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Abstract
Osteoporosis and obesity are two complex diseases that are prevalent in the 

United States. Obesity is a condition of excess body fat that exacerbates several major 
public health problems. Osteoporosis is a skeletal disease characterized by a reduction in 
bone mass. The relationship between obesity and osteoporosis has long been investigated. 
It is a widely held dogma that interventions lowering the risk of obesity may generally 
result in higher risk for osteoporosis. It is also believed that increasing body weight is 
related to higher bone mass and thus lower risk for osteoporosis. However, previous 
analyses generally confounded total body weight, of which the majority is skeletal 
muscle, with fat mass measurement for obesity. Also, the prior analyses did not duly 
control for increased mechanical loading due to larger total body weight in increasing 
bone mass.

In this project I analyzed data collected from both China and USA. Whole body 
fat mass, lean mass, body mass index (BMI), and bone mass were measured in two 
samples: 1,988 unrelated Chinese subjects and 4,489 subjects from 512 Caucasian 
pedigrees. I first evaluated the Pearson correlation, then dissected the phenotypic 
correlations into genetic and environmental components with bone mass unadjusted or 
adjusted for body weight (to control for its mechanical loading effects on bone mass). I 
discovered that in both Chinese and Caucasians fat mass and BMI were, phenotypically, 
positively correlated with weight-unadjusted bone mass, in agreement with the dogma. 
However, when bone mass was adjusted for body weight, the phenotypic correlation 
(including its genetic and environmental components) between fat mass and bone mass



turned out to be negative. These results indicate that when the mechanical loading effect 
of body weight on bone mass is adjusted for, increased fat mass is actually associated 
with decreased bone mass, both genetically and environmentally. Thus, in contrast to the 
dogma, my results show that both genetic and environmental factors that tend to decrease 
risk for obesity may also decrease risk for osteoporosis.

In light of the above findings and previous reports that RANK (receptor activator 
of nuclear factor-KB) is expressed in skeletal muscles which are important for energy 
metabolism, I hypothesized that RANK, a gene essential for osteoclastogenesis, is a 
pleiotropic gene for both osteoporosis and obesity. I first performed a linkage analysis in 
a genomic region of ~80 cM around the RANK gene in 4,087 Caucasian subjects from 
482 pedigrees using 9 microsatellite markers. I then genotyped 19 SNPs in or around the 
RANK gene in 405 nuclear families with 1,873 individuals. A family-based association 
test (FBAT) was performed with both quantitative measures of obesity (fat mass, lean 
mass and BMI and a dichotomously defined obesity phenotype - OB (OB if BMI >30 
kg/m2). Empirical'global P  values were derived from 10,000 permutations and reported 
as follows. In the linkage analysis, an empirical P=0.004 was achieved at the location of 
the RANK gene for BMI. Family based association analysis revealed significant 
associations of six SNPs (SNP1 (rs4941125), SNP2 (rs7235803), SNP4 (rs8086340), 
SNP7 (rsl 1664594), SNP10 (rs4303637) and SNP16 (rs884205)) with at least one 
obesity-related phenotype (P<0.01). Evidence of association was obtained at SNP10 
(P=0.002) and SNP16 (P=0.001) with OB; SNP1 with fat mass (P=0.003), SNP1 
(P=0.003) and SNP7 (P=0.003) with lean mass, SNP1 (/M).002) and SNP7 (P-0.002) 
with BMI. SNP1, SNP2, and SNP16 showed consistent associations across all obesity-



related phenotypes (P<0.05). In addition, significant results were observed for markers 
SNP4 and SNP7 with all the quantitative traits (P<0.05). The analyses of the common 
haplotypes containing the six SNPs provide further association evidence. In conclusion, 
for the first time, my results suggest that RANK is a novel candidate gene for obesity.

IV



Acknowledgements

First and foremost, I must thank my major advisor, Dr. Hong-Wen Deng, who led 
me into the field of human genetics and provided me with great opportunities to finish 
my thesis. Without his wise advice and support I could not have achieved anything in my 
research. It is Dr. Deng who taught me how to do scientific research, how to build a 
scientific career, and most importantly, how to be a good person. The experience of 
working and studying under his supervision will clearly benefit my future scientific 
career in many ways.

I must also thank my committee members, Dr. Richard F. Murphy, Dr. John Yee, 
Dr. Patrice Watson, Dr. Harry Nickla, Dr. Shih-Chuan Cheng and Dr. Gleb Haynatzki. 
They have been so generous with their time and efforts to attend my committee meetings 
and my seminar, listening to my reports, responding to my emails, reviewing and revising 
my manuscripts, and further making valuable comments on my work. Their guidance and 
supervision were essential for keeping my research on the right track.

I am thankful to my current and previous colleagues in Dr. Deng’s lab as well as 
those from Osteoporosis Research Center. It has been a real pleasure to work with them. 
Their support and collaboration were the key to the success of this and other works of 
mine.

Last but not least, my deepest gratitude goes to my mother, and my husband 
Chong-Sheng Zhu. Without their support and encouragement this dissertation would be 
impossible. I thank them for giving me endless love and support, which helped me go 
through thick and thin.



Table of Contents
Abstract .....................................................................................................................ii
Acknowledgements........................................................................................................v
Table of Contents...........................................................................................................vi
List of Tables................................................................................................................viii
List of Figures................................................................................................................. ix
Abbreviations.................................................................................................................. 1
CHAPTER 1: Background and Review of Literature............................................3

Osteoporosis.........................................................................,.... .................................4
Prevalence of osteoporosis......................... ..........................................................4
Assessment of osteoporosis................... ................................ ..................... 5
Risk factors for low BMD................................ ................................. ................. 6

Obesity........... ............................................................................................................ 9
Epidemiology of obesity.......................................................................................9
Assessment of human obesity..... ........................................................... ............10
Risk factors of overweight and obesity....... .......................................................11

A review of studies regarding the relationship between obesity and osteoporosis... 13
Evidence that obesity influences the risk to osteoporosis.................................. 13
Potential mechanisms of obesity-bone relationship........................................... 14

CHAPTER 2:_Decreasing Obesity Risk Tends to be Associated with
Decreasing Risk of Osteoporosis: Challenge to a Current Dogma...... 18

Introduction.... .............................................................. ...........................................19
Materials and methods.... ........................................................................................ 21



Subjects..................................................................................................................21
Measurement......................................................................................................... 21
Statistical analyses................................................................................................ 22

Results.......................................................................................................................... 23
Pearson (phenotypic) correlation......................................................................... 23
Variance decomposition analyses........................................................................ 25

Discussion....................................................................................................................27
CHAPTER 3: Is a Gene Important for Bone Resorption Candidate for 

Obesity? an Association and Linkage Study on RANK (receptor

activator of nuclear factor KB) Gene in a Large Sam ple......................... 33

Introduction..................................................................................................................34
Methods........................................................................................................................35

Subjects..................................................................................................................35
Phenotype measurement.......................................................................................36
Genotyping.............................................................................................................37
Statistical Analyses............................................................................................... 38

Results..........................................................................................................................40
Linkage study........................................................................................................ 40
Association study.................................................................................................. 44

Discussion....................................................................................................................52
CHAPTER 4: Future Direction..................................................................................56
References ......................................................................................................................59
Glossary ......................................................................................................................86



List of Tables

Tables Page
Table 2-1. Pearson correlations in 1,988 unrelated Chinese and 1,085 24 
unrelated Caucasians, with bone mass unadjusted vs. adjusted for weight (in 
brackets)

Table 2-2. The correlations between obesity phenotypes and weight- 27 
adjusted bone mass

Table 2-3. Pearson correlations between fat mass and weight-adjusted bone 32 
area in 1,988 unrelated Chinese and 1,085 unrelated Caucasians

Table 3-1. Characteristics of the obesity-related phenotypes in the subjects 41 
for the linkage analyses stratified by age and sex

Table 3-2. Information of the 18 SNPs for the association analyses 44

Table 3-3. Association results for allelic association based on 10,000-time 48 
Monte-Carlo permutations

Table 3-4. Haplotype association analysis for each block of RANK 50 
(haplotypes with any P value <0.05 are shown)



List of Figures

Figures Page

Figure 1-1. Longitudinal change of BMD 6

Figure 1-2. Factors influencing the development of obesity 11

Figure 1-3. Potential mechanisms that increasing fat mass may increase 17 
bone mass

Figure 3-1. Linkage analysis profile for a region of ~80 cM around the 42 
RANK gene

Figure 3-2. Gene structure and LD patterns for the RANK gene 45

Figure 3-3. Haplotype structure and diversity 46

ix



Abbreviations
BIA - Bioelectric impedance
BMC - Bone mineral content
BMD - Bone mineral density
BMI - Body mass index
BMP - Bone morphogenetic protein
CT - Computerized tomography
DXA - Dual energy X-ray absorptiometry
EMS A - Electrophoretic mobility shift assay
FBAT - Family-based association test
GnRH - Gonadotropin-releasing hormone
h2 - Heritability
LD - Linkage disequilibrium
MAF - Minor allele frequency
MLS - Maximum LOD score
MRI - Magnetic resonance imaging
OF - Osteoporotic fracture
PFM - Percentage fat mass
PPAR-y - Peroxisome proliferators activated receptor-gamma 
QCT - Quantitative computed tomography 
QTL -Quantitative trait locus 
RA - Retinoic acid
RANK - Receptor activator of nuclear factor-icB

1



RANKL - Receptor activator of nuclear factor-KB ligand
SD - Standard Deviation
SNP - Single nucleotide polymorphisms
TB - Total body
TDT - Transmission disequilibrium test 
WHO - World Health Organization

2



CHAPTER 1 
Background and Review of Literature

3



O steoporosis 
Prevalence of osteoporosis

Osteoporosis is a major public health problem characterized by excessive skeletal 
fragility and susceptibility to low trauma fracture among the elderly (2; 3). This excessive 
skeletal fragility is because of intrinsic skeletal factors such as low bone mass, 
unfavorable geometry at cortical bone sites (4), poor bone structure at cancellous bone 
sites (5), sluggish or ineffective repair of microdamage (6), as well as extrinsic factors 
like the propensity to fall (7).

