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ABSTRACT 
 

DAMIEN C. CROTEAU‐CHONKA: Genetic contributions to obesity and related 
complex traits in the Cebu Longitudinal Health and Nutrition Survey 

(Under the direction of Karen L. Mohlke, Ph.D.) 
 
 

Obesity represents a major world health problem across socio‐economic 

strata.  Characterizing known candidate genes and identifying novel genes 

contributing to obesity and other related heritable risk factors may aid our 

understanding of its complex etiology and provide new treatment targets.   

Based in the Philippines, a country experiencing a rapid obesogenic 

transition, the Cebu Longitudinal Health and Nutrition Survey (CLHNS) is a useful 

population cohort in which to study the genetics of obesity.  For more than 20 years 

since 1983, researchers have followed a cohort of Filipino mothers and their 

offspring from the metropolitan area of Cebu, collecting a wide variety of 

anthropometric, environmental, and dietary phenotypes.  In 2005, blood samples 

were collected from all the participants, allowing the measurement of multiple 

plasma biomarkers, the extraction of genomic DNA, and the genetic analysis of 

complex traits.   

In this dissertation, I describe my genetic studies of three categories of 

obesity‐related complex traits in the CLHNS: body size (body mass index (BMI), 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weight, and waist circumference), metabolic (adiponectin), and physiological (age of 

menarche).   

I first performed a genome‐wide association (GWA) study of body size traits 

in Filipinos to determine the contribution of common genetic variants to those 

traits.  I replicated three well‐known BMI loci (BDNF, MC4R, and FTO) and further 

observed evidence of longitudinal changes in the effects of those genes.   

Next, I sought to establish the putative causal variant(s) underlying a 

haplotype at the ADIPOQ gene identified in a previous CLHNS GWA study to be 

strongly associated with lower circulating plasma adiponectin level.  I identified a 

population‐specific missense variant (R221S) that affected the original 

measurement of the phenotype and explained the observed GWA signal.   

Next, to identify novel biology underlying the etiology of central adiposity, I 

performed a meta‐analysis of GWA studies of waist circumference (WC) in European 

individuals from the Genetic Investigation of Anthropometric Traits (GIANT) 

Consortium.  Findings from this large‐scale study may suggest other candidate loci 

for future genetic study in the CLHNS.  I observed evidence of novel associations 

specific to WC and not other related anthropometric traits, such as BMI, height, and 

waist‐hip ratio.  These signals included the genes NLRP3, which is part of the 

obesity‐related inflammasome complex, and IRS1, which is previously associated 

with body fat percentage and an adverse metabolic profile.   

Finally, to explore the relationships between several obesity genes and age of 

menarche, I performed replication and mediation analyses in female offspring from 

the CLHNS.  I observed that the menarche signal at LIN28B previously reported in 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Europeans replicated in Filipinos.  While this association appeared not to be 

mediated by childhood BMI, the results for several obesity genes were inconclusive.  

Together, these studies further our understanding of the genetic architecture 

of several obesity traits, and suggest many promising biological candidates for 

further genetic and molecular study. 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CHAPTER I 

Introduction 

 

  Obesity, or the accumulation of excess body fat, is a major world health issue.  

The World Health Organization (WHO) has estimated that in 2008 1.5 billion people 

worldwide were overweight, and of those, 500 million were obese (1).  Despite 

being largely preventable, obesity and overweight together are the fifth leading risk 

factors for death worldwide (1).  In the United States alone, medical costs in 2008 

related to obesity were estimated to be $147 billion per year, representing nearly 

10% of all medical costs (2).  Once thought to be a disease of wealthy countries, the 

prevalence of obesity is also increasing in low‐ and middle‐income nations as well 

(3), especially in Asian countries.  A major consequence of excess body fat is the 

development of metabolic syndrome (MetS), a collection of maladies including 

dyslipidemia, insulin resistance, and hypertension that contributes to increased risk 

of cardiovascular disease (CVD) (4).  CVDs resulted in 30% of all deaths worldwide 

in 2008, more than any other single cause (5).    

Obesity is a textbook example of a common complex disease, meaning that 

genetic and environmental factors both play independent and interdependent roles 

in its development and widespread prevalence.  Decreased physical activity and 

increased consumption of foods with high caloric and fat content are the two major 



 

  2 

causes of obesity across the world (1).  Socio‐economic status (SES), which 

influences both of these two factors, has itself a complicated relationship with 

obesity.   In developed countries, higher SES is consistently associated with 

decreased risk of obesity in women but not in men (6).  In developing countries, 

higher SES is generally associated with increased risk of obesity (6), but as these 

countries become richer, individuals with lower SES become more obese (7).  

Nonetheless, heritability studies of obesity‐related traits in pairs of monozygotic 

and dizygotic twins suggest they each have substantial genetic components  

(h2 = 40‐70%) (8).  

 

MAJOR BODY FAT DEPOTS 

Body fat, also known as adipose tissue, is one of the body’s largest organs and 

is divided into two major categories: brown and white (9).  Brown adipose tissue, 

found abundantly in babies, is highly metabolically active and thermogenic.  The 

majority of adult fat is white adipose tissue, which serves as an energy storage 

depot.  White adipose tissue is divided into two categories based on its location and 

metabolic characteristics: subcutaneous adipose tissue (SAT) and visceral adipose 

tissue (VAT).  SAT is located beneath the skin, extending inward from the dermis to 

the outer bowel or abdominal wall in cross‐section.  SAT is further divided into 

subcategories of "superficial" and "deep", corresponding to their relative proximity 

to the outer surface of the body.  VAT, often called "intra‐abdominal" fat, is located 

inside the abdominal wall surrounding the internal organs, or extending from the 

outer bowel in towards the spine in cross‐section.  While both types of adipose 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tissue are associated with several metabolic risk factors, such as increased fasting 

plasma glucose or high blood pressure, these associations are significantly stronger 

in VAT than in SAT (10).  Relatedly, VAT is also associated with increased risk of 

CVD (11).  Within SAT, deep SAT is more associated with metabolic complications 

than superficial SAT (12).  

The amount of fat per given body size varies by sex and age and also by 

ethnicity, which could be a proxy for the influence of genetic and dietary factors.  

Initial differences in body composition between men and women manifest during 

puberty and are related to exposures to various endocrine factors (13).  Women 

tend to develop more gluteo‐femoreal fat (i.e., in the thighs, hips, and buttocks), 

whereas men develop more abdominal fat (13).  In both men and women, body 

weight and the prevalence of obesity generally increase with age, mostly due to 

changes in diet and lifestyle (14, 15).  After the onset of menopause, substantially 

more fat is distributed to the intra‐abdominal area in women than before (16).  

Ethnic differences in obesity risk have also been observed in both children and 

adults, and are attributed to a wide variety of factors, including SES, physiology, and 

other cultural exposures (17).  

 

MEASURING OBESITY TRAITS AND ASSOCIATED HEALTH RISKS 

The gold standard for measuring VAT and SAT is computed tomography 

(CT), but the technology is very expensive, requires substantial training to use, 

exposes the patient to a non‐negligible dose of radiation, and is not high‐throughput 

enough to assess the large numbers of individuals typically involved in 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epidemiological studies.  Several other technological methods exist for measuring 

body fat, including ultrasound and dual‐energy X‐ray absorpitometry (DXA).  

Ultrasound measures body fat by applying very high frequency sound waves to the 

tissue and using the timing of the echoes to determine its size.  DXA uses differences 

in X‐ray absorption to help distinguish bone from soft tissue and estimate fat 

volume.  Both of these methods are correlated with VAT measures made by CT (r = 

0.79 and 0.70, respectively) (18).  As succinctly summarized in (19), these methods 

and others not described here have advantages and disadvantages in terms of their 

availability, specificity, accuracy, and reproducibility that have to be carefully 

considered. 

Anthropometric measures of obesity are most commonly used in research 

settings as they can be obtained in the field or the clinic with considerably less 

expensive equipment (e.g., a tape measure) and more basic training of staff.  One of 

the most commonly used measures is body mass index (BMI), which is the ratio of a 

person's weight (kg) to the square of their height (m2).  BMI represents overall 

adiposity or the total amount of fat located around the body.  While some body fat is 

necessary for proper health, excess adiposity is associated with increased cardio‐

metabolic risk.  According to the WHO, a man or woman with a BMI ≥ 25 kg/m2 is 

considered overweight and a person with a BMI ≥ 30 kg/m2 is considered obese (1).  

In 2000, the WHO proposed lower thresholds in Asians for overweight and obesity 

of 23 and 25 kg/m2, respectively, as they showed increased morbidity and mortality 

at lower BMIs than Europeans (20).  Later in 2004, however, the WHO concluded 

instead that differences in obesity‐related health risk among various Asian 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populations did not suggest clear enough cut‐off points different from the original 

guidelines (21).  Although BMI is strongly correlated with VAT (r = 0.67) (18), its 

primary weakness as a health risk indicator is that it cannot distinguish between 

individuals who differ in muscle mass given the same weight and height.     

Other common anthropometric measures related to health outcomes include 

waist circumference (WC), hip circumference (HC), and waist‐hip ratio (WHR).  WC, 

a measure of central adiposity (units in cm), is more strongly correlated with VAT (r 

= 0.85) (18) and with the components of MetS than BMI (22).  A WC of ≥ 102 cm in 

men and ≥ 88 in women, often called “central obesity”, is one of the key features of 

metabolic syndrome (4).  As with BMI, the WHO recommended a lower threshold 

for central obesity in Asian men (90 cm) and women (80 cm) (20), but has not 

revised this recommendation any further.  In support of this lower threshold, men 

and women of Chinese and south Asian descent have 12–24% greater amounts of 

VAT at a given WC than Europeans (23).  Notably, differences in which bony or 

external landmarks are used for the measurement of WC appear not to substantially 

influence its relationship with risk of morbidity or mortality (24).  In contrast to WC, 

increased HC (also measured in cm) has a protective effect on risk of type 2 diabetes 

(T2D) and CVD (25, 26).  WHR, or the ratio of WC to HC (both measured in cm), is a 

measure of central fat distribution.  WHR is considered a better predictor of CVD 

risk than WC alone because it also incorporates the effects of HC (27, 28).  A WHR > 

0.95 in men and > 0.80 in women has been designated as the cutoff for greater CVD 

risk (29). 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Anthropometric traits exist along with other heritable obesity‐related 

traits—both metabolic (e.g., adiponectin) and physiological (e.g., age at 

menarche)—as nodes in a complex biological network underlying the etiology of 

obesity.  Their relationships will be briefly outlined below.   

