age, sex, and age*sex were used as covariates to adjust 

for raw height data.
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The present study was performed on a sample greatly extended from those 

for the previous two consecutive whole genome linkage studies on human 

height, i.e., WGl and WG2 (Deng et al. 2002; Liu et al. 2004). The sample size 

has increased from 630 for WGl (Deng et al. 2002) to 1,816 for WG2 (Liu et al. 

2004), and from that to the present 3,726 subjects, the largest sample ever 

obtained from a single population of the same ethnicity in linkage studies of 

human complex traits. Two regions, 9q22 and Xq24, were suggested linked to 

height in the previous studies. 9q22 achieved the highest MLS of 2.74 in WG2 

(Liu et aL 2004). For Xq24, a two-point LOD score of 1.91 was achieved in 

WGl (Deng et al. 2002) and a markedly increased LOD score of 2.64 was 

detected in WG2 (Liu et al. 2004). In the current study, with the sample size 

more than doubled compared with WG2, and using a different genotyping 

platform, the two regions' linkage to height was successfully substantiated.

Results

According to SOLAR, the heritability of height in the sample was 0.79 (SE = 

0.021). The height raw data, after adjustment for covariates (i.e., age, sex, and 

age*sex) using SOLAR, had a kurtosis value of 0.54 and therefore, conforming 

to normality as required by the variance component linkage analyses (Allison 

etal. 1999).
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Genome-wide (chromosomes 1-22) linkage signals, linkage signals on 

chromosome 9, and two-point LOD scores on chromosome X are plotted, 

respectively, on Figures 4-1 to 4-3. For comparison purpose, the respective 

results in WG1 and WG2 (Deng et al. 2002; Uu et aL 2004) are also presented.

As shown in Figures 4-1 and 4-2, the strongest linkage signals were detected 

on chromosome 9, where a MLS of 4.34 was achieved at 97cM pter on 9q22. 

Notably, this region also obtained the highest MLS of 2.74 in WG2 (Liu et al. 

2004). On chromosome X, two regions achieved significant linkage signals 

(Figure 4-3); Xq24 attained a two-point LOD score of 5.63 at marker 

GATA165B12P and Xp22 a LOD score of 5.36 at the marker AGAT144. 

Importantly, for Xq24, WG1 and WG2 both consistently achieved suggestive 

linkage signals (Le., a two-point LOD score of 1.91 for WG1 study and 2.64 for 

WG2 study) (Deng et al. 2002; Iiu  et al. 2004).

According to simulation with "lodadj" procedure in SOLAR, empirical p 

values for the observed LOD scores of 4.34 of 9q22, 5.63 of Xq24, and 5.36 of 

Xp22 were 4.81xl0_6,2.32xl0-7, and 4.37xl0~7, respectively.
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To further confirm linkage to height of 9q22 and Xq24, linkage analyses for 

the two regions were performed also in an independent sample, the subset of 

1,910 subjects not involved in WGl and WG2 (Figure 3-1). 9q22 achieved a 

MLS of 2.03 at 105cM pter and Xq24 a two-point LOD score of 1.63 at the 

marker GATA165B12P. The empirical p values for the observed LOD scores 

were 0.002 and 0.004, respectively.

Discussion

This study provides strong evidence supporting linkage to height of 9q22 

and Xq24. The conclusion is based on three consecutive whole genome linkage 

scans, including the previous two (Deng et al. 2002; Liu et al. 2004) and the 

current one. 9q22 and Xq24 were the most prominent regions in the previous 

studies; the former achieved the strongest linkage signals among all the 

regions scanned, while the latter consistently showed suggestive linkage 

signals in the two studies. Linkage signals on these two regions increased once 

again, and even more markedly than in WG2, in this new extension study. 

Importantly, only the two regions have had consistent and significant increase 

in linkage signals as the sample size stepped up from 630 to 1,860, and from 

that to the current 3,726 (Figures 3-6 to 3-8). While these two regions have 

achieved LOD scores of more than 4, few regions have even passed the LOD 

score of 2 in all the three genome-wide scans (Figures 3-6 and 3-8). With such
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exceptionally significant findings, the hypothesis that the two regions contain 

QTLs for height for the study population is well supported.

To further substantiate the two regions' importance to height linkage 

analyses were performed also in an independent sample, the subset of 1,910 

subjects not involved in WG1 and WG2 (Figure 2-1). In this independent 

sample, the two regions achieved empirical p values of 0.002 (for 9q22) and 

0.004 (for Xq24) for linkage to height which were significant for region-wise 

linkage confirmation. Generally, a nominal p value of 0.01 is required for 

confirmation at the 5% significance level should 5 markers be used to replicate 

a region (Lander and Kruglyak 1995). In this study only two markers were 

used for 9q22 and three markers for Xq24. Therefore, the p value required 

should actually be 0.025 for 9q22 (i.e., 0.05/2) and 0.017 (0.05/3) for Xq24.

Among genetic linkage studies of human complex traits, this study has so far 

obtained the largest sample from a single population of the same ethnicity. 

More impressively, due to the existence of a considerable number of large 

pedigrees that make up the major part of the sample (Table 3-2), as many as

158,456 informative relative pairs were available for linkage analysis (Table 3- 

3). This may give the study higher statistical power than most of other linkage 

studies of complex traits. Since low statistical power may lead to a low PFV 

(positive predictive value), the likelihood that a reported linkage is true (Shen
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This study is the first, in the field of linkage studies of height to have 

successfully substantiated its own previous linkage findings. The validation of 

9q22 and Xq24 for their linkage to human height was supported by multiple 

lines of evidence, i.e., the significant linkage detected in both the total and the 

independent sample, the consistent and marked increase in linkage signals 

associated with the increase of sample size, as well as the use of a different 

genotyping platform for this as compared to previous studies. In addition, the 

apparently high statistical power of this study due to its distinctly large 

sample size further ensures the reliability of the results. The data of the three 

consecutive genome-wide scans are uniquely valuable and exemplary. They 

represent a "real" (rather than simulated) example of how significant increase 

in sample size may greatly enhance linkage detection in linkage studies of 

human complex traits. Although it is indeed that true linkage is hard to find 

for human complex traits/diseases (Altmuller et al. 2001), the results of 

current study clearly demonstrate that true linkage will be found given 

persistent studies with coherent study design and sufficient statistical power.
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Figure 4-1 Genome-wide Linkage Signals for Current Study and WG1/WG2

9q22

Chromosome Region 
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Appendix

Abbreviations
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Abbreviation Definition

COLIA1 Collagen, type I, alpha 1

CYP17 Cytochrome P450, family 17

ER-a Estrogen receptor alpha

ER-ß Estrogen receptor beta

GC Glucocorticoids

GH Growth hormone

LHB Luteinizing hormone beta

MLS Maximum LOD score

PPARy3 Peroxisome proliferator-activated receptor-gamma 3

PPV Positive predictive value

PTHR1 Parathyroid hormone receptor 1

PTHrP Parathyroid hormone-related protein

QTLs Quantitative trait loci

ROR2 receptor tyrosine kinase-like orphan receptor 2

SOLAR Sequential Oligogenic Linkage Analysis Routines

VDR Vitamin D receptor

WGl The 1st whole genome study on 630 Caucasians

WG2 The follow-up study of WGl on an extended sample 

containing 1,816 Caucasians
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