Osteoporosis affects ~44 million Americans, among them, 10 million women and 
men already have osteoporosis and 34 million people are at high risk of osteoporosis (2). 
Osteoporosis results in > 1.5 million osteoporotic fractures (OFs) a year in the US (2), 
including ~300,000 hip fractures and ~700,000 vertebral fractures (8). More than 40% of 
postmenopausal women, on average, will suffer at least one OF (9). OF could cause 
permanent disabilities, nursing home placement, and even death. The direct cost for 
osteoporosis rapidly rose and reached -17.5 billion dollars in the US alone in 2002 (8). 
As the age of the world’s population increases, the incidence and prevalence of 
osteoporosis and its economic burden on society will increase dramatically. Estimates 
indicate that the number of osteoporotic hip fractures occurring in the world will rise 
from 1.7 million in 1990 to 6.5 million by the year 2050 (10). Thus, it becomes urgent to 
develop preventive strategies for osteoporosis.
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Assessment of osteoporosis

The most powerful and measurable determinant of OF is the amount of bone in 
the skeleton as measured by bone mineral density (BMD) (11; 12). It has been 
established that BMD can predict OF in the elderly and low BMD is one of the strongest 
risk factors for hip fracture (13). Because of the strong relationship between BMD and 
OF, in clinic and practice, BMD was used by the World Health Organization (WHO) to 
define osteoporosis. BMD is expressed as a relationship to two norms: the T-score and 
the Z-score (14). The T-score is the number of standard deviations (SDs) by which a 
patient’s test result exceeds (positive T-score) or falls below (negative T-score) the mean 
of the young adult group of the same gender (15). The diagnostic criteria for osteoporosis 
is based on BMD T-scores (15). In clinic and practice, osteoporosis is defined as a 
condition with a BMD T-score 2.5 or more SDs below young normal (T-score < -2.5) 
(16). Osteopenia (low bone mass) is defined as T-score < -1.0 and > -2.5 (15). The Z- 
score compares a patient’s measured BMD to the average BMD measurement for the 
patient’s age and sex. Multiple epidemiology studies provide evidence that the risk of OF 
increase as BMD declines (11; 17; 18). For instance, in the European Prospective 
Osteoporosis Study, the risk of incident vertebral fractures in women increased by a 
factor of 1.4, 1.5, and 1.6 per decrease of 0.1 g/cm in BMD at the spine, femoral neck, 
and trochanter, respectively (19).

Several different noninvasive techniques have been developed to assess BMD, 
including Dual energy X-ray absorptiometry (DEXA or DXA), Quantitative computed 
tomography (QCT), and Ultrasound. Each of these techniques has particular advantages 
and disadvantages (20). Because of the advantages of high precision, short scan time, low
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radiation dose, and stable calibration, DXA has become the most widely used technique 
for measuring BMD (21). DXA measures BMD as the average concentration of mineral 
per unit area. BMD can be measured from any site in the skeleton, but the standard sites 
are lumbar spine, proximal femur, and distal forearm (22) because of their high incidence 
of OF. The WHO guidelines for the diagnosis of osteoporosis are based on DXA 
measurements of the hip or spine (15).

Risk factors for low BMD

Several factors contribute to 
environmental and genetic factors. The 
environmental factors have been well 
characterized, which may include age, 
sex, weight, height, menopausal status 
(for females), smoking, exercise, 
nutrition, physical activity, and alcohol 
consumption, etc.

Age and sex are important 
factors for the change of BMD. The 
pattern of life-long, age-related change in bone mass in males and females has been well- 
characterized (23) and is depicted in Figure 1-1. Bone mass increases during growth and 
reaches the peak by age ~20-30. Peak BMD has been shown to be under strong genetic 
controls, but nutritional, behavioral and environmental factors are also of importance (24; 
25). Males generally have higher peak BMD at the lumbar spine and the proximal femur

the risk of low bone mass, including the

Spine Bone Mineral Density

Age (yrs)

Figure 1-1. Longitudinal change of BMD

6



than females of the same age . This difference in BMD results essentially from a longer 
period of bone mass gain in males than in females, resulting in a larger increase in bone 
size and cortical thickness in the males (26). After reaching its peak, BMD remains 
relatively stable until age ~50 (or the onset of menopause in females), and then declines 
gradually during the rest of life. However, the rate and pattern of bone loss differ vastly 
between men and women. In women, there is an accelerated bone loss occurring with 
abrupt estrogen withdrawal after the beginning of menopause and for 10-15 years after 
(27; 28). The accelerated bone loss in women causes the loss of 25-30% of the skeletal 
mass over a period of 5-10 years, followed by a slower phase with stable bone loss of 
0.5-1% per year (29; 30). In aging women, late-life BMD is related more to their BMD at 
age 50 than to the amount they subsequently lose (31), indicating that the interaction 
between bone loss and aging, if it exists, is not of primary importance. Males do not 
exhibit accelerated bone loss but, rather, a more gradual and stable bone loss rate.

Among all the lifestyle risk factors examined, dietary intake of calcium, vitamin 
D, dairy products, as well as supplemental calcium, have been estimated to be correlated 
with BMD (32). Physical activity plays a crucial role for premenopausal BMD (33). 
Women who reported modest alcohol consumption had slightly higher femoral neck 
BMD than women who abstained. Besides, it is reported that modest alcohol 
consumption is positively associated with BMD (34; 35). However, the mechanism for 
such an association is currently unknown. It is suggested that this may be due to the 
hormonal effects, such as greater central adiposity and increased serum estradiol (36), 
increased calcitonin secretion (37), or hypoparathyroidism (38). The belief that smoking 
is a major risk factor for osteoporosis has propagated since the publication of a study
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related with osteoporosis in the slender smokers (39). Smoking is hypothesized to affect 
premenopausal BMD by altering the sex steroid hormonal environment (40; 41). 
However, the effect can also be attributed to a lower average body weight among 
smokers (42).

A large body of genetic epidemiological evidence supports a major role of genetic 
influences in determining population variation in areal BMD. Women who reported a 
family history of osteoporosis had a lower BMD than women who reported no family 
history (43). Numerous investigations have suggested that among daughters of women 
with osteoporosis, a stronger association with low BMD exists for premenopausal 
daughters than postmenopausal daughters (44).

The proportion of the BMD variance attributable to genetic factors, which is 
known as the heritability (h ) has been estimated by many studies. The high degree 
(>60%) of h2 in BMD has been unequivocally established. According to the twin and 
family studies, the heritability h2 ranged from 50% to 90% for spine and hip BMD, 50- 
60% for wrist BMD (45). Children have a fourfold higher risk of low BMD when one 
parent has a low BMD, and a nearly ninefold higher risk of low BMD when both parents 
have low BMD (46). Several studies also indicate that a high genetic correlation between 
spine and hip BMD (47; 48) exists, suggesting that some genetic determination of BMD 
at different skeletal sites is shared. According to segregation analyses (49; 50), there may 
exist at least one major gene for population BMD variation.



O besity
Epidemiology of obesity

Obesity is a state of excess storage of body fat resulting from a chronic imbalance 
between energy intake and energy expenditure. Obesity is associated with many diseases, 
such as type 2 diabetes mellitus, hypertension, coronary heart disease, and some cancers 
(51; 52). Obesity is generally classified according to body mass index (BMI) as proposed 
by WHO. BMI is the ratio of body weight in kilograms to the square of height in meters. 
According to NIH and WHO, an adult with BMI of 30 or higher (BMI > 30 kg/m2) is 
considered as obese, 25-29.9, overweight, 18.5-24.9, normal weight, and a BMI less than 
18.5 is considered as underweight. A higher BMI is associated with a higher risk for 
certain health problems than those with a lower BMI (51; 52). About 250 million adults 
(7% of the world adult population) are considered obese, and two to three times as many 
may be considered overweight (53; 54). Recent data from the 1999-2000 National Health 
and Nutrition Examination Survey (NHANES) (55) show that almost 65% of the adult 
population in the US is overweight, compared to 56% seen in NHANES III, conducted 
between 1988 and 1994 (55). The prevalence of obesity has increased dramatically from 
23% to 31% over the same time period. The direct cost associated with obesity is ~$100 
billion per year, which represents 5.7% of the national health expenditure in the US in 
1995 (56). Thus, obesity has become a serious national public health problem. A recent 
analysis estimated that the national health expenditure on obesity or related disorders in 
the US is between 0.89% and 4.32% (57),

9



Assessment of human obesity

BMI is widely used as an index of the degree of obesity because it is easy to 
measure. However, it cannot distinguish body fat from lean mass (58; 59). Skinfold 
thickness represents a simple, practical method, but with a principal drawback of poor 
reproducibility (51). Waist circumference or waist/hip ratio is generally a proxy measure 
of visceral fat (60; 61). The accuracy of bioelectric impedance (BIA) depends on the 
prediction equation employed, which tends to overestimate fat-free mass and 
underestimate percentage of fat mass in obese subjects (62; 63).