  Excess adiposity results in an altered metabolic state that underlies the 

downstream co‐morbidities of obesity (30).  One of the most abundant proteins 

found in the bloodstream, adiponectin is a protein hormone primarily secreted by 

cells called adipocytes that comprise the bulk of fat depots (31).  Adiponectin is 

implicated in glucose regulation and fatty acid catabolism (32) and plays a number 

of roles in the cardiovascular system (32).  Circulating plasma levels of adiponectin 

are negatively correlated with BMI (33), and hypoadiponectinemia is a risk factor 

for MetS and related traits (34, 35).  The heritability of adiponectin level ranges 

from 30‐70% (36‐38).   

  Obesity is also connected to physiological traits such as age of menarche or 

the first onset of menstruation in girls.  Very early menarche (< 12 years of age) is a 

risk factor for adult obesity (39, 40), T2D (41, 42), MetS (43), and CVD (44).  

Childhood obesity, or high BMI before puberty, is linked to very early menarche and 

may explain its connection to adult risk of obesity (39, 45).  Age of menarche is also 

negatively associated with HC and positively associated with WC (46).  Urban life, 

higher SES, nutrition, and parental education are other factors correlated with 

earlier menarche (47).  Adjusted for adult measures of BMI, WC, and other factors, 

early menarche is associated with higher incidence of CVDs and all‐cause and cancer 

mortality (44).  While substantively influenced by such environmental factors, 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differences in menarcheal timing between racial groups suggest genetic 

contributions to the trait (48).  Approximately 50% of phenotypic variability in age 

of menarche is estimated to be explained by genetic factors (49).   It is yet unclear 

whether early menarche is a risk factor per se or whether it is associated with poor 

health outcomes through the development of obesity or hormonal changes, or 

possibly all three pathways concurrently.   

 

GENETIC ASSOCIATION STUDIES OF OBESITY TRAITS 

Characterizing known candidate genes and identifying novel genes 

contributing to obesity and related complex traits may aid our understanding of 

their complex etiologies and provide new treatment targets.  Genetic association 

studies use statistical correlations between genotype and phenotype to identify 

variants and genes to prioritize for further functional characterization.  Genetic 

studies of candidate genes cultivate prior biological knowledge of a trait to increase 

the likelihood of finding such variants.  The genome‐wide association (GWA) study 

of single nucleotide polymorphisms (SNPs) has emerged as a valuable tool for the 

agnostic generation of genetic hypotheses (50).  By systematically testing variants 

across the genome, they have been useful in discovering novel genes not previously 

thought to be relevant to a given trait or disease (50, 51).  This discovery method 

avoids the major disadvantage of candidate studies that rely on an incomplete 

knowledge of the biology underlying a trait to select specific genes for study.  The 

first “official” GWA study was published in 2005 (52), but 2007 saw a dramatic 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increase in the number of published GWA studies and is considered a turning point 

towards widespread adoption of the approach (50).    

  Two competing hypotheses exist about how associated genetic variants, such 

as SNPs, act to drive phenotypic variability (51).  The first posits that multiple 

common variants with smaller effects together in aggregate have a substantial 

impact on a trait.  Most GWA studies so far have focused on studying common SNPs 

ascertained by the International HapMap Project (53).  The second hypothesis 

contends instead that a few rare variants have large individual effects on trait 

variability.  These two hypotheses are not necessarily mutually incompatible, but 

without a more comprehensive catalog of known genetic variants to test for 

association and much functional characterization of observed association loci, it is 

as yet unclear how much each frequency class contributes.  Towards this end, the 

1000 Genomes Project was initiated to ascertain a more complete set of low 

frequency variants for genetic study (54).     

  The National Human Genome Research Institute (NHGRI) has published and 

continues to update a resource cataloging the results of GWA studies since 2005 

(55).  As of April 2012, the NHGRI GWA catalog (available on‐line at 

http://www.genome.gov/gwastudies/) contains > 6,000 SNPs associated with >200 

traits.  These publications include many associations with obesity‐related traits.  

While the success of early GWA studies prompted many similar efforts in a wide 

variety of complex traits, the next step of combining association studies together by 

meta‐analysis also has really helped fuel the rapid discovery of novel loci.  By 

combining millions of SNPs from hundreds of thousands of samples across different 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studies, research groups obtain the increased sample sizes and statistical power 

necessary to detect additional genetic variants with even smaller contributions to 

traits of interest.       

  One such meta‐analysis effort is the Genetic Investigation of Anthropometric 

Traits (GIANT) Consortium, which studies heritable body size traits.  Previous 

GIANT meta‐analyses have been published on SNP associations with waist 

circumference (56), waist‐to‐hip ratio (WHR) (56, 57), BMI (58, 59), and height 

(60).  These studies observed that while they only explained a small fraction of total 

variation in their respective anthropometric traits, there was compelling evidence 

to suggest that greater sample sizes would help identify additional signals. To 

facilitate ongoing large‐scale replication of these signals, the Cardio‐MetaboChip 

(MetaboChip) array was designed by members of GIANT and other large disease and 

trait consortiums.  The MetaboChip is a custom genotyping array containing 

>66,000 individual SNPs identified in meta‐analyses as associated with one or more 

of 23 metabolic, atherosclerotic, and cardiovascular diseases and traits.  At 257 loci 

previously detected for these phenotypes, >140,000 SNPs provide dense coverage of 

rare and common variants to allow for the fine‐mapping of those association signals 

and the identification of potential secondary signals.  

  While the majority of GWA studies have so far primarily studied subjects 

with European ancestry, the study of cohorts with Asian and African ancestry will 

provide opportunities to uncover novel associated variants, especially rare ones not 

present in European populations (50, 51).  In addition, inter‐population differences 

in local linkage disequilibrium (LD), which are especially pronounced between 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continental populations (61), may assist in fine‐mapping the disease‐causing 

variants in loci implicated across association studies.  In some cases, the overlap of 

LD between two populations may correspond to an area of increased association 

signal strength, thus suggesting a narrower region of interest than in the discovery 

population alone (62). 

 

THE CEBU LONGITUDINAL HEALTH AND NUTRITION SURVEY 

  The Cebu Longitudinal Health and Nutrition Survey (CLHNS) cohort is well 

suited for testing a wide range of hypotheses about the inter‐relationships of genetic 

factors, early child exposures, and adult health outcomes because of its wealth of 

prospectively collected data.  A comprehensive overview of the CLHNS, a birth 

cohort of Filipino mothers and their children, has been published previously (63).  

Briefly, the original purpose of the survey in 1983 was to study infant feeding 

patterns in the metropolitan area of Cebu, Philippines and their effects on the child, 

its mother, and their household.  Over time, focus shifted to the impact of early life 

on later development of obesity and CVD risk.  In the last few decades, concurrent 

with a general rise in economic prosperity, Filipinos have been adopting Western 

dietary habits and have become more sedentary in their daily lives, much like many 

populations in south‐east Asian countries (64).  As a result of this obesogenic 

transition, rates of overweight and obesity have increased rapidly in the Philippines 

(65). 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During the original survey and at periodic follow‐ups, trained field staff from 

the CLHNS conducted in‐home interviews and collected anthropometrics and 

comprehensive environmental data, including nutritional intake and socio‐economic 

indicators.  In 2005, fasting blood samples were collected from both the mothers 

and their now young adult offspring.  Multiple plasma biomarkers were measured 

and genomic DNA was extracted.  These phenotypes and genotypes have allowed for 

the ongoing genetic study of complex traits in this population‐based cohort.  So far, 

data from the CLHNS has been utilized in a candidate gene study of obesity (66), 

GWA studies of plasma homocysteine (67), C reactive protein (68), and adiponectin 

(69), as well as in a large‐scale meta‐analysis of lipid trait associations (70).   

  In the following chapters of this dissertation, I describe my studies of the 

genetic bases of body size (71), circulating plasma adiponectin levels (72), and age 

of menarche in individuals from the CLHNS.  I also describe my main contribution to 

the GIANT Consortium's efforts to understand the genetic basis of central obesity in 

individuals of European ancestry.  In the concluding chapter, I discuss how together 

these published and unpublished data contribute to a greater understanding of 

several quantitative traits related to risk of overweight and obesity.      

 



CHAPTER II 

Genomewide association study of anthropometric traits and evidence of 
interactions with age and study year in Filipino women1 

 

OVERVIEW 

Increased values of multiple adiposity‐related anthropometric traits are 

important risk factors for many common complex diseases.  We performed a 

genome‐wide association (GWA) study for four quantitative traits related to body 

size and adiposity (body mass index [BMI], weight, waist circumference, and height) 

in a cohort of 1,792 adult Filipino women from the Cebu Longitudinal Health and 

Nutrition Survey.  This is the first GWA study of anthropometric traits in Filipinos, a 

population experiencing a rapid transition into a more obesogenic environment.  In 

addition to identifying suggestive evidence of additional SNP association signals (P < 

10‐5), we replicated (P < 0.05, same direction of additive effect) associations 

previously reported in European populations of both BMI and weight with MC4R 

and FTO, of BMI with BDNF, and of height with EFEMP1, ZBTB38, and NPPC, but 

none with waist circumference.  We also replicated loci reported in Japanese or 

Korean populations as associated with BMI (OTOL1) and height (HIST1H1PS2, 

C14orf145, GPC5).  A difference in local linkage disequilibrium between European 

                                                        
 
1 A version of this work was previously published as Croteau‐Chonka DC et al. 
Obesity (Silver Spring). 2011 May;19(5):1019‐27. Epub 2010 Oct 21. 