Compared with BMI, measurement of fat mass is more homogeneous and reflects 
body fat content more accurately (64; 65). Lean mass (mostly skeletal muscle) is a major 
component of the body and a key site for energy metabolism. It plays a critical role in the 
consumption of carbohydrate and lipid, and may contribute substantially to the 
development and maintenance of the obese status (65).

DXA represents a contemporary technology in measuring body composition. 
DXA is based on the simultaneous differential attenuation by bone, fat, and lean tissue of 
transmitted photons of two energy peaks. It provides a highly accurate measure of fat 
mass, lean mass, and bone mass (65; 66) and is superior to BIA, isotope dilution of 
tritium, or total body potassium (67; 68). Other techniques, such as computerized 
tomography (CT) scanning and magnetic resonance imaging (MRI), while accurate, are 
usually of limited availability due to high machine and measurement costs, analysis time, 
and/or relatively high radiation exposure. Overall, DXA provides homogeneous and 
accurate measurements of phenotypes that are ideal for large-scale accurate studies of 
obesity.
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Risk factors of overweight and obesity

The size of body fat mass is the result of the balance between energy intake and 
energy expenditure. If energy intake is too high for a given expenditure or if expenditure 
is too low for a given intake, obesity will develop over the long term. An imbalance 
between energy intake and expenditure can be caused by genetic and environmental 
factors or the interaction between them. In most cases both genetic and environmental 
factors act together in pathogenesis of overweight and obesity (Figure 1-2).

Genetics

Environment

Figure 1-2. Factors influencing the development of obesity

The rapid increase of obesity suggests that the modem prevalence of obesity is 
generally caused by environmental influences, rather than genetic factors. Increasing 
energy consumption, decreasing energy expenditure, or a combination of both has led to 
a positive energy balance and a marked increase in weight in our society. In evaluating 
energy intake, the data from large national surveys have shown inconsistent results. 
Ecological data seems to support the idea that energy intake has increased (69). Although
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the availability and consumption of lower-fat food items increased over time, higher per 
capita energy availability, increased percentage of food consumed outside the home 
including fast foods, greater consumption of soft drinks, and larger portion sizes (69) 
have contributed to an increased energy balance and explained the observed rise in 
obesity. These inconsistent data on energy intake suggest that rising levels of obesity may 
be more closely related to changes in energy expenditure. Physical activity accounts for 
20-50% of total energy expenditure, while our current life styles are likely to encourage 
reduced requirement of physical exertion. In general, food intake and physical activity act 
simultaneously to affect the final outcome of energy balance (70).

Genetic risk factors also play a major role in the development of obesity, as 
reflected by the high heritability of many components of obesity (71). Progress in 
understanding the genetics of obesity has moved rapidly in the past years. Most of the 
previously existing mutations in mouse obesity genes that segregate as Mendelian traits 
have been cloned, and a number of homologous mutations have been discovered as rare 
causes of human obesity (72). These genes (e.g., leptin and leptin receptor) and their 
products have offered molecular focal points for new biochemical and physiological 
pathways that are conserved between mice and humans. Most commonly, obesity is 
affected by many genes and each having small or modest effects (73), but whose 
combined effects can lead to a pronounced weight gain in an appropriate environmental 
settings (64; 73; 74).

The strong genetic determination of human adiposity has been well established 
(71). The estimates of heritability (h2) of BMI range from 0.50 to 0.90. For fat mass, h2 
ranges from 0.20 to 0.65. For percentage fat mass (PFM), h2 ranges from 0.62 to 0.80.
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For lean mass, h2 ranges from 0.52 to 0.80. In my study population, h estimates of BMI, 
fat mass, PFM, and lean mass are in the range 0.52-0.57. Some segregation analyses 
suggest the existence of major genes for obesity phenotypes (e.g., BMI, fat mass, and 
PFM) in some populations (75).

A review  o f studies regarding the relationship between obesity and  
osteoporosis
Evidence that obesity influences the risk to osteoporosis

Extensive data showed that high body weight or BMI is correlated with high bone 
mass, and body weight loss leads to bone loss (76-80), and these correlations are seen in 
both males and females, across the entire adult age range, and throughout the skeleton (1; 
76; 80; 81). This relationship is also found in children although its significance is less 
clear (82; 83). Thus, obesity has become one of the principal determinants of BMD. Low 
BMI is considered to be a risk factor for low bone mass and high bone loss (79) and 
obesity is believed to increase bone mass and thus protects individuals from osteoporosis 
(84; 85).

A number of intervention studies on the change in BMD over time reveal a 
similar relationship between body weight and BMD. For instance, caloric restriction is a 
typical approach employed by individuals to reduce excess body weight. Unfortunately, 
observational studies have indicated that a reduction of body weight in women is 
correlated with a reduction in bone mass either for the total body or for regional sites (86- 
90). Several studies also indicate that with weight loss, there is a concomitant increased 
risk for hip fracture (91-95). Moreover, in a group of premenopausal obese women with 
histories of chronic dieting behavior, one-third had either osteopenia or osteoporosis (96).
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For morbid obesity gastric bypass surgery has been shown to be effective in controlling 
obesity in the long term. However, gastric bypass surgery for morbid obesity leads to an 
increase in bone turnover and a decrease in bone mass (97). Nine months after gastric 
bypass surgery, urinary N-telopeptide, a marker of bone resorption, was 288% higher; 
and osteocalcin, a marker of bone formation, was 53% higher in the gastric bypass 
surgery group (P < 0.001) for both bone-specific alkaline phosphatase, a biochemical 
marker of bone formation, remained stable (97). Therefore, after surgery, bone resorption 
markers increase much higher than bone formation markers. Thus, it is widely believed 
(84; 97-99) that interventions or treatments that decrease obesity risk may increase the 
risk of osteoporosis by reducing bone mass and vice versa.

Potential mechanisms of obesity-bone relationship

Some potential mechanisms are proposed for the obesity-bone interaction. A 
straightforward explanation about the protection effects of obesity on bone is that a larger 
body mass imposes a greater mechanical stress on bone, and in response, bone mass may 
increase to accommodate the great load (100). Thus, weight-bearing exercises builds 
bone. The weight bearing or load-bearing exercises include weight-lifting, jogging, 
hiking, stair-climbing, step aerobics, dancing, racquet sports, and other activities that 
require muscles to work against gravity. On the other hand, bone disuse, such as long
time bed or long-duration spaceflights increases bone loss.

In addition, the secretions of bone-active hormones from the adipocytes and the 
pancreatic ß cells have also been suggested to be other possible mechanism (1). It has 
long been recognized that the adipocyte is an estrogen-producing cell. Since estrogen 
deficiency is a known cause of declining bone mass in postmenopausal women, fat mass
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may become more important to bone metabolism in this period of life when the main 
sources of estrogen from ovary is reduced. Estrone and estradiol are two types of 
estrogen that are synthesized from androstene or testosterone by aromatase, an enzyme 
responsible for estrogen biosynthesis, which can be found in adipocytes. Increased 
peripheral transformation of androstenedione to estrone in the larger adipose tissue mass 
among heavier, usually postmenopausal women might result in increased inhibition of 
enzymatic bone matrix degradation by osteoclasts (81).

Other hormonal mechanisms might include increased circulating insulin, amylin 
and/or leptin and their potential regulating effect on bone tissue, via increased ovarian 
estrogen production or decreased levels of sex hormone binding globulins resulting in 
either osteoblast proliferation or osteoclast inhibition (1). Figure 1-3 shows these 
potential hormonal mechanisms. Leptin is a hormone secreted by adipocytes which exerts 
its action on the hypothalamus, modifying eating behavior and inhibiting the lust for food 
consumption (101). Recently, leptin has emerged as a potential candidate responsible for 
protective effect of fat on bone tissue. Obese people are found to have higher serum 
leptin level (102). Circulating leptin concentrations are related to bone density (103-105) 
and leptin levels are reduced in women with vertebral fractures (105). Leptin exerts dual 
effects on bone, depending on site of bone tissue, skeletal maturity and/or signaling 
pathway. Early in life, leptin might have direct effects on osteoblasts and osteoclast. It 
stimulates bone growth and bone size through direct angiogenic and chondro-osteogenic 
effects (106). Later, it may regulate production of osteoprotegerin and receptor activator 
of NF-kB ligand (RANKL) to result in diminished recruitment of ostoclasts and reduced 
bone resorption (106; 107). Leptin also exerts negative effects on bone formation through
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a hypothalamic pathway mediated downstream by the sympathetic nervous system (106; 
108). The two pathways could counterbalance each other, with the peripheral and positive 
effects being predominant when leptin central resistance occurs with obesity onset (106).

Increasing fat mass also has an effect to increase the secretion of insulin and 
amylin. The direct and indirect effects of insulin and amylin all lead obese people have 
high bone mass. Obesity is related with insulin resistance. Hyperinsulinemic patients 
develop a cluster of abnormalities, including androgen and estrogen overproduction in the 
ovary, and reduced production of sex hormone-binding globulin in the liver. These 
phenomena result in increased concentrations of free sex hormones, resulting in reduced 
osteoclast activity and possibly increased osteoblast activity, leading to increased bone 
mass (1). Besides, insulin is a regulator of osteoblast growth, and osteoblasts have insulin 
receptors (109). Insulin stimulates proliferation of osteoblasts in vitro (110) and increases 
indices of bone formation in vivo (111). These direct and indirect mechanisms of insulin 
all lead obese people to have higher bone mass. Co-secreted with insulin, amylin, a 37- 
amino acid peptide, also has direct effects to increase bone mass through stimulating 
osteoblast proliferation (112) as well as inhibiting osteoclastic bone resorption (1).
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Figure 1-3. Potential mechanisms that increasing fat mass may increase bone 
mass. SHBG, sex hormone-binding globulin. Reprinted with permission from 
reference (1)
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CHAPTER 2

Decreasing Obesity Tends to be Associated with Decreasing 
Risk of Osteoporosis: Challenge to a Current Dogma
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Introduction

Obesity and osteoporosis are two common complex diseases, both having 
multifactorial etiologies including genetic, environmental components, and potential 
interactions among them. Obesity is a condition of excess body fat that causes or 
exacerbates several major public health problems. Today, ~65% of the US adult 
population is overweight or obese (113). Osteoporosis is a skeletal disease characterized 
in part by a reduction in bone mass (114), which results in more than 1.5 million 
osteoporotic fractures annually in the US (115).

The relationship between obesity and osteoporosis has long been investigated. 
Extensive epidemiological data show that high body weight or BMI is correlated with 
high bone mass and that body weight loss leads to bone loss (84; 85; 99). It has 
subsequently been a dogma - risk of obesity and osteoporosis are inversely correlated, as 
obesity may increase bone mass and thus protects individuals from osteoporosis (84; 85). 
It is widely believed (84; 97-99) that interventions or treatments that decrease obesity 
may increase the risk for osteoporosis by reducing bone mass, and vice versa. For 
instance, bone loss and osteoporosis are considered major side effects of surgical 
procedures for morbid obesity (97; 99).

However, earlier studies investigating the relationship between obesity and 
osteoporosis have centered on phenotypic correlations between body weight (or BMI) 
and bone mass. This kind of analyses may suffer a critical problem because the 
correlation between body weight (or BMI) and bone mass may not necessarily represent 
the correlation between obesity per se and osteoporosis, as it is excessive fat mass
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(instead of total body weight) that defines obesity. Body weight itself is a relatively 
heterogeneous phenotype consisting of fat, lean muscle, and bone mass. Fat mass 
accounts for ~16% and ~25% of total body weight in normal-weight men and women, 
respectively (116). Although a few studies (1) used fat mass to assess the correlation 
between bone mass and adiposity, they generally did not adjust for mechanical loading 
effects on bone mass due to total body weight. It is known that larger body weight incurs 
greater mechanical loading and enhanced mechanical loading increases bone mass (117; 
118). Therefore, a critical question arises: what is the correlation between obesity per se 
and osteoporosis, particularly, when the mechanical loading effects due to total body 
weight are controlled. Adjustment for mechanic loading due to total body weight is 
necessary if the true relationship between obesity per se and bone mass is to be 
uncovered.

In the present study, I attempt to address this question in two large samples of 
Chinese and Caucasians. I found body fat mass is negatively correlated with bone mass 
after the mechanical loading effect due to body weight was statistically removed. My 
results, challenging the well-known dogma, have important clinical implications because 
given appropriate weight bearing exercises, intervention or treatment reducing fat mass 
should generally increase bone mass and thus protect against osteoporosis.
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M aterials and m ethods

Subjects

The study consisted of two samples. The first sample contained 1,988 healthy 
Chinese (Han) subjects [(878 premenopausal women and 1,110 men, aged 27.2 ± 4.5 
(mean + SD), ranging 19.6-45.1 years)], which were randomly recruited in Changsha city 
located at the central south area of the P. R. China. The second sample came from Omaha, 
Nebraska. Five hundred and twelve Caucasian pedigrees of 2-4 generations comprising 
4,489 subjects [(2,667 females and 1,822 males, aged 47.8 ± 16.2 years (mean + SD), 
ranging 19.1-90.1)] were analyzed. The studies were approved by the respective IRB’s. 
All of the study participants signed informed-consent documents before entering the 
studies. We adopted an exclusion criterion that has been elaborated elsewhere (119). In 
brief, subjects with diseases, treatments, or conditions that would be an apparent non- 
genetic cause for low bone mass were excluded.

Measurement
In both Chinese and Caucasian samples, lumbar spine (LS) BMD, femoral neck 

(FN) BMD and total body bone mineral content (TB BMC), fat mass and lean mass (both 
in kg) were measured by Hologic DXA scanners (Hologic Corp., Waltham, MA). For the 
LS BMD, the quantitative phenotype used here was the combined BMD of L1-L4. 
Weight was measured in light indoor clothing, using a calibrated balance beam scale, and 
height was measured using a calibrated stadiometer. BMI (kg/m2) was calculated as 
weight (kg) divided by height square (m2).
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Statistical analyses
I first assessed Pearson correlations (i.e., phenotypic correlation Pp ) between 

body weight, BMI, fat mass, lean mass and bone mass in 1,988 unrelated Chinese 
subjects. As age, sex, and lifestyle factors (e.g., exercise, smoking, and alcohol 
consumption) may have significant effects on bone mass, weight, BMI, fat mass and lean 
mass, they were adjusted for in the analyses as covariates if tested statistically significant. 
In addition, I identified 1,085 unrelated subjects [(aged 62.13 ± 10.84 (mean ± SD)] from 
the 512 Caucasian pedigrees by selecting the founders and married-in subjects. Pearson 
correlations were also assessed in these unrelated Caucasian subjects.

I further dissected phenotypic correlations into genetic and environmental 
components by performing quantitative genetic variance decomposition analyses in the 
whole Caucasian sample comprising 4,489 subjects using SOLAR (Sequential 
Oligogenic Linkage Analysis Routines, available on http://www.sfbr.org/solar/). Before 
bivariate analyses, the univariate variance analyses were used to screen the effects of 
potential covariates. During the screen test, sex, age, and menopause status were put in 
the same model to test their effects on the lean mass, fat mass, BMI, or the bone mass. 
The significant covariates (P<0.05) were adjusted in subsequent heritability and bivariate 
quantitative analyses.

The bivariate quantitative genetic analysis re-estimated and decomposed the Pp into 

the portions due to genes (genetic correlations PG ) and environmental factors 

(environmental correlations ) (120) that are shared in determination of bone mass, 

lean mass, and fat mass. The signs of ^ G and indicate the directions of actions of
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shared genetic and environmental effects on osteoporosis and obesity. The significance of

, Pe and Pp between any pair of traits was tested using the likelihood ratio statistic. 
The likelihood ratio statistic follows a ^-distribution approximately with the degrees of 
freedom equal to the number of constrained parameters.

In the statistical analyses, outliers that were 4 SD away from the respective 
averages were excluded. Natural log transformation was performed for variables that did 
not follow the normal distribution.

Results
Pearson (phenotypic) correlation

Table 2-1 summarizes the results of the Pearson correlations between bone mass 
and obesity phenotypes in unrelated groups of Chinese and Caucasians, respectively. The 
correlations are in close agreement. In both Chinese and Caucasians, when bone mass 
was not adjusted for total body weight, bone mass was always positively correlated with 
fat mass, lean mass, BMI and weight (p<0.01), except the correlation between fat mass 
and TB BMC (p>0.05) in Caucasians. The results here are in good agreement with the 
widely held dogma - subjects with larger body weight tend to have higher bone mass.
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Table 2-1. Pearson correlations in 1,988 unrelated Chinese and 1,085 unrelated Caucasians, with bone mass unadjusted vs. adjusted 
for weight (in brackets)

Lumbar Spine BMD Femoral neck BMD Total Body BMC
Chinese Caucasians Chinese Caucasians Chinese Caucasians

Fat mass 0.12**(-0.14**) 0.13**(-0.12**) 0.16**(-0.13**) 0.24**(-0.13**) 0.21 **(-0.30**) 0.04(-0.48**)
Lean mass 0.40**(0.15**) 0.40**(0.10*) 0.42**(0.14**) 0.52* *(0.09*) 0.74**(0.31**) 0.80**(0.36**)
BMI 0.23** 0.24** 0.27** 0.36** 0.32** 0.25**
Weight 0.32** 0.36** 0.34** 0.51** 0.57** 0.63**

Note:
1) *p<0.05, ** p<0.01.
2) The values in brackets were the correlation coefficients when bone mass was adjusted for body weight
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Lean mass was consistently positively correlated with weight-adjusted bone mass 
(p<0.05), indicating that the effects of lean mass on increasing bone mass are beyond 
those due to increased overall body weight. Most interestingly, fat mass turned out to be 
inversely (negatively) associated with weight-adjusted bone mass (p<0.01) (Table 2-1), 
indicating that the effects of increasing fat mass on increasing bone mass can be entirely 
changed, qualitatively, if the mechanical loading effects due to overall body weight are 
statistically controlled (or compensated for in practice by appropriate weight bearing 
exercises).

Variance decomposition analyses

Bone mass and the obesity phenotypes all had strong genetic determinations 
(p<0.001). The narrow-sense heritability estimations were 0.58, 0.61 and 0.68 for LS 
BMD, FN BMD, and TB BMC, respectively, and 0.44, 0.69 and 0.48 for fat mass, lean 
mass and BMI, respectively. The results of genetic, environmental, and phenotypic 
correlations between fat mass, lean mass and weight-adjusted bone mass are summarized 
in Table 2-2.