 

  13 

and Asian populations suggests a narrowed association region for BDNF, while still 

including a proposed functional non‐synonymous amino acid substitution variant 

(rs6265, Val66Met).  Finally, we observed significant evidence (P < 0.0042) for age‐

by‐genotype interactions influencing BMI for rs17782313 (MC4R) and rs9939609 

(FTO), and for a study year‐by‐genotype interaction for rs4923461 (BDNF).  Our 

results show that several genetic risk factors are associated with anthropometric 

traits in Filipinos and provide further insight into the effects of BDNF, FTO, and 

MC4R on BMI. 

 

INTRODUCTION 

Increased values of adiposity‐related traits are important risk factors for 

many common complex diseases.  Understanding the basis for increased human 

body size may lead to insights into disease etiologies.  Higher body mass index 

(BMI), weight, and waist circumference are associated with type 2 diabetes, 

cardiovascular disease (CVD), hypertension, and cancer (73, 74).  Increased height, 

however, is inversely associated with CVDs (75). 

Genome‐wide association (GWA) studies have been used to identify multiple 

loci associated with variation in anthropometric measures (56, 58, 62, 76‐91), often 

with more than one correlated trait.  For signals that are replicated across world 

populations, differences in population history provide potential to further localize 

the associated regions.  Some signals may be population‐specific due to differing 

allele frequencies and environmental contexts. 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Over the last few decades, the adoption in Asian populations of Western‐style 

diets of increased fats and carbohydrates and of more sedentary habits has led to a 

marked increase in obesity (64, 65).  In particular, a cohort of women from the 

ongoing Cebu Longitudinal Health and Nutrition Survey (CLHNS) based in the 

Philippines showed a six‐fold increase in prevalence of overweight and obesity 

associated with nearly two decades of substantial and continuing socio‐economic 

modernization (also illustrated by a increase in mean weight of 6.8 ± 7.1 kg) (65).  

The portion of increased prevalence due to the changes in environment versus 

increased age of these women is unclear.  

We performed a GWA study to test for main effect SNP associations with 

measures of BMI, weight, waist circumference, and height in 1,792 adult Filipino 

women from the CLHNS.  The longitudinal nature of this cohort also allowed us to 

examine the interactive effect of age and genotype on BMI over a 22‐year period 

from 1983 to 2005. 

 

METHODS AND PROCEDURES 

We initially evaluated 1,895 female participants from the ongoing CLHNS, 

mothers of a 1983 to 1984 birth cohort (63).  Trained field staff conducted in‐home 

interviews and collected anthropometrics, blood samples, and comprehensive 

environmental data (publicly available at www.cpc.unc.edu/projects/cebu/).  

Informed consent was obtained from all CLHNS subjects, and the University of 

North Carolina Institutional Review Board for the Protection of Human Subjects 

approved the study protocol. 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Most outcome and covariate measures reported in this current study were 

taken from the 2005 survey, except height, which is the average of the measurement 

during the pregnancy of the birth cohort in 1983‐1984 and the first post‐partum 

measurement.  BMI, weight, and waist circumference were highly correlated with 

each other (Pearson r > 0.88), but not with average height (r < 0.44) (Table 2.1).  

For the longitudinal analyses, we used BMI from seven different time points in the 

study.  The first BMI value was measured four months after birth of the index child; 

if data were missing, the measurement at six months or two months post‐partum 

was substituted.  Six additional measurements were taken at 1, 8, 11, 15, 19, and 22 

years after the baseline survey (the final measurement is from the 2005 survey).  

Observations were excluded from the analysis if women were pregnant at the time 

of the survey.  The phenotypes weight, waist circumference, and height were 

approximately normally distributed, and BMI values were natural log‐transformed 

to satisfy model assumptions. 

Our full methods for direct SNP genotyping and quality control (QC) as well 

as SNP imputation have been described previously (67).  Briefly, genotyping was 

performed with the Affymetrix Genome‐Wide Human SNP Array 5.0.  Samples that 

failed DNA fragmentation, failed an array QC check (DM algorithm), or had a 

genotype call rate < 97% were excluded.  We also removed one member from any 

likely first‐degree relative pair as determined from identity‐by‐descent and identity‐

by‐state estimates.  We discarded individual SNPs due to poor mapping, call rates < 

90%, deviation from Hardy‐Weinberg equilibrium (P < 10‐6), and/or ≥ 3 

discrepancies among 40 duplicate pairs.  Five HapMap CEPH trios were also 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genotyped for QC purposes, and we dropped any SNPs that showed ≥ 3 Mendelian 

inheritance errors or genotype discrepancies with known HapMap genotypes.  We 

then used CLHNS genotypes of 352,264 SNPs and pooled reference haplotypes of 60 

CEU and 90 combined CHB+JPT HapMap samples to impute the genotypes of an 

additional 1,878,188 SNPs in MACH (92).  Imputed values were substituted for all 

352,264 directly genotyped SNPs, including any missing genotypes.  We then 

discarded SNPs with low‐quality imputations (Rsq ≤ 0.3) and estimated minor allele 

frequencies ≤ 0.01.  In total, 2,073,674 SNPs were tested for association with the 

four quantitative anthropometric traits in 1,792 non‐pregnant CLHNS women with 

complete trait outcome and covariate data.  

To evaluate population substructure among our CLHNS subjects, we 

constructed principal components (PCs) using the software EIGENSOFT (93, 94).  

We tested each of the first 10 PCs for association with each of the four 

anthropometric outcomes (Table 2.2).  We included all PCs for which association 

with any trait was significant at P < 0.05, hence five PCs were used as covariates in 

the final SNP association model for all traits. 

Array Studio version 3.1 was used to perform the GWA statistical analyses 

(Omicsoft Corporation, Research Triangle Park, NC, USA).  Assuming an additive 

mode of inheritance, multivariable linear regression models were used to test for an 

association between the phenotypes and each imputed SNP genotype, with 

covariate adjustment for the first five PCs, age, age2, total assets, natural log‐

transformed income, number of pregnancies (categorized into three groups: 0–4, 5–

10, ≥11), and menopausal status.  Each of these predictors was significantly 



 

  17 

associated (P < 0.05) with at least one anthropometric trait in our samples (Table 

2.2).  Quanto version 1.2.3 was used for statistical power calculations (available on‐

line at hydra.usc.edu/gxe/). 

For loci previously reported in a GWA study at P < 5 × 10‐8 in at least 1,000 

samples, we chose a single representative SNP.  If this SNP was not present in our 

dataset, we substituted a proxy SNP in high LD (r2 > 0.8 in both CEU and CHB+JPT, 

HapMap Release 22) when possible.  For one study of an Asian population cohort, 

we also evaluated additional loci reported with less significant evidence of 

association (P < 10‐4).  Conditional analyses to search for independent secondary 

signals were performed for all SNPs within a 2 Mb region centered on the SNP with 

the strongest primary signal, including the primary signal SNP as an additional 

covariate in the linear regression.  

To detect differences in local LD structure we identified the genomic 

positions of the SNPs bounding a 1 LD‐map unit window centered on the most 

strongly associated SNP in a locus, using previously constructed LD maps made 

from the individual CEU, CHB, and JPT HapMap populations (95). 

Selected SNPs were tested for additive genotype effects on BMI in 

longitudinal models using SAS version 9.3 (SAS Institute, Cary, NC).  General linear 

mixed models were adjusted for the following time‐varying covariates: age, actual 

time in years since baseline study visit, assets, income, urbanicity index (96), 

menopause status, months since the previous visit spent lactating or pregnant, 

current lactation status and activity level.  Women who were pregnant at the time of 

measurement were excluded from that particular time point, but included for all 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other visits at which they were not pregnant.  Examination of the model residuals 

indicated that natural log‐transformation was not appropriate in this longitudinal 

setting, and we therefore analyzed untransformed BMI.  

 

RESULTS 

  We tested 2,073,674 SNPs for association with BMI, weight, waist 

circumference, and height in the CLHNS cohort (Table 2.3, Figure 2.1).  No 

evidence of residual population stratification or cryptic relatedness between 

samples was observed based on genomic control values (λGC = 1.00‐1.03) and 

quantile‐quantile plots (Figure 2.2).  The most significant main effect associations 

(P < 10‐5) had not been previously reported (Table 2.4).  The SNP most strongly 

associated with BMI was rs17124318 (P = 5.91 × 10‐7), located downstream of 

ATG4C.  For weight, the most strongly associated SNP was rs16877106 (P = 1.44 × 

10‐6), located in an intron of ANAPC4.  The SNP most strongly associated with waist 

circumference was rs1440072 (P = 7.87 × 10‐7), an intergenic SNP located 

downstream of KCNE4 and in perfect LD (r2 = 1 [CEU, CHB+JPT]) with a SNP in the 

3’‐UTR of the gene (rs3795884, P = 1.65 × 10‐6).  Our strongest height association 

signal (rs17818399, P = 2.74 × 10‐7) spans the PIGF and CRIPT genes.  Our study had 

80% power to detect novel SNP associations that explain > 2.2% of the variation in 

trait outcome at P < 5 × 10‐8. 