When bone mass was adjusted for body weight, both genetic ( p G ) and 

environmental ( p E) correlations between lean mass and weight-adjusted bone mass 
remained to be positive and significant (P<0.01). In contrast and of particularly interest, 
fat mass turned out to be inversely and negatively associated with weight-adjusted bone 
mass, genetically, environmentally and phenotypically (f*<0.01), consistent with the 
results of the Pearson correlation analyses.
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Table 2-2. The correlations between obesity phenotypes and weight-adjusted bone mass
Lumbar spine BMD Femoral neck BMD Total body BMC

Fat mass P g -0.16** -0.23** -0.51**
P e -0.17** -0.28** -0.65**
P p -0.16** -0.26** -0.58**

Lean mass P g 0.33** 0.28** 0.70**
P e 0.21** 0.16** 0.56**
P p 0.25** 0.21** 0.63**

Note:
1) ** p<0.01.
2) P values were estimated by comparison with the likelihood of a nested model in which either p G or p E was fixed at zero (for 

p G and p E, respectively), or both were fixed at zero (for p p ).
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Discussion

This study shows that fat mass is inversely correlated with bone mass, genetically 
and environmentally, when mechanical loading effects of body weight on bone mass are 
controlled. A similar relationship was also observed between bone mass and percentage 
fat mass. My results imply that, if the mechanical loading effects of body weight on bone 
mass are appropriately compensated for (e.g., by weight bearing exercises),

1) body fat mass per se does not have protective effects on bone mass;

2) shared genetic and environmental factors may have beneficial effects on both 
obesity (by reducing body fat mass) and osteoporosis (by increasing bone mass).

The positive correlations between lean mass and bone mass held consistently with 
or without adjustment for body weight, suggesting that the effects of lean mass on bone 
mass are not entirely attributable to mechanical loading of body weight. This is 
understandable, as higher lean mass represents more and larger muscles, which typically 
convey larger or more frequent mechanical loading (in addition to that due to weight) on 
the skeleton. Increasing lean mass will consistently increase bone mass, through 
mechanical loading due to overall body weight and through other mechanical loading 
mechanisms. My results hence support the well-known beneficial effects of mechanical 
loading on bone, but challenge the effects of higher fat mass on higher bone mass. 
Actually, some studies have shown that adiposity does not protect against fracture (121- 
123). The previous conclusion that increasing obesity has beneficial effects on reducing

27



osteoporosis risk seems to be largely due to the mechanical loading effects of body 
weight on bone, and not due to increased fat mass per se, as my results suggested here.

The negative genetic correlation ( p G ) between fat mass and weight-adjusted bone 

mass indicates that fat mass and bone mass share some genetic factors and molecular 
pathways, which generally have an opposite impact on fat mass vs bone mass. This 
observation is supported by our current understanding on adipose tissue and skeletal 
differentiation. Adipocytes and osteoblasts (bone forming cells) originate from a common 
progenitor, pluripotential mesenchymal stromal cells, and their differentiation are 
regulated through PPAR-y (peroxisome proliferators activated receptor-gamma) pathway 
(124; 125). Activation of PPAR-y drives the differentiation of mesenchymal stromal cells 
towards adipocytes over osteoblasts (126). A set of factors common to osteogenesis and 
adipogenesis determine the mesenchymal stromal cells entry into different functional 
stages (127). For example, bone morphogenetic protein (BMP) and retinoic acid (RA) 
may cooperate to induce osteoblast differentiation of preadipocytes (128). Recent 
molecular genetic studies also provided some common candidate genes for both 
osteoporosis and obesity. Such genes may include IGF-I, IGF-II, LEPR, NPY, VDR, ER- 
a , AR, TGF-ßl, IL-6, TNF-a, TNFR2, ApoE, and PPAR-y. Some genotypes are 
suggested to have association with healthy beneficial effects on both bone and adipose 
tissues. For instance, the Pro 10 allele in the TGF-ßl gene pathway may reduce risk of 
obesity (129) and osteoporosis (130).

This study also found negative environmental correlation ( p E) between fat mass 
and weight-adjusted bone mass, which implies that fat and bone mass share some 
environmental factors which have an overall effect to alleviate risks of both obesity and
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osteoporosis. This is compatible with some studies investigating environmental 
modifications on obesity and osteoporosis. Physical exercises may prevent body fat 
accumulation and in the meantime increases bone mass (131). Milk and tea are believed 
to be beneficial for the prevention of both osteoporosis and obesity (132). Milk is a good 
source of highly absorbable calcium. Increased milk intake may increase peak bone mass 
in puberty, slow bone loss and reduce the incidence of osteoporotic fracture in the elderly 
(133). Studies also show that high calcium intake may promote weight or fat loss (134), 
although long-term trials are needed to confirm such observations (135).

The results reported here may have important clinical implications. First, a person 
can have high bone mass (and thus low risk of osteoporosis) without having to gain fat 
mass. Second, medical interventions (working through shared molecular genetic 
pathways) or modifications of diet and life-style may generally work favorably for the 
health care of both osteoporosis and obesity. Indeed, a few studies have suggested such 
effects. For instance, menopause is related to increased bone loss, increased fat mass and 
decreased lean mass. Hormone replacement therapy (HRT) proves to be efficient to 
attenuate bone loss in postmenopausal women (136) and reverse menopause-related 
obesity and loss of lean mass (137). Leptin, a key factor regulating appetite and body 
weight, has been shown to influence bone mass (138). Treatment of children with 
congenital leptin deficiency with recombinant leptin leads to increased bone mass (139) 
and a sustained reduction in weight, predominantly as a result of a loss of fat (138; 139). 
On the other hand, some medical interventions may have adverse effects on health care 
simultaneously of both osteoporosis and obesity. Gonadotropin-releasing hormone
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(GnRH) agonists are routinely used to treat nonmetastatic prostate cancer. Osteoporosis 
and obesity are the two main side effects of treatment with GnRH agonists (140).

It should be noted that this study is only a statistical genetics study. I am not 
trying to magically looking for the specific pathways that leading to the correlation 
between obesity and bone. In my study, I discovered that adjusting for weight or not 
leading to the direction change of the association between fat mass and bone mass. 
Considering the possibility that factors can be correlated for reasons other than one 
causing the other, further studies need to be performed to uncover the potential 
mechanisms underlying this finding. Besides, statistically significant correlations 
reported here represent an overall effect of the factors shared in determination of 
variation in fat and bone mass. My results thus may not necessarily exclude some 
individual factors that do not follow this relationship. For example, smoking is associated 
with low bone mass and accelerated bone loss (141), while it is also considered to induce 
lower BMI (142; 143).

A potential concern is that the observed negative correlation discovered here 
between fat mass and weight-adjusted bone mass might be an artifact caused by the use 
of dual energy x-ray absorptiometry (DXA) machines. Inhomogeneous distributions of 
soft tissues may lead to systematic inaccuracies inherent to DXA-derived BMD 
measurements. Changes of fat distribution can lead to alterations in bone measurement 
without any real change in the skeleton (144; 145). However, in this study, my results are 
unlikely biased for the following reasons.

First, a previous analytic and quantitative simulation study indicated that 
decreasing fat mass by weight change always artificially led to lower BMD, and vice
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versa (146), which is in conformity with the dogma, but qualitatively different from my 
results. Thus, my results are impossible to be explained by the artifact of the DXA 
measurement.

Second, some studies (144; 145) reported that increasing fat thickness may 
spuriously decrease total body BMD. The spurious decrease in BMD, if due to DXA 
measurement, is attributable to the potential spurious increases in both BMC (numerator) 
and bone area (denominator for areal BMD) (144; 145). Bone area may have a relatively 
larger spurious increase than BMC, resulting in a potential spurious decrease of BMD 
(144; 145). However, in this study, I found a negative and not a positive correlation 
between fat mass and weight-adjusted TB BMC, which indicates that increasing fat mass 
is associated with a smaller BMC. This result suggests that my finding is unlikely to be 
explained by an artifact of the DXA measurement (which leads to larger BMC with 
increasing fat). Moreover, I tested the relationship between fat mass and bone area in the 
two large samples. I found that fat mass was negatively correlated with weight-adjusted 
bone area (Table 2-3). This finding is qualitatively different from the positive correlation 
between spurious change of bone area and change of fat thickness due to DXA 
measurements as suggested in some earlier studies (145). This result further ensured the 
robustness of my results against the potential artificial effects of DXA measurement.

In summary, I revealed a negative correlation between fat mass and bone mass, 
genetically and environmentally. I re-assured the effects of appropriate weight bearing 
and mechanical loading on a healthy skeletal system.
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Table 2-3. Pearson correlations between fat mass and weight-adjusted bone area in 1,988 
unrelated Chinese and 1,085 unrelated Caucasians.

Lumbar spine 
bone area

Femoral neck bone 
area

Total body bone 
area

Fat mass Chinese -0.25** -0.16** -0.22**
Caucasians -0.17** -0.12** -0.15**

Note: **P<0.01.
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CHAPTER 3

Is a Gene Important for Bone Resorption a Candidate for 
Obesity? An Association and Linkage Study on the RANK 
(receptor activator of nuclear factor kB ) Gene in a Large 

Sample
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Introduction

The genetic and phenotypic correlation between two complex diseases - obesity 
and osteoporosis - have been established across different ethnic groups (147-149). We 
revealed that BMI and BMD shared about 10-20% genetic determination in Chinese 
(147). Adipocytes and osteoblasts originate from a common progenitor, pluripotential 
mesenchymal stromal cells, and some common factors may regulate the differentiation of 
these two cell lines (124; 125). Recent molecular genetic studies also provided some 
common candidate genes for both bone and obesity (150-153)

Receptor activator of nuclear factor-KB (RANK), a molecule of the tumor 
necrosis factor-related family, plays a key role in inducing osteoclastogenesis (154). It 
interacts with RANKL to stimulate proliferation and differentiation of osteoclasts as well 
as inhibit osteoclast apoptosis (154). In addition, the genomic region harboring the 
RANK gene has been replicated to be linked with obesity via multiple human and animal 
studies (72; 151; 155). Furthermore, RANK is demonstrated to be highly expressed in 
skeletal muscle (156), a key anatomic site for burning energy. All of the above implicated 
that RANK could be a pleiotropic genetic factor influencing both osteoporosis and 
obesity phenotypes. Therefore, I hypothesize that RANK, a gene essential for bone 
resorption, is linked and/or associated with obesity-related phenotypes. In this 
exploratory analysis, I first conducted a linkage study on the genomic region containing 
the RANK gene; I then carried out a family-based association analysis of dense SNPs 
spanning the RANK gene in a large Caucasian sample.
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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 common human complex traits, including obesity and osteoporosis, etc. The 
sampling scheme and exclusion criteria have been detailed elsewhere (157). Briefly, 
patients with chronic diseases and conditions which may potentially affect the 
development of human obesity as well as other studied traits were excluded from the 
study. All the study subjects were Caucasians of European origin.

In the linkage study, the sample contained a total of 4,087 phenotyped subjects 
from 482 pedigrees (see Table 3-1 for their basic characteristics), of whom 3,998 
subjects were genotyped. The sample mainly consisted of pedigrees of median to large 
size and provided an exceedingly large number of relative pairs (>150,000) informative 
for linkage analysis. The study design and recruitment procedures were published before 
(158).

In the association study, as indicated before (159; 160), I selected a total of 405 
unrelated nuclear families with 1,873 individuals from the whole sample used for the 
linkage study. Nuclear families were selected based on the following criteria: 1) families 
with two parents and at least two children have a priority to be selected. 2) If there is only 
one parent available, families with at least three children have priority to be selected. 3) 
Children’s age are preferred to be less than 50 years or premenopause for female. The
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sample include 740 parents (ages with mean ± SD being 62.62 ± 10.52), 389 male 
children (ages with mean ± SD being 36.00 ± 10.92), and 744 female children (ages with 
mean ± SD being 37.73 ± 10.33). About 90% of the female children in this study were 
premenopausal and did not use estrogen replacement therapy. The nuclear families varied 
in size from 3 to 12, with an average of 4.62 (± 1.78, SD) individuals. 341 families 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 
1,512 sib pairs in our sample.

Phenotype measurement

BMI was calculated as body weight (in kilograms) divided by the square of height 
(in meters). Weight was measured in light indoor clothing without shoes, using a 
calibrated balance beam scale, and height was measured using a calibrated stadiometer. 
Fat mass and lean mass were measured by dual-energy X-ray absorptiometry using a 
Hologic 2000+ or 4500 scanner (Hologic; Bedford, MA). Both machines were calibrated 
daily. The measurement precision of BMI as reflected by the coefficient of variation was 
0.2%. The coefficients of variation for fat mass and lean mass were 2.2% and 1.0% for 
measurements obtained on the Hologic 2000+, and were 1.2% and 0.7% for 
measurements on the Hologic 4500. Members of the same family were generally 
measured on the same type of machine.
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Genotyping

For each subject, DNA was extracted from peripheral blood using the Puregene 
DNA isolation kit (Gentra Systems, Minneapolis, MN, USA). DNA concentration was 
assessed by a DU530 UV/VIS Spectrophotometer (Beckman Coulter, Inc, Fullerton, CA, 
USA).

In the linkage study, 9 microsatellite markers -  GATA11A06, GATA64H04, 
GATA13, GATA6D09, ATA23G05, ATA7D07, GATA7E12, ATA82B02N, and 
GATA177C03N - were genotyped. These markers were evenly spaced across the ~80 cM 
region containing the RANK gene. They were selected from the Marshfield screening set 
14 by Marshfield Center for Medical Genetics. The detailed genotyping protocol is 
available at http://research.marshfieldclinic.org/genetics/Lab Methods/methods.html. A 
genetic database management system (GenoDB) (161) was used to manage the 
phenotype and genotype data for linkage analyses. GenoDB was also used for allele 
binning (including setting up allele binning criteria and converting allele sizes to distinct 
allele numbers), data quality control, and data formatting for PedCheck (162) and linkage 
analysis.

In the association study, SNPs were selected on the basis of the following criteria: 
(1) validation status (validated experimentally in human populations), especially in 
Caucasians, (2) an average density of 1 SNP per 3 kb, (3) degree of heterozygosity, i.e., 
MAF > 0.05, (4) functional relevance and importance, (5) reported to dbSNP by various 
sources. A total of 19 SNPs within and around RANK genes were selected and 
successfully genotyped using the high-throughput BeadArray SNP genotyping 
technology of Illumina Inc. (San Diego, CA, USA). For the 19 SNPs, the average rate of
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missing genotype data was ~0.05%. The reproducibility rate as revealed through blind 
duplicating was 100%. Among the 19 SNPs, one SNP (rsl7069906) has minor allele 
frequency (MAF) less than 0.05 and were therefore removed for subsequent data analyses 
according to common practice (163).

For the linkage and association study, PedCheck (162) was performed to ensure 
that the genotype data conform to Mendelian inheritance pattern at all the marker loci. 
Any inconsistent genotypes were removed.

Statistical Analyses 
L in k a g e  s t u d y

Variance component linkage analyses for obesity-related quantitative traits (BMI, 
fat mass and lean mass) (164) were carried out using SOLAR (Sequential Oligogenic 
Linkage Analysis Routines) (164). Age and sex were tested for importance on obesity 
variation and significant factors were adjusted as covariates in linkage analyses. Multi
point LOD (log of odds) scores were calculated by using the maximum likelihood 
methods. To estimate the empirical P  values for observed LOD scores I carried out 
10,000 simulations using the procedure “lodadj” implemented in SOLAR (165). The 
LOD scores given in the text were empirically adjusted LOD scores. The empirical P 
value for adjusted LOD scores was calculated using the “empp” command in SOLAR.

A s s o c ia t io n  s t u d y

In total 18 SNPs with MAF >0.05 were used for the data analyses. LD (linkage 
disequilibrium) block structure of the RANK gene was examined by the program 
Haploview (166). The D’ values for all pairs of SNPs were calculated and the haplotype
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blocks were estimated using the confidence-interval method (167). SNPs with low MAF 
may inflate estimates of D’ and the use of confidence-bound estimates for D’ reduces this 
bias. The default settings were used in these analyses, which invoked a one-side upper 
95% confidence bound of D’ > 0.98 and a lower bound of > 0.7 to define SNP pairs in 
strong LD. A block is identified when at least 95% of SNP pairs in a region meet these 
criteria for strong LD. Haplotypes were reconstructed and their frequencies estimated 
using an accelerated expectation-maximization (EM) algorithm similar to the 
partition/ligation method (168) implemented in Haploview. Haplotype tag SNPs were 
selected by Haploview on a block-by-block basis.

Initially, allelic association was conducted for each SNP marker, by using Family- 
based association test (FBAT) V I.55 (169). The additive genetic model was applied for 
allelic association, which examines the transmission of the interested markers from 
parents to the affected offspring. The null hypothesis here is no linkage and no 
association between the marker and the underlying causal locus. The -o  flag was used to 
minimize the variance of the FBAT statistic. The haplotype version of FBAT (HBAT) 
(170) was applied to test the association between phenotypes and within-block 
haplotypes. Both FBAT and HBAT are robust to population admixture, phenotype 
distribution misspecification, and ascertainment bias.

Since the SNP markers are in high LD and the phenotypes are all highly 
correlated, results for individual SNP may be highly correlated. Therefore, a simple 
Bonferroni-correction may be overly too conservative to adjust for the complicated 
multiple testing. In order to maximize power in my correlated obesity-related phenotypes, 
I used the Monte-Carlo permutation procedures implemented in HBAT (10,000
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permutations were performed) to calculate the empirical global P  values for both single- 

SNP and haploytype markers.

FBAT was conducted for both qualitative obesity phenotype and quantitative 

obesity-related phenotypes (fat mass, lean mass and BMI). Dichotomous obesity 

phenotype (denoted as “OB”) was defined according to the proposed cut-off points by a 

World Health Organization (WHO) expert committee (171) (OB if BMI >30 kg/m2). The 

reason of studying OB is that genes controlling qualitative obesity phenotypes may have 

no effect on quantitative obesity-related traits and therefore will be missed if only 

quantitative phenotypes were studied. Simultaneously testing associations using both 

quantitative and qualitative obesity-related traits will thus further our understanding of 

the effects the RANK gene has on obesity. Moreover, it becomes common in obesity 

research to study both major predicative quantitative trait and its related dichotomous 

qualitative phenotype (172).

Results 

Linkage study

Linkage analysis was conducted for the three obesity-related quantitative traits 

(BMI, fat mass and lean mass) in 482 pedigrees, containing 4,087 study individuals (see 

Materials and Methods). Descriptions of the study phenotypes are provided in Table 3-1. 