Eight SNP‐trait associations previously reported for BMI, weight, waist 

circumference, and height were replicated (P < 0.05, effect in the same direction) in 

the CLHNS (Table 2.5, Table 2.6).  Evidence of association with BMI was observed 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at the BDNF (rs4923461, P = 0.00028), MC4R (rs17782313, P = 0.0073), and FTO 

loci (rs9939609, P = 0.0074).  Evidence from conditional analyses was consistent 

with a single BMI association signal at MC4R.  For weight, we replicated previously 

reported associations at FTO (rs3751812, P = 0.019) and MC4R (rs12970134, P = 

0.041).  The CLHNS weight association for KCTD15 (rs29941, P = 0.034) was in the 

opposite direction as previously reported, and did not meet our criteria for 

replication.  For height, we replicated three previously reported associations with 

EFEMP1 (rs3791679, P = 0.0017), ZBTB38 (rs6440003, P = 0.0048), and NPPC 

(rs6718438, P = 0.0096).  None of three previously reported associations with waist 

circumference replicated in the CLHNS.  Together, these SNPs explain a small 

proportion of trait variation (R2 = 1.9% [BMI], 1.1% [weight], 0.3% [waist 

circumference], and 2.9% [height]).  Our study had 80% power to replicate (P < 

0.05) SNPs that explained 0.44% of the total variation in anthropometric traits in 

1,792 Filipino women after adjustment for covariates. 

We additionally examined 20 SNPs reported in a Korean population cohort 

with suggestive evidence of association (P < 10‐4) with either BMI or height (83), 

and 10 SNPs reported in a Japanese cohort with suggestive evidence of association 

(P < 10‐5) with height (91).  CLHNS data support evidence for association with BMI 

at the OTOL1 locus (rs1399903, P = 0.0097) and three associations with height at 

the loci GPC5 (rs8002779, P = 0.016), HIST1H1PS2 (rs9393681, P = 0.024), and 

C14orf145 (rs17110818, P = 0.047) (Table 2.7). 

Visually inspecting local HapMap LD for CEU and CHB+JPT at the eight 

replicated loci, we observed that an inter‐population difference in LD appeared to 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narrow one of the association regions (Figure 2.3).  Based on calculations from 

HapMap‐based LD maps, the association signal at BDNF appears smaller in genomic 

size in Asian populations (115 kb [CHB], and 124 kb [JPT]) than in European ones 

(294 kb [CEU]).  This association region contains a non‐synonymous amino acid 

substitution SNP in BDNF (rs6265, Val66Met), which is in LD with the most 

associated CLHNS SNP rs4923461 (r2 = 0.85 [CEU], 0.64 [CHB+JPT]).  

To examine whether genetic effects changed over time due to age or 

increasingly obesogenic environmental conditions, SNPs at 12 loci previously 

reported as associated with BMI were further evaluated in longitudinal mixed 

models using data from seven visits spanning 22 years.  Of these 12 SNPs, three 

were nominally associated with BMI in CLHNS cross‐sectional analysis (Table 2.5).  

We tested all 12 SNPs for genotype main effects and then for age‐by‐genotype and 

study year‐by‐genotype interactions, both individually and jointly.  Due to 

confounding of age effects by study year (and vice‐versa), when evaluating SNPs 

that showed genotype interactions involving either age or study year, we performed 

tests of genotype main effects and age‐by‐genotype interactions stratified by study 

year.  The most significantly associated SNP from the longitudinal genotype main 

effect analysis was the FTO SNP rs9939609 (P = 2.0 × 10‐5) (Table 2.8).  Three 

additional SNPs were nominally associated (P < 0.05) with BMI: rs4923461 (BDNF, 

P = 0.0019); rs17782313 (MC4R, P = 0.0030); and rs11084753 (KCTD15, P = 0.027).  

At all four loci, the directions of effects estimated from longitudinal models were 

consistent with the 2005 cross‐sectional analysis.  Only rs11084753 (KCTD15) had 

not shown at least nominal evidence for association in the cross‐sectional analysis. 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Four of the 12 SNPs showed statistically significant evidence (P < 0.0042, 

considering 12 tests) for an age‐by‐genotype interaction in the longitudinal 

analyses: rs4923461 (BDNF, P = 2.4 × 10‐6); rs9939609 (FTO, P = 3.8 × 10‐4); 

rs17782313 (MC4R, P = 6.3 × 10‐4); and rs7498665 (SH2B1, P = 8.2 × 10‐4) (Table 

2.9).  Three additional SNPs had nominally significant age‐by‐genotype interactions: 

rs6548238 (TMEM18, P = 0.0053), rs1093839 (GNPDA2, P = 0.0086), and 

rs2815752 (NEGR1, P = 0.016).  Except for rs6548238 (TMEM18), the same pattern 

of significance occurred for all of these SNPs when tested for study year‐by‐

genotype interactions in models without an age‐by‐genotype interaction term 

(Table 2.10).  In mixed models that included both age‐by‐genotype and study year‐

by‐genotype interaction terms, only the age‐by‐genotype interaction for 

rs17782313 (MC4R) remained nominally significant (P = 0.046) (Table 2.11). 

Further analyses stratified by study year only clearly supported an age‐by‐

genotype interaction for rs17782313 (MC4R) (Figure 2.4).  Specifically, the age‐by‐

genotype interaction coefficients for rs17782313 were consistent across study 

visits, resulting in slightly increasing main effect estimates of genotype over time in 

models absent the age‐by‐genotype interaction term.  In contrast, age‐by‐genotype 

interaction coefficients for rs4923461 (BDNF) were not significantly different from 

zero at any single study visit, but the effect of genotype, in main effects analyses 

only, consistently increased over the study visits (Figure 2.5).  The FTO SNP 

rs9939609 showed no evidence for an age‐by‐genotype interaction at the first four 

study visits, but some evidence at the latter three (Figure 2.6), and the main effects 

of genotype increased over the first four study visits, but decreased thereafter.  The 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patterns were less clear for the other loci that exhibited evidence for age‐by‐

genotype and study year‐by‐genotype interactions (Figure 2.7). 

 

DISCUSSION 

We have performed the first GWA scan for anthropometric traits in a cohort 

from the Philippines, a country undergoing socio‐economic and nutrition transition.  

The strongest signals with suggestive evidence of association in the CLHNS (P < 10‐

5) require confirmation in other studies.  Among these signals, a SNP in the KCNE4 

locus (rs1440072) was associated with both BMI and waist circumference.  KCNE4 

codes for the potassium voltage‐gated channel, Isk‐related family, member 4 

protein, which acts as an inhibitory subunit to KCNQ1 (potassium voltage‐gated 

channel, subfamily Q, member 1) (97).   KCNQ1 is expressed in adipose tissue and 

has been associated with type 2 diabetes in both European and Asian populations 

(98‐100).   

We replicated (P < 0.05 and consistent direction of effect) 8 of 55 non‐

independent previously reported SNP‐trait associations (P < 5 × 10‐8) with BMI, 

weight, waist circumference, and height, providing further evidence that these loci 

influence anthropometric trait variation across world populations.  We also 

replicated three signals with suggestive evidence of association (P < 10‐4) with 

either BMI or height from another Asian population cohort (83, 91).  The 

longitudinal main effect results for the 12 previously reported BMI SNPs were 

consistent with the primary cross‐sectional (2005 visit) results in that the same 

SNPs displayed nominal evidence across both approaches.  Failure to replicate 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additional loci likely reflects modest power of the CLHNS study to detect the signals, 

but could also indicate that the loci are population‐specific or influenced by 

environmental or dietary exposures that differ between populations.  

Inter‐population differences in local LD, which are especially pronounced 

between continental populations (53), may assist in fine‐mapping the disease‐

causing variants in loci implicated across association studies.  In some cases, the 

overlap of LD between two populations may correspond to an area of increased 

association signal strength, thus suggesting a narrower region of interest than in the 

discovery population alone (62).  We observed an appreciable difference in LD 

between the European and Asian HapMap populations at the BDNF locus.  

Consistent with previous observations that the LD from the CHB and JPT 

populations is similar to the CLHNS (66), we observed a putatively smaller BDNF 

association region that still contained a non‐synonymous amino acid substitution 

(rs6265, Val66Met) associated with obesity (101).  Further suggestive evidence of 

BDNF’s functional relevance to BMI includes observations that heterozygous and 

conditional knockout mice develop hyperphagia and obesity (102‐104). 

Our longitudinal study also supports age‐by‐genotype and/or study year‐by‐

genotype interactions for three loci previously identified as associated with BMI.  

Evidence for an age‐by‐genotype interaction for the MC4R SNP rs17782313 was 

consistent across all study visits, with additive effects of the C allele that increased 

with age.  The effects of genotype did not appear to change over time due to study 

year, which would reflect the rapidly changing environment in the Philippines 

during the study period.  Conversely, our observations in stratified analyses did not 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support an age‐by‐genotype interaction for the widely studied BDNF SNP 

rs4923461, but we found evidence suggesting increased main effects of genotype 

(specifically the A allele) over the study time period.  Our results suggest that 

rs4923461 genotype likely interacts with a factor other than age that also changed 

over the 22‐year study period. Dietary and other environmental factors changed 

considerably between 1983 and 2005 and one or more of these factors may modify 

the effect of the rs4923461 genotype.  Rates of overweight and obesity were initially 

low, and increased over time, providing substantially more variation in levels of 

body fat. 

The BMI association for the FTO SNP rs9939609 over time is even more 

multifaceted, as we found evidence in the models stratified by study year supporting 

decreased effects of genotype with age at the later study visits, but no evidence for 

such an effect during the first 11 years of the study when our subjects were younger.  

The main effects, absent the age‐by‐genotype interaction term, of rs9939609 

appeared to increase during the first 11 years of the study, suggesting a positive 

interaction between genotype and study year during this period, but then to steadily 

decrease to levels near baseline most recently, reflecting the decreased effects of 

genotype with respect to age in the latter years.  Similar to our BDNF result, neither 

the age‐by‐genotype or study year‐by‐genotype interaction term was significant in 

the longitudinal model when both effects were included together.  Our previous 

report of an overall survey year‐by‐genotype interaction at rs9939609 influencing 

longitudinal BMI appears to incompletely represent the genetic complexity at this 

locus (66). 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Recently, Hardy et al. reported evidence for age‐by‐genotype interactions 

influencing BMI for the same two MC4R and FTO SNPs (105).  They observed 

increasing effects of genotype for both loci through childhood and adolescence up to 

age 20, and then decreasing effects through adulthood.  Because their participants 

were all the same age at any given year of the study, they could not distinguish 

between the effects of age and changing environment over time.  The CLHNS 

involved participants with wide ranging ages at baseline (15–48 years) followed for 

22 years.  While our stratified analyses can begin to separate the nature of these 

putative interactions, these analyses do not completely remove the mutual 

confounding of age and study year in our models because the participants 

necessarily aged during the course of the study. 

In summary, we found suggestive evidence for additional association signals 

in a Filipino population cohort, and replicated several previously reported SNP 

associations with variation in BMI, weight, and height.  We also further 

characterized in a longitudinal setting the MC4R, BDNF, and FTO loci associated with 

BMI.  Together, these results show that multiple genetic risk factors identified in 

other populations are also associated with anthropometric traits in Filipinos despite 

a transitioning nutritional environment. 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Figure 2.1 – Manhattan plots of associations with current measurements of (A) 

body mass index (natural logtransformed), (B) weight, (C) waist 

circumference, and (D) average height. 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Figure 2.2 – Quantilequantile plots of the P values for associations with 

current measurements of (A) body mass index (natural logtransformed), (B) 

weight, (C) waist circumference, and (D) average height.  The straight dark gray 

line indicates the expected distribution under the null hypothesis of no association, 

and the two curving dashed light gray lines indicate the 95% confidence interval. 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Figure 2.3 – Further localization in the CLHNS of the BMI association signal at 

the BDNF locus.  CLHNS association –log10(P values) for BMI and nearby genes 

plotted against pair‐wise HapMap Phase II linkage disequilibrium values from 

phased genotypes in the CEU and the CHB+JPT populations.  Dark red indicates r2 = 

1 and white indicates r2 = 0.  An arrow marks the non‐synonymous amino acid 

substitution variant Val66Met (rs6265). 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Figure 2.4 – Evidence for a consistent longitudinal agebygenotype 

interaction influencing BMI at rs17782313 (MC4R).  Cross‐sectional main effect 

β coefficients (with no interaction term in the model) and age‐by‐genotype 

interaction β coefficients at seven time‐points from baseline to 22 years afterward.  

Error bars represent standard errors.  β coefficients are measured in untransformed 

BMI units (kg/m2). 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Figure 2.5 – No evidence for a longitudinal agebygenotype interaction 

influencing BMI at rs4923461 (BDNF).  Cross‐sectional main effect β coefficients 

(with no interaction term in the model) and age‐by‐genotype interaction β 

coefficients at seven time‐points from baseline to 22 years afterward.  Error bars 

represent standard errors.  Beta (β) coefficients are measured in untransformed 

BMI units (kg/m2). 



 

  33 

 

Figure 2.6 – Evidence for a longitudinal agebygenotype interaction 

influencing body mass index (BMI) at rs9939609 (FTO) beginning after 11 

years since baseline.  Cross‐sectional main effect β coefficients (with no 

interaction term in the model) and age‐by‐genotype interaction β coefficients at 

seven time‐points from baseline to 22 years afterward.  Error bars represent 

standard errors.  Beta (β) coefficients are measured in untransformed BMI units 

(kg/m2).
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Figure 2.7 – Inconclusive evidence for longitudinal agebygenotype 

interactions influencing body mass index (BMI) at rs7498665 (SH2B1), 

rs2815752 (NEGR1), and rs10938397 (GNPDA2).  Cross‐sectional main effect β 

coefficients (with no interaction term in the model) and age‐by‐genotype interaction 

Beta (β) coefficients at seven time‐points from baseline to 22 years afterward.  Error 

bars represent standard errors.  β coefficients are measured in untransformed BMI 

units (kg/m2). 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Table 2.1 – Pairwise Pearson correlations of anthropometric traits in the 
CLHNS cohort 

 
Waist circumference 

(cm) 
Weight 
(kg) 

BMI  
log(kg/m2) 

Average height (cm)  0.24  0.44  0.13 
Waist circumference (cm)  ‐  0.88  0.88 
Weight (kg)  ‐  ‐  0.94 

BMI, natural log‐transformed body mass index.   
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Table 2.2 – Associations of trait covariates with outcomes in the CLHNS cohort 

P value  

Trait   Covariates  BMI  Weight 
Waist 

circumference 
Average 
height 

Age  ‐  < 0.0001  < 0.0001  0.21  0.0088 
Age2  age  0.010  0.0013  0.0091  0.0002 
Assets  age, age2  < 0.0001  < 0.0001  < 0.0001  < 0.0001 
Log(income)  age, age2  < 0.0001  < 0.0001  < 0.0001  < 0.0001 
Number of 
Pregnancies  age, age2  < 0.0001  < 0.0001  0.0002  0.016 

Menopausal 
status  age, age2  0.0005  0.0003  0.11  0.075 

PC1  age, age2, all other PCs  0.67  0.069  0.35  < 0.0001 
PC2  age, age2, all other PCs  0.27  0.36  0.33  0.99 
PC3  age, age2, all other PCs  0.73  0.72  0.88  0.61 
PC4  age, age2, all other PCs  0.96  0.11  0.27  < 0.0001 
PC5  age, age2, all other PCs  0.0092  0.012  0.36  0.37 
PC6  age, age2, all other PCs  0.38  0.32  0.11  0.51 
PC7  age, age2, all other PCs  0.15  0.091  0.093  0.29 
PC8  age, age2, all other PCs  0.15  0.082  0.06  0.18 
PC9  age, age2, all other PCs  0.64  0.82  0.52  0.33 
PC10  age, age2, all other PCs  0.41  0.60  0.39  0.82 

All traits are measured from the 2005 survey except average height, which is the 

average of the baseline measurement (during initial pregnancy) and seven post‐

partum measurements.  Number of pregnancies is categorized into three groups:  

0–4, 5–10, and ≥11.  Significant associations (P < 0.05) are denoted in boldface.  Age, 

age2, household assets, natural log‐transformed household income, number of 

pregnancies, menopausal status, and the first five PCs were used as covariates in 

tests of SNP association.  BMI, natural log‐transformed body mass index; PC, 

principal component of population substructure. 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Table 2.3 – Demographic and descriptive statistics of the CLHNS cohort 

Trait  Value  n 
Body mass index (kg/m2)  24.3 ± 4.4  1,780 
Waist circumference (cm)  81.1 ± 10.9  1,779 
Weight (kg)  55.2 ± 10.9  1,780 
Average height (cm)  150.4 ± 4.9  1,792 
Age (years)  48.4 ± 6.1  1,792 
Number of pregnancies  6.5 ± 3.0  1,792 
Menopausal status 
(yes/no)  687 / 1105  1,792 

All values are mean ± s.d. unless specified otherwise. 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Table 2.4 – SNPs with suggestive evidence of association (P < 105) with four 
anthropometric traits in the CLHNS 

SNP 
Nearby 
gene  Chr  Position 

Allele 
1/2 

Allele 1 
Freq  Trait 

Effect size           
(β ± s.e.m.)  P value 

rs17124318  ATG4C  1  63,253,318  C/G  0.87  BMI  0.072 ± 0.014  5.91 × 10‐7 
rs1440072  KCNE4  2  223,644,982  C/T  0.06  BMI  0.055 ± 0.012  4.37 × 10‐6 
rs817858  RAD23B  9  109,165,632  G/C  0.13  BMI  0.042 ± 0.009  7.42 × 10‐6 
rs1406503  ZNF804B  7  88,398,814  C/G  0.05  BMI  0.073 ± 0.016  8.69 × 10‐6 
rs2373011  ANKS1B  12  98,485,480  C/G  0.42  BMI  0.026 ± 0.006  9.00 × 10‐6 
rs9906155  SEPT9  17  73,213,292  T/C  0.91  BMI  0.045 ± 0.010  9.20 × 10‐6 
rs2662467  LVRN  5  115,381,567  C/T  0.79  BMI  0.051 ± 0.011  9.62 × 10‐6 
rs10740609  PCDH15  10  56,460,975  T/A  0.07  BMI  0.055 ± 0.012  9.85 × 10‐6 
rs9313296  N/A  5  165,310,277  C/G  0.01  weight  10.004 ± 2.007  6.83 × 10‐7 
rs16877106  ANAPC4  4  25,012,364  C/T  0.96  weight  5.420 ± 1.121  1.44 × 10‐6 
rs907121  N/A  8  123,032,396  C/T  0.57  weight  1.826 ± 0.382  1.87 × 10‐6 
rs17124318  ATG4C  1  63,253,318  C/G  0.87  weight  3.984 ± 0.858  3.63 × 10‐6 
rs11108495  C12orf55  12  95,332,048  T/C  0.45  weight  1.554 ± 0.337  4.28 × 10‐6 
rs10740609  PCDH15  10  56,460,975  T/A  0.07  weight  3.405 ± 0.745  5.21 × 10‐6 
rs12594515  SQRDL  15  43,772,363  C/G  0.69  weight  1.705 ± 0.373  5.28 × 10‐6 
rs1440072  KCNE4  2  223,644,982  C/T  0.06  waist  3.662 ± 0.739  7.87 × 10‐7 
rs2373011  ANKS1B  12  98,485,480  C/G  0.42  waist  1.713 ± 0.363  2.46 × 10‐6 
rs9290936  IL1RAP  3  191,735,329  G/T  0.61  waist  1.791 ± 0.387  4.03 × 10‐6 
rs11647936  KLHL36  16  83,243,010  A/T  0.77  waist  2.294 ± 0.497  4.16 × 10‐6 
rs13156607  CCDC99  5  168,832,565  T/C  0.11  waist  3.909 ± 0.851  4.61 × 10‐6 
rs7302017  PPM1H  12  61,290,850  G/A  0.46  waist  1.712 ± 0.375  5.47 × 10‐6 
rs9313296  N/A  5  165,310,277  C/G  0.01  waist  9.396 ± 2.065  5.72 × 10‐6 
rs12594515  SQRDL  15  43,772,363  C/G  0.69  waist  1.727 ± 0.384  7.16 × 10‐6 
rs3773996  IL1RAP  3  191,718,778  A/G  0.63  waist  1.616 ± 0.365  9.96 × 10‐6 
rs17818399  PIGFCRIPT  2  46,679,530  C/A  0.17  height  1.127 ± 0.218  2.74 × 10‐7 
rs17638464  FSTL5  4  162,821,659  G/A  0.83  height  1.382 ± 0.289  1.91 × 10‐6 
rs11888559  CYP20A1  2  203,873,416  T/C  0.15  height  1.051 ± 0.221  2.08 × 10‐6 
rs6670655  PBX1  1  163,005,795  T/C  0.18  height  1.258 ± 0.267  2.73 × 10‐6 
rs2660869  LTA4H  12  95,003,398  C/G  0.02  height  4.387 ± 0.939  3.19 × 10‐6 
rs2277912  FASTKD2  2  207,342,481  G/T  0.15  height  1.066 ± 0.232  4.73 × 10‐6 
rs2691543  RPL13AP17  7  77,802,724  T/C  0.97  height  3.449 ± 0.755  5.20 × 10‐6 