In both males and females, BMI and fat mass increased with age, peaked at about age 60, 

and such trends are consistent with those in previous studies (173-175). Lean mass is 

relatively stable before age 50 and decreases with aging.
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In the region of the RANK gene, I detected linkage evidence for BMI in 18q21.33 

with a multipoint LOD score of 1.54 (empirical P  value of 0.004). The RANK gene is 

located at the peak LOD position, which is about 95 cM from the tip of the short arm of 

chromosome 18 (Figure 3-1). I did not detect any significant results for fat mass and lean 

mass at the locus harboring the RANK gene.
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Table 3-1. Characteristics of the obesity-related phenotypes in the subjects for the

linkage analyses stratified by age and sex.

Age group Age 
(Y ears)

Fat mass 
(kg)

Lean mass 
(kg)

BMI
(kg/m2)

Male
19-29(250) 24.24±3.04 18.19±8.30 67.11±9.25 26.07i4.38
30-39(278) 35.58±2.87 21.0Ü7.87 67.47i8.22 27.51i4.31

40-49(383) 45.12±2.88 23.26±7.99 68.16i8.23 28.08i3.99

50-59(308) 54.6±2.96 24.32±7.58 67.12i8.44 28.95i4.03
60-69(204) 64.94±2.78 25.76±8.07 65.95i8.65 29.47i4.53
70-79(152) 73.9±2.53 25.48±7.95 62.76i7.24 28.66i4.10

80+(48) 83.27±3.41 22.15i6.60 57.51i7.96 27.01i3.88

Female

19-29(351) 24.66±3.15 22.24±9.31 45.79i6.80 24.47i5.06

30-39(487) 35.44±2.85 24.04i9.85 46.35i6.76 25.38i5.30

40-49(628) 45.00i2.84 26.50±9.71 46.54i6.75 26.65i5.51
50-59(411) 54.24±2.90 28.53±10.00 46.07i6.80 27.33i5.55

60-69(312) 64.91±2.83 30.47±10.76 45.40i7.04 28.06i6.29

70-79(217) 74.34±2.82 29.67±8.38 43.77i5.88 27.93i3.88

80+(58) 83.99±3.26 27.47i9.46 42.0Ü5.11 27.56i5.91

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

the sample size in each age group. There are a total of 4,087 subjects from 482 pedigrees 

summarized for this table. Although only 3,998 subjects have direct genotype data, 

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.

BMI: body mass index
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Chromosome Position (cM)

Figure 3-1 Linkage analysis profile for a region of ~80 cM around the RANK gene. The 

x axis shows the distance in centimorgans from pter of chromosome 18; the y axis shows 

the LOD score. BMI: solid line; Fat mass: dotted line; Lean mass: dashed line.
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Association study

Table 3-2 presents the information for the 18 SNPs used for data analyses. The 

SNPs are within or around the RANK gene, with average marker distance of ~3.9 kb. The 

SNP markers are presented according to their physical location. SNPs tested in RANK 

gene are all intronic ones, with average of MAFs 31% (ranging from 11% to 50%). Six 

haplotype blocks were identified for the RANK gene (see Figure 3-2), ranging from 2 to 

11 kb in length. Haplotype blocks 1 and 2 mainly spanned intron 1. Block 3 spanned 

from intron 2 to intron 3. Block 4 ranged from intron 3 to intron 4. Block 5 extended 

from intron 7 to intron 9. Block 6 spanned the 3’- downstream of the RANK gene. 

Figure 3-3 shows the haplotype structure and diversity. Among the 18 SNPs, 16 SNPs 

were identified as haplotype tag SNPs. One SNP (SNP 15) had low LD with any other 

SNPs and could not be assigned to any blocks.
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Table 3-2. Information of the 18 SNPs for the association analyses.

SNP Marker Name Intermarker 
interval (bol Alleles* Minor allele 

freauencv
1 rs4941125 G/A 0.32
2 rs7235803 2,695 G/A 0.34
3 rs4436867 3,265 A/C 0.24
4 rs8086340 3,334 G/C 0.45
5 rsl 2956925 6,662 A/G 0.18
6 rs3826619 2,110 A/G 0.11
7 rsl 1664594 2,456 A/T 0.36
8 rs3826620 3,298 A/C 0.28
9 rsl 2969194 2,561 A/T 0.26
10 rs4303637 7,698 G/A 0.32
11 rsl7069904 1,186 A/G 0.11
12 rs6567274 4,851 A/C 0.33
13 rsl 2959396 1,509 C/A 0.48
14 rs4426449 3,508 A/G 0.34
15 rs9646629 8,382 C/G 0.35
16 rs884205 3,658 A/C 0.25
17 rs2957127 4,508 A/G 0.44
18 rs3017365 3,976 A/G 0.50

*The first allele is a minor allele.
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Figure 3-2 Gene structure and LD patterns for the RANK gene. Exons are depicted as 

filled boxes. Positions of the 18 SNPs used in the association study are sketched. LD 

block structure, as depicted by Haploview, is shown in the bottom frame. The increasing 

degree of darkness from white to black represents the increasing strength of LD. Values 

for D’ = 1 are dark black boxes and D’ < 1 (indicated as original value x  100) are shown 

in the cells.
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Figure 3-3 Haplotype structure and diversity. SNP numbers corresponding to Figure 3-2 

are listed above each column of alleles, and denotes the haplotype tag SNPs. 

Recombination rates (numbers at the bottom) between adjacent blocks are defined by a 

multiallelic value of D \ Haplotypes in adjacent blocks are connected by a thick line if 

they occur together with a frequency of > 10% and by a thin line if they occur together 

with a frequency >1% but < 10%. For each SNP, alleles (A,T,C,G) are indicated. The 

haplotype frequency is denoted besides each corresponding haplotype.



The empirical global P  values for single-SNP analysis were presented in Table 3-

3. Six SNPs (SNP1, SNP2, SNP4, SNP7, SNP 10 and SNP 16) showed strong association 

with quantitative measures of obesity adjusted for age and sex or the qualitative OB trait. 

Some of the results remained significant even after adjusting for multiple testing using 

the most conservative Bonferroni correction method, by which the significance level for a 

single test is set as 0.003 [a = 0.05 /(6x3) ~ 0.003; 6 haplotype blocks and three 

phenotypes (I consider the dichotomous trait OB and BMI as one phenotype since OB is 

defined using BMI)]. For OB, evidence of association was obtained at SNP 10 (P=0.002) 

and SNP16 (P=0.001). For fat mass, I obtained association at SNP1 (P=0.003). For lean 

mass, evidence of association was detected at SNP1 (P=0.003), and SNP7 (P=0.003). For 

BMI, association was observed at SNP1 (P=0.002), and SNP7 (P=0.002). Among the six 

SNPs (SNP1, SNP2, SNP4, SNP7, SNP 10 and SNP 16), SNP1, SNP2, and SNP 16 

showed the most consistent associations across all phenotypes (P<0.05). In addition, 

significant results were observed for marker SNP4 and SNP7 with all the quantitative 

traits (P<0.05).
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Table 3-3. Association results for allelic association based on 10,000-time Monte-Carlo 

permutations.

SNP Marker OB Fat
mass

Lean
mass BMI

1 0.025 0.003* 0.003* 0.002*

2 0.011 0.005* 0.012 0.007*

3 0.822 0.267 0.183 0.155

4 0.665 0.017 0.008* 0.007*

5 0.103 0.400 0.974 0.681

6 0.732 0.592 0.761 0.580

7 0.281 0.008* 0.003* 0.002*

8 0.847 0.492 0.384 0.460

9 0.082 0.286 0.455 0.401

10 0.002* 0.079 0.092 0.118

11 0.411 0.235 0.254 0.187

12 0.828 0.500 0.389 0.391

13 0.318 0.337 0.584 0.437

14 0.784 0.511 0.349 0.394

15 0.056 0.100 0.088 0.072

16 0.001* 0.015 0.029 0.025

17 0.023 0.112 0.100 0.096

18 0.027 0.228 0.246 0.238

P values are generated by global permutation test. Empirical P values <0.05 are in 

boldface and P values < 0.01 are indicated by an asterisk (*).
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Based on the haplotypes constructed by the 18 SNPs, I conducted the allele-wise 

haplotype analyses and the results further supported the association of the RANK gene 

with obesity (Table 3-4). The haplotype Block 1, representing SNP1, SNP2 and SNP3, 

was found to be significantly associated with BMI (P=0.008). Haplotype block 3 was 

associated with fat mass (P=0.006), lean mass (P=0.003), BMI (P=0.001), and PFM 

(P=0.002). Haplotype block 5, containing SNP 10, and haplotype block 6, containing 

SNP 16, were associated with OB (with P=0.001 and 0.01 respectively). Some of the 

results remained significant even after adjusting for multiple testing using the most 

conservative Bonferroni correction method, by which the significance level for a single 

test is set as 0.002 (a = 0.05 /(6><5) ~ 0.002; 6 haplotype blocks and five phenotypes).
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Table 3-4. Haplotype association analysis for each block of RANK (haplotypes with any 

P value <0.05 are shown).