Chromosomal positions are reported in NCBI Build 36 coordinates.  Reported alleles 

are from the positive strand.  The allele that increased the trait value is listed as 

allele 1.  Effect sizes are reported as β coefficients per copy of allele 1 and their 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associated standard errors (s.e.m.). BMI is reported in natural log‐transformed 

units.  

Chr, chromosome; BMI, natural log‐transformed body mass index; N/A, no protein‐

coding gene within 500 kb of the SNP. 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Table 2.5 – CLHNS association for SNPs previously reported to be associated 
with BMI, weight, and waist circumference 

SNP 
Nearby 
gene  Chr  Position 

Allele 
1/2 

Allele 1 
Freq  Trait 

Effect size  
(β ± s.e.m.)  P value  Ref 

rs4923461  BDNF  11  27,613,486  A/G  0.52  BMI  0.021 ± 0.006  2.8 × 104  (81) 
rs17782313  MC4R  18  56,002,077  C/T  0.12  BMI  0.023 ± 0.009  0.0073  (80) 
rs9939609  FTO  16  52,378,028  A/T  0.18  BMI  0.020 ± 0.007  0.0074  (90)  
rs2815752  NEGR1  1  72,585,028  A/G  0.88  BMI  ‐0.015 ± 0.009  0.087  (58)  
rs11084753  KCTD15   19  39,013,977  G/A  0.30  BMI  ‐0.014 ± 0.008  0.095  (58) 
rs7647305   DGKG  3  187,316,984  C/T  0.90  BMI  0.017 ± 0.012  0.16  (81) 
rs10938397  GNPDA2   4  44,877,284  G/A  0.19  BMI  0.007 ± 0.008  0.40  (58) 
rs7498665  SH2B1   16  28,790,742  G/A  0.18  BMI  0.006 ± 0.008  0.42  (58) 
rs6548238  TMEM18  2  624,905  C/T  0.92  BMI  0.007 ± 0.011  0.50  (58) 
rs7566605  INSIG2  2  118,552,495  C/G  0.45  BMI  0.004 ± 0.006  0.54  (89)  
rs1569019  GPR133  12  130,142,144  A/C  0.01  BMI  ‐0.012 ± 0.026  0.64  (88)  
rs10838738  MTCH2   11  47,619,625  G/A  0.20  BMI  0.001 ± 0.007  0.90  (58) 
rs3751812  FTO  16  52,375,961  T/G  0.18  weight  1.034 ± 0.442  0.019  (81) 
rs29941  KCTD15  19  39,001,372  A/G  0.79  weight  ‐0.891 ± 0.421  0.034  (81) 
rs12970134  MC4R  18  56,035,730  A/G  0.14  weight  0.983 ± 0.480  0.041  (81) 
rs1077393  BAT3  6  31,718,508  A/G  0.44  weight  ‐0.453 ± 0.352  0.20  (81) 
rs2568958  NEGR1  1  72,537,704  A/G  0.88  weight  ‐0.691 ± 0.538  0.20  (81) 
rs7561317  TMEM18  2  634,953  G/A  0.92  weight  0.561 ± 0.629  0.37  (81) 
rs7647305  DGKG  3  187,316,984  C/T  0.90  weight  0.324 ± 0.702  0.64  (81) 
rs4788102  SH2B1  16  28,780,899  A/G  0.18  weight  0.203 ± 0.459  0.66  (81) 
rs10913469  SEC16B  1  176,180,142  C/T  0.16  weight  0.146 ± 0.505  0.77  (81) 
rs7826222  MSRA  8  9,897,490  G/C  0.39  waist  0.624 ± 0.392  0.11  (56)  
rs12970134  MC4R  18  56,035,730  A/G  0.14  waist  0.658 ± 0.494  0.18  (79) 
rs987237  TFAP2B  6  50,911,009  G/A  0.21  waist  ‐0.037 ± 0.447  0.93  (56) 

Significant associations (P < 0.05, consistent direction of effect) are shown in 

boldface.   

Ref, reference; other columns and abbreviations are as described in Table 2.4. 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Table 2.6 – CLHNS association for SNPs previously reported to be associated 
with height 

SNP  Nearby gene  Chr  Position 
Allele 
1/2 

Allele 1  
Freq 

Effect size 
(β ± s.e.m.)  P value  Ref 

rs3791679  EFEMP1  2  55,950,396  A/G  0.29  0.590 ± 0.188  0.0017  (78)  
rs6440003  ZBTB38  3  142,576,899  A/G  0.13  0.672 ± 0.238  0.0048  (76)  
rs6718438  NPPC  2  232,863,810  T/C  0.62  0.427 ± 0.165  0.0096  (87) 
rs1042725  HMGA2  12  64,644,614  C/T  0.18  0.381 ± 0.210  0.07  (76) 
rs7846385  PXMP3  8  78,322,734  C/T  0.15  0.327 ± 0.219  0.14  (78) 
rs678962  DNM3  1  170,456,512  G/T  0.13  0.357 ± 0.240  0.14  (78) 
rs10946808  HIST1H1D  6  26,341,366  A/G  0.48  0.257 ± 0.174  0.14  (77) 
rs1046934a  TSEN15  1  182,290,152  C/A  0.46  0.288 ± 0.199  0.15  (78) 
rs4842838  ADAMTSL3  15  82,373,128  G/T  0.46  ‐0.234 ± 0.167  0.16  (85) 
rs3118914  DLEU7  13  50,014,902  G/T  0.99  1.117 ± 0.823  0.17  (85) 
rs4743034  ZNF462  9  108,672,174  A/G  0.24  0.238 ± 0.186  0.20  (78) 
rs6570508b  GPR126  6  142,755,535  G/A  0.28  0.310 ± 0.246  0.21  (77) 
rs13273123  PLAG1  8  57,263,345  A/G  0.95  0.474 ± 0.398  0.23  (83) 
rs7153027  TRIP11  14  91,496,975  A/C  0.73  0.203 ± 0.177  0.25  (78) 
rs12214804c  HMGA1  6  34,296,844  C/T  0.13  0.338 ± 0.303  0.26  (78) 
rs4800148  CABLES1  18  18,978,326  A/G  0.88  0.322 ± 0.322  0.32  (78) 
rs2282978  CDK6  7  92,102,346  C/T  0.11  ‐0.232 ± 0.248  0.35  (76) 
rs4533267  ADAMTS17  15  98,603,794  A/G  0.39  0.152 ± 0.168  0.37  (78) 
rs11205277  SF3B4  1  148,159,496  G/A  0.36  0.277 ± 0.322  0.39  (78) 
rs5742692  IGF1  12  101,323,728  A/G  0.80  0.159 ± 0.203   0.43  (91) 
rs12338076  QSOX2  9  138,261,561  C/A  0.21  0.186 ± 0.239  0.43  (91) 
rs6060369  UQCC  20  33,370,575  C/T  0.44  0.129 ± 0.167  0.44  (62) 
rs967417  BMP2  20  6,568,893  G/A  0.17  0.165 ± 0.218  0.45  (78) 
rs1812175  HHIP  4  145,794,294  G/A  0.48  ‐0.108 ± 0.157  0.49  (78) 
rs2844479  HLA class III  6  31,680,935  A/C  0.53  0.110 ± 0.176  0.53  (78) 
rs3760318  ADAP2  17  26,271,841  G/A  0.75  0.063 ± 0.184  0.73  (78) 
rs4713858  PPARD  6  35,510,763  G/A  0.52  0.048 ± 0.163  0.77  (78) 
rs1635852  JAZF1  7  28,155,936  T/C  0.79  ‐0.037 ± 0.204  0.86  (84) 
rs12986413  DOT1L  19  2,121,954  T/A  0.38  0.029 ± 0.184  0.87  (77) 
rs12198986  BMP6  6  7,665,058  A/G  0.21  ‐0.033 ± 0.211  0.88  (78) 
rs7664706d  PRKG2  4  82,437,781  T/C  0.10  0.020 ± 0.272  0.94  (85) 
rs314277  LIN28B  6  105,514,355  A/C  0.05  0.029 ± 0.500  0.95  (77) 
rs6830062  LCORL  4  17,626,828  T/C  0.84  0.011 ± 0.216  0.96  (78) 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Columns and abbreviations are as described in Table 2.4.   

ars1046934 is a proxy for reported SNP rs2274432 (r2 = 1 [CEU], 0.98 [CHB+JPT], 

HapMap Phase 2, Release 22). 

brs6570508 is a proxy for reported SNP rs4896582 (r2 = 0.96 [CEU], 0.92 

[CHB+JPT]).   