Haplotype Block Haplotype Freq OB Fat mass Lean mass BMI

Block1 G-G-C 0.324 0.024 0.004 0.006 0.004

Whole markers 0.072 0.017 0.015 0.008*

Block2 C-G 0.376 0.880 0.004 0.011 0.004

Whole markers 0.155 0.021 0.031 0.015

Block3 G-T 0.518 0.208 0.003 0.002 0.0008

Whole markers 0.379 0.006* 0.003* 0.001*

Block5 G-G-A-G 0.322 0.0002 0.027 0.036 0.038

Whole markers 0.001* 0.025 0.036 0.030

Block6 A-A-G 0.253 0.001 0.029 0.065 0.044

Whole markers 0.010* 0.257 0.395 0.349

Note: Empirical global P values <0.05 are in boldface and < 0.01 are indicated by an 

asterisk (*)
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Discussion

To the best of my knowledge, this study is the first attempt to test the importance 

of RANK gene to obesity phenotypes. I first undertook a linkage study and an empirical 

/*=().004 was achieved at the location of the RANK gene for BMI. Subsequently, both 

single marker and haplotype association analyses suggest that a number of common 

RANK variants are associated with different measures of obesity, even after controlling 

for multiple testing using the unduly conservative method. I suspect that the associations 

between the intronic SNPs and obesity may be caused by the strong LD of those SNPs 

with potential functional genetic variants. The significant correlation between haplotype 

block 1 with obesity may be due to the high LD between block 1 with some variants in 

the promoter region or exon 1. The importance of exon 1 region in the RANK gene have 

been reported elsewhere (176; 177). Mutations in the 15-, 18-, and 27-bp tandem 

duplication in exon 1 of RANK gene lead to three seemingly different skeletal diseases, 

expansile skeletal hyperphosphatasia (ESH), familial expansile osteolysis (FEO), and a 

familial form of Paget disease of bone (PDB) (176; 177). The associations of haplotye 

block 5 and 6 with obesity may be due to their LD with the potential 3’ UTR causal 

variants. However, the knowledge of the regulatory elements in the 3’UTR is far from 

comprehensive. Future functional analysis may help to identify the causal variants in the 

RANK gene for obesity.

RANK is essential for osteoclast formation and action (154). It is the only 

receptor for RANKL and capable of initiating osteoclastogenic signal transduction
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through binding with RANKL or anti-RANK agonists (154). The importance of RANK 

to both osteoporosis and obesity may be explained by the fact that there are common 

candidate genes for these two complex diseases. The examples include IGF-I, IGF-II, 

Leptin receptor, Leptin, NPY, VDR, ER-a, AR, TGF-ßl, IL-6, TNF-a, TNFR2, ApoE, 

adiponectin, and PPAR-y (151-153) Among them, some factors are first identified to 

influence the development of osteoporosis; further it is demonstrated to have an effect on 

adiposity, such as calciotropic hormone receptor VDR (178) and ER-a (179). On the 

other hand, adipokine leptin (150; 180) and adiponectin (181) were first reported to be 

associated with obesity, and later identified as significant factors in the regulation of bone 

mass. Considering the role of the RANK gene in osteoclast formation and the evidence of 

association with both BMD (182) and obesity, I suggest that RANK is a pleiotropic gene 

for both osteoprosis and obesity.

There is a widely held belief that increasing body weight (and thus higher risk of 

obesity) is associated with lower risk of osteoporosis (84; 85; 97-99). However, I 

previously found that in quantitative genetic analyses that increasing fat mass (thus 

higher risk to obesity) is actually associated with decreased bone mass (thus higher risk 

of osteoporosis) when the latter is adjusted for body weight (183). Driven by this finding, 

I further examined whether the genetic variations in the RANK gene may reduce/increase 

the risk of obesity and osteoporosis in the same direction. I analyzed the association 

between the RANK gene and the risk of osteoporosis (OP, defined by lowest 10th 

percentile of bone mineral density BMD Z-score or by BMD T-score less than -2.5). The 

results revealed that the allele T of marker SNP7 (rs l1664594) is not only associated 

with higher fat mass (P=0.008), higher lean mass (P=0.003), higher BMI (P=0.002), but
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also related with higher risk of OP at both spine (P=0.0002) and hip (P=0.0001) (184). In 

addition, the allele G of marker SNP 10 (rs4303637) is overtransmitted to both OB and 

OP offspring. Furthermore, haplotype GGAT containing SNP 10, is associated with 

higher OB (P=0.001), higher risk of OP at spine (P=0.004) and hip (P=0.005) (184). 

Thus, current study provides the evidence with a specific gene that the genetic variations 

may increase the risk of obesity and osteoporosis in the same direction. This result echoes 

my earlier quantitative genetic analyses.

Although the importance of RANK to bone biology was widely acknowledged, its 

importance to obesity was seldom reported. The linkage studies provide the first clue that 

RANK gene is linked to obesity. The obesity QTLs (quantitative trait loci) harboring the 

RANK gene have been replicated by numerous independent studies (185-188) in both 

mice and humans (151). In mice, the QTL harboring the RANK gene was found to be 

linked with obesity (155). Moody et al. found that the QTL containing the RANK gene 

contributed to variation in energy balance (LOD = 5.62) (188). In a genome-wide scan of 

obesity in human, the area flanking the ' demonstrated a two-point MLS (maximum LOD 

score) of 2.4 in a set of Finland subjects with BMI >32 kg/m2 (187) and a LOD score of 

2.3 for percent body fat in Pima Indians (185). Northern blot analysis of human tissue 

RNA revealed that RANK mRNA are ubiquitous expressed, with a high level in skeletal 

muscle (156). The high expression of RANK in the skeletal muscle may suggest some 

potential functions of RANK on lean mass (mostly skeletal muscle). Lean mass is a 

major component of the body mass and a key site for energy metabolism. It plays a 

critical role in the consumption of carbohydrate and lipid, and may contribute 

substantially to the development and maintenance of the obese status (64; 65).
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In this study, both linkage and association study are performed. These two 

statistical approaches have their own merits and limitations, and can complement each 

other. Genome-wide linkage study is free of any hypothesis regarding which genes are 

involved. Comparing with linkage analysis, the power of association is generally higher. 

In the current association study, I have samples comprising 1,873 subjects from 405 

Caucasian nuclear families, renders a relatively high statistical power. Assuming a 

marker is in strong LD (|D’| = 0.9) with a functional mutation that accounts for about 2% 

of phenotypic variation, the simulation shows that the present study has 90% power to 

detect association via the TDT. In addition, the MAF of the six SNPs showing the 

evidence of association are fairly high, ensuring a sufficient number of nuclear families 

informative for the TDT tests. However, this power calculation was only a rough estimate.

In conclusion, for the first time, I showed the evidence of linkage and association 

of the RANK gene with obesity in a large sample size. Considering the role of the RANK 

gene on bone, it is reasonable to speculate that RANK is a pleiotropic gene for both 

osteoporosis and obesity. My results indicate that genetic variations in this gene may 

reduce/increase the risk of obesity and osteoporosis in the same direction. Thus, it serves 

an excellent support for my earlier quantitative genetic analyses. It will be valuable to 

replicate and confirm these findings in other independent studies.
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CHAPTER 4 

Future Direction
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My study indicates that the RANK gene is linked to and/or associated with 

obesity. Further molecular and functional approaches are required to identify the 

unknown potential functional variants. How to best and definitively identify and confirm 

functional variants still remains an open question in the field, despite some recent 

progresses made. In general, potential functional studies include the following strategies 

(non-exclusi vely):

1) Statistical analyses may validate a causal variant to some extent, as demonstrated 

in previous studies (189-191). For instance, for significant markers or haplotypes, 

I may conduct linkage or association tests while simultaneously modeling these 

markers or haplotypes as covariates. This test may help evaluate whether there are 

multiple causal variants and whether a candidate variant is a functional causal 

variant.

2) In vitro assays: The specific impact of potential functional variants will be 

ascertained through various in vitro analyses. Including but not limited to:

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.

To examine this potential effect of candidate SNPs or haplotypes, I will 

perform EMSA (electrophoretic mobility shift assay) and luciferase reporter 

assays. 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. For such SNPs, I will detect

57



mRNA alternative splicing using the mRNA phenotyping protocol (192). 

Briefly, the potential alternative splicing regions of the target gene will 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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Glossary

Alleles: Different forms of a gene that occupy the same locus.

Association analysis: Population-based or family-based genetic studies that examine 

whether an allele of a certain gene or marker co-occurs with a phenotype (eg, a disease) 

at a significantly higher rate than predicted by chance alone.

centiMorgans (cM): Genetic distance is usually reported in units of Morgans or as 

centiMorgans (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.

Correlation: Most generally, the degree to which one phenomenon or random variable is 

associated with or can be predicted from another. In statistics, correlation usually refers 

to the degree to which a linear predictive relationship exists between random variables, as 

measured by a correlation coefficient. Correlation may be positive, i.e., both variables 

increase or decrease together or negative or inverse, i.e., one variable increases when the 

other decreases.

Gene: DNA segment that codes for a functional unit. It is made up of exons interspersed 

with introns.
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Genotype: Genetic makeup -  all the genetic material received from the mother and 

father. It is generally considered constant over time.

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.

Haplotype: A combination of alleles at different sites on a single chromosome.

Heritability (h ): The proportion of the phenotypic variance due to genetic variance. It 

reflects the degree to which the phenotype is inherited.

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.

Linkage: Connection between two loci, where the two loci are close enough on the same 

chromosome that their alleles cosegregate.

Locus (pi. loci): Location of a gene on a chromosome.
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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.

Phenotype: appearance of the individual. It changes over time.

Pleiotropy: The occurrence of multiple diverse effects resulting from a single gene.

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.

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.
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