crs12214804 is a proxy for reported SNP rs1776897 (r2 = 1 [CEU, CHB+JPT]).   

drs7664706 is a proxy for reported SNP rs2011962 (r2 = 1 [CEU, CHB+JPT]). 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Table 2.7 – Associations in CLHNS cohort of BMI and height SNPs previously 
reported (P < 104) in a Korean or Japanese population cohort  

SNP 
Nearby 
gene  Chr  Position 

Allele 
1/2 

Allele 1 
Freq  Trait 

Effect size 
(β ± s.e.m.)  P value  Ref 

rs1399903  OTOL1  3  162,876,798  C / T  0.16  BMI  0.020 ± 0.008  0.0097  (83) 

rs16953563  MAP2K1  15  64,473,824  A / G  0.37  BMI  0.010 ± 0.006  0.097  (83) 

rs11193517  SORCS1  10  109,243,058  A / C  0.05  BMI  0.010 ± 0.013  0.42  (83) 

rs8002779  GPC5  13  90,813,978  G / A  0.54  height  0.388 ± 0.161  0.016  (91) 

rs9393681  HIST1H1PS2  6  26,116,239  T / C  0.27  height  0.413 ± 0.182  0.024  (83) 

rs17110818  C14orf145  14  80,121,106  A / T  0.18  height  0.420 ± 0.211  0.047  (83) 

rs6561030  DGKH  13  41,529,719  C / A  0.37  height  ‐0.281 ± 0.207  0.17  (91) 
rs6563943  CDH13  16  82,196,836  A / G  0.40  height  ‐0.249 ± 0.188  0.19  (91) 
rs4751815  RPL19P16  10  122,691,495  G / A  0.76  height  ‐0.243 ± 0.188  0.20  (83) 

rs2305707  CYP19A1  15  49,356,702  A / G  0.23  height  0.240 ± 0.192  0.21  (91) 
rs1136001  NTAN1  16  15,039,475  G / T  0.49  height  0.227 ± 0.184  0.22  (91) 
rs6483645  DBX1  11  20,128,523  G / C  0.62  height  0.173 ± 0.168  0.30  (83) 

rs7189843  PLCG2  16  80,459,640  G / C  0.50  height  ‐0.166 ± 0.164  0.31  (83) 

rs11228763  OR9G4  11  56,267,736  G / A  0.13  height  ‐0.245 ± 0.242  0.31  (83) 
rs162089  DDX4  5  55,154,432  C / T  0.37  height  0.160 ± 0.168  0.34  (83) 
rs3738814  ATP13A2  1  17,204,263  A / G  0.16  height  0.217 ± 0.230  0.34  (91) 
rs4886707  PTPN9  15  73,542,520  T / C  0.25  height  0.155 ± 0.185  0.40  (91) 
rs2517538  MUC21  6  31,121,520  C / G  0.40  height  0.132 ± 0.163  0.42  (83) 
rs6921309  N/A  6  18,726,714  A / C  0.25  height  ‐0.111 ± 0.183  0.55  (83) 
rs6585827  PLEKHA1  10  124,155,605  A / G  0.40  height  0.090 ± 0.175  0.61  (91) 

rs17016123  INPP4B  4  143,574,788  C / T  0.20  height  0.081 ± 0.198  0.68  (83) 
rs16828478  SHOX2  3  159,073,925  T / C  0.10  height  ‐0.098 ± 0.266  0.71  (83) 
rs17772163  ZFAT  8  135,724,428  T / C  0.52  height  0.044 ± 0.167  0.79  (83) 
rs2233969  PSORS1C1  6  31,188,411  G / A  0.19  height  0.050 ± 0.204  0.81  (83) 
rs2011603  NCAPG  4  17,634,582  A / G  0.68  height  0.041 ± 0.173  0.81  (83) 
rs11246833  SFRS8  12  130,623,673  C / G  0.50  height  0.033 ± 0.163  0.84  (83) 
rs2292303  C12orf48  12  101,037,661  C / G  0.18  height  0.034 ± 0.208  0.87  (83) 
rs3013749  GLIS1  1  53,845,347  A / T  0.36  height  0.022 ± 0.166  0.90  (83) 
rs11170631  ATP5G2  12  52,327,459  C / T  0.32  height  ‐0.007 ± 0.171  0.97  (91) 
rs1175000  CDCA7L  7  21,990,565  C / T  0.52  height  0.003 ± 0.212  0.99  (91) 
 
Chromosomal positions are reported in NCBI Build 36 coordinates.  Reported alleles 

are from the positive strand.  The allele that increased the trait value in the previous 

report is listed as allele 1.  Effect sizes are additive β coefficients per copy of allele 1 

with the standard error of the mean (s.e.m.).  BMI is reported in natural log‐
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transformed units.  Significant associations (CLHNS P values < 0.05) are shown in 

boldface.  Chr, chromosome; Ref, reference; BMI, natural log‐transformed body mass 

index; N/A, no protein‐coding gene within 500 kb of the SNP. 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Table 2.8 – Evidence in CLHNS cohort of longitudinal genotype main effect 
association for previously reported BMI SNPs 

SNP  Gene locus  Effect β  P value  Reference 
rs4923461  BDNF  0.014  0.0019  (81) 
rs17782313  MC4R  0.019  0.0030  (80) 
rs9939609  FTO  0.023  2.0 × 105  (90)  
rs2815752  NEGR1  ‐0.008  0.32  (58)  
rs11084753  KCTD15  ‐0.015  0.027  (58) 
rs7647305   DGKG  0.014  0.11  (81) 
rs10938397  GNPDA2  0.004  0.42  (58) 
rs7498665  SH2B1  ‐0.003  0.56  (58) 
rs6548238  TMEM18  0.011  0.14  (58) 
rs7566605  INSIG2  0.000  0.90  (89)  
rs1569019  GPR133  ‐0.013  0.44  (88)  
rs10838738  MTCH2  0.001  0.87  (58) 

Significant associations (P < 0.05) are shown in boldface.  Effect β coefficients are 

measured in untransformed BMI units (kg/m2). 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Table 2.9 – Evidence of longitudinal SNP associations with BMI in the CLHNS 

    Age  Genotype  Genotype ×  Age 

SNP 
Gene 
locus 

Effect size 
(β ± s.e.m.) 

Effect size 
(β ± s.e.m.) 

Effect size 
(β ± s.e.m.)  P value 

rs4923461  BDNF  0.277 ± 0.018  ‐0.185 ± 0.145  0.013 ± 0.003  2.4 × 106 
rs17782313  MC4R  0.288 ± 0.018  ‐0.093 ± 0.218  0.015 ± 0.004  6.3 × 104 
rs9939609  FTO  0.312 ± 0.018  0.070 ± 0.185  0.013 ± 0.004  3.8 × 104 
rs2815752  NEGR1  0.309 ± 0.019  0.238 ± 0.226  ‐0.011 ± 0.004  0.016 
rs11084753  KCTD15  0.292 ± 0.018  ‐0.325 ± 0.209  0.000 ± 0.004  0.96 
rs7647305  DGKG  0.277 ± 0.020  0.039 ± 0.293  0.008 ± 0.006  0.18 
rs10938397  GNPDA2  0.287 ± 0.018  ‐0.264 ± 0.196  0.010 ± 0.004  0.0086 
rs7498665  SH2B1  0.311 ± 0.018  ‐0.543 ± 0.192  0.013 ± 0.004  8.2 × 104 
rs6548238  TMEM18  0.289 ± 0.018  0.585 ± 0.272  ‐0.008 ± 0.005  0.0053 
rs7566605  INSIG2  0.291 ± 0.018  0.012 ± 0.100  0.000 ± 0.004  0.99 
rs1569019  GPR133  0.277 ± 0.031  ‐0.084 ± 0.660  ‐0.007 ± 0.013  0.58 
rs10838738  MTCH2  0.297 ± 0.019  ‐0.113 ± 0.181  0.004 ± 0.004  0.31 

Beta (β) coefficients are measured in untransformed BMI units (kg/m2).  Significant 

associations (P < 0.0042, considering 12 tests) are shown in boldface. 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Table 2.10 – Evidence of study yearbygenotype interactions influencing 
longitudinal BMI in the CLHNS cohort 

    Study Year  Genotype  Study Year × Genotype 

SNP  Gene locus 
Effect size           
(β ± s.e.m.) 

Effect size           
(β ± s.e.m.) 

Effect size           
(β ± s.e.m.)  P value 

rs4923461  BDNF  0.133 ± 0.011  0.182 ± 0.103  0.013 ± 0.003  1.3 × 106 
rs17782313  MC4R  0.143 ± 0.011  0.322 ± 0.156  0.013 ± 0.004  0.0018 
rs9939609  FTO  0.166 ± 0.012  0.424 ± 0.132  0.012 ± 0.003  3.6 × 106 
rs2815752  NEGR1  0.164 ± 0.013  ‐0.051 ± 0.161  ‐0.011 ± 0.004  0.012 
rs11084753  KCTD15  0.145 ± 0.011  ‐0.315 ± 0.149  0.000 ± 0.004  0.93 
rs7647305   DGKG  0.132 ± 0.015  0.254 ± 0.210  0.007 ± 0.006  0.19 
rs10938397  GNPDA2  0.141 ± 0.011  0.013 ± 0.140  0.010 ± 0.004  0.0078 
rs7498665  SH2B1  0.167 ± 0.013  ‐0.204 ± 0.137  0.013 ± 0.004  3.8 × 106 
rs6548238  TMEM18  0.144 ± 0.011  0.358 ± 0.196  ‐0.008 ± 0.005  0.13 
rs7566605  INSIG2  0.147 ± 0.011  ‐0.001 ± 0.103  ‐0.001 ± 0.003  0.67 
rs1569019  GPR133  0.136 ± 0.027  ‐0.303 ± 0.472  ‐0.005 ± 0.012  0.71 
rs10838738  MTCH2  0.150 ± 0.012  ‐0.009 ± 0.129  0.003 ± 0.003  0.36 

Significant associations (P < 0.05) are shown in boldface.  Effect β coefficients are 

measured in untransformed BMI units (kg/m2). 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Table 2.11 – Agebygenotype and study yearbygenotype interaction results 
for longitudinal BMI in the CLHNS cohort 

SNP 
Gene 
locus 

Age × Genotype 
Interaction P 

Study Year × Genotype 
Interaction P 

rs4923461  BDNF  0.81  0.27 
rs17782313  MC4R  0.046  0.16 
rs9939609  FTO  0.81  0.70 
rs2815752  NEGR1  0.78  0.47 
rs10938397  GNPDA2  0.98  0.66 
rs7498665  SH2B1  0.40  0.14 

Interactions for age‐by‐genotype effects were adjusted by study year‐by‐genotype 

effects and vice versa.  Significant associations (P < 0.05) are shown in boldface 

 



CHAPTER III 

Populationspecific coding variant underlies genomewide association  
with adiponectin level1 

 

OVERVIEW 

Adiponectin is a protein hormone that can affect major metabolic processes 

including glucose regulation and fat metabolism.  Our previous genome‐wide 

association (GWA) study of circulating plasma adiponectin levels in Filipino women 

from the Cebu Longitudinal Health and Nutrition Survey (CLHNS) detected a 100 kb 

two‐SNP haplotype at KNG1–ADIPOQ associated with reduced adiponectin 

(frequency = 0.050, P = 1.8 × 10‐25).  Subsequent genotyping of CLHNS young adult 

offspring detected an uncommon variant (minor allele frequency [MAF] = 0.025) 

located ~800 kb from ADIPOQ that showed strong association with lower 

adiponectin levels (P = 2.7 × 10‐15, n = 1,695) and tagged a subset of KNG1–ADIPOQ 

haplotype carriers with even lower adiponectin levels.  Sequencing of the ADIPOQ 

coding region detected variant R221S (MAF = 0.015, P = 2.9 × 10‐69), which 

explained 17.1% of the variance in adiponectin levels and largely accounted for the 

initial GWA signal in Filipinos.  R221S was not present in 12,630 Europeans with 

previously sequenced exons.  To explore the mechanism of this substitution, we 

                                                        
 
1 A version of this work was previously published as Croteau‐Chonka DC et al.  
Hum Mol Genet. 2012 Jan 15;21(2):463‐71. Epub 2011 Oct 18. 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re‐measured adiponectin level in 20 R221S offspring carriers and 20 non‐carriers 

using two alternative antibodies and determined that the presence of R221S 

resulted in artificially low quantification of adiponectin level using the original 

immunoassay.  These data provide an example of an uncommon variant responsible 

for a GWA signal and demonstrate that genetic associations with phenotypes 

measured by antibody‐based quantification methods can be affected by uncommon 

coding SNPs residing in the antibody target region.  

 

INTRODUCTION 

Secreted almost exclusively from adipocytes into the bloodstream, 

adiponectin is an abundant protein hormone that affects metabolic processes 

including glucose regulation and fat metabolism (31).  Circulating plasma 

adiponectin level is substantially heritable (36‐38), and low levels are associated 

with increased body mass index (BMI) and risk of cardiovascular disease, type 2 

diabetes, atherosclerosis, and metabolic syndrome (31, 34, 35, 106, 107).  

Understanding the genetic basis of adiponectin level may help unravel the etiology 

of these complex diseases.  

The gene ADIPOQ that encodes adiponectin is an obvious candidate for 

influencing adiponectin level and its effects on target tissues.  Candidate gene 

association studies (108‐111) as well as genome‐wide association (GWA) studies 

(112‐115) of common SNPs (MAF ≥ 0.05) have identified several potentially 

functional ADIPOQ variants.  In vitro studies have shown that rare (MAF < 0.005) 

and uncommon (0.005 ≤ MAF < 0.05) missense variants can disrupt the 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multimerization necessary for adiponectin secretion (116) and that SNPs in the 

ADIPOQ promoter may alter its transcription (117).  Nonetheless, the true causal 

variants responsible for the previously reported GWA signals at ADIPOQ have not 

yet been established. 

  We previously reported a 100‐kb two‐SNP haplotype spanning the KNG1–

ADIPOQ gene region that is associated with reduced adiponectin level in 1,776 

Filipino women from the CLHNS (69).  Compared to the strongest single SNP 

associated with adiponectin in the GWA study (rs864265, MAF = 0.124, β = −0.123, 

P = 3.8 × 10‐9), the C‐T rs11924390‐rs864265 haplotype showed substantially 

stronger evidence of association with a larger effect size (frequency = 0.050, β = 

−0.385, P = 1.8 × 10‐25).  Imputation of SNPs from the 1000 Genomes Pilot Project 

(June 2010) failed to identify any single SNP with association evidence at this level 

of significance, suggesting either that the true causal variant was poorly imputed, 

thus weakening its evidence of association, or that a lower frequency variant or 

more than one variant may be responsible for the GWA signal (69).   

In the current study, we further characterized this KNG1–ADIPOQ haplotype 

association by identifying an uncommon missense variant responsible for much of 

the signal.  In young adult offspring from the CLHNS, in whom the haplotype showed 

a similar effect (frequency = 0.052, β = −0.386, P = 8.7 × 10‐32) (69), the observation 

of an additional putative association signal in the region led serendipitously, albeit 

indirectly, to an explanation for the original GWA signal at KNG1–ADIPOQ. 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RESULTS 

  To study the genetic basis of circulating plasma adiponectin level and other 

metabolic traits, we genotyped using the MetaboChip a set of young adult offspring 

from the CLHNS.  The offspring did not show evidence of population substructure 

(Figure 3.1), and an assessment of global ancestry showed them clustering with 

other Asian individuals as expected (Figure 3.2).  Of 140,696 polymorphic 

MetaboChip SNPs tested for association with natural log‐transformed adiponectin 

level in 1,695 offspring, the two most strongly associated SNPs (P < 5.0 × 10‐8) were 

located approximately 800 kb apart on chromosome 3 (Figure 3.3).  Located 

upstream of the ADIPOQ gene, the first SNP, rs864265 (P = 1.0 × 10‐13, Table 3.1), 

had been detected by our previous GWA study (69).  The second SNP, rs117016164, 

showed stronger evidence of association (P = 2.7 × 10‐15, Table 3.1), and is located 

downstream of the ETV5 gene.  Originally identified by the 1000 Genomes Project as 

a singleton in a CHB HapMap sample (NA18593), rs117016164 had not been 

detected in CEU, JPT, or YRI samples.  This SNP was uncommon in the CLHNS 

offspring (MAF = 0.025), and exhibited very low linkage disequilibrium (LD) with all 

other SNPs within the densely typed ETV5 gene region (r2 < 0.1, chr3:187.2–187.4 

Mb in Figure 3.3).  These data suggested a possible second and novel association 

signal 800 kb away from the original GWA signal.    

To validate the evidence of association of rs117016164 with adiponectin in 

the CLHNS offspring, we re‐genotyped the SNP and, observing concordant 

genotypes, then performed a permutation test, which generated strong and 

consistent evidence of association (Pperm < 10‐9).  In addition, the 1,764 CLHNS 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mothers showed directionally consistent association (P = 3.2 × 10‐7, Table 3.1).  

Using a general linear mixed model accounting for sample relatedness, the 

combined set of offspring and mothers strengthened the evidence of association of 

rs117016164 with adiponectin levels (Pcombined = 7.0 × 10‐17).  

We next examined the relationship between rs117016164 and the two SNPs 

from the previously identified adiponectin‐associated KNG1–ADIPOQ haplotype 

(rs119243940 and rs864265).  The SNP rs117016164 was in low LD with both 

rs119243940 (D’ = 0.38, r2 = 0.004) and rs864265 (D’ = 0.37, r2 = 0.024).  Carrying 

the C‐T haplotype at KNG1–ADIPOQ was associated with lower adiponectin levels in 

CLHNS offspring (P = 1.0 × 10‐37, Figure 3.4A).  When rs117016164 was included to 

form three‐SNP haplotypes, all carriers of the original two‐SNP C‐T haplotype still 

had significantly lower adiponectin levels than non‐carriers; they carried haplotype 

H4 (C‐C‐T, P = 2.9 × 10‐16) and/or haplotype H6 (T‐C‐T, P = 2.1 × 10‐39) (Table 3.2).  

A post hoc comparison of these two haplotypes showed that their strengths of 

association were significantly different (P = 2.9 × 10‐18), suggesting that the minor 

allele (T) of rs117016164 tags a subset of KNG1‐ADIPOQ haplotype carriers with 

even lower adiponectin levels.  A consistent pattern of strong haplotype association 

also was observed in the mothers (Table 3.3).  These data suggested that the H4 

and H6 haplotypes together likely harbored two or more SNPs that might account 

for the observed evidence of association at the KNG1–ADIPOQ locus. 

Three pieces of evidence led us to hypothesize that coding variants in 

ADIPOQ could explain the observed haplotype associations.  First, while ETV5 was a 

plausible candidate gene based on a nearby SNP previously reported to be 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associated with BMI (81) and the inverse relationship between adiponectin level 

and BMI, rs117016164 was not located in a conserved region or a regulatory 

element predicted based on chromatin state.  Second, the evidence of long 

haplotypes linking rs117016164 to the two adiponectin‐associated SNPs in the 

KNG1‐ADIPOQ region reinforced the possibility that causal variants could be located 

in other genes in the region; among these, ADIPOQ was the strongest biological 

candidate.  Third, while decreased gene expression by a non‐coding regulatory 

variant is a more likely scenario at many GWA loci, amino acid substitutions in 

ADIPOQ have been shown to disrupt the multimerization of the adiponectin protein 

necessary for its secretion into the bloodstream (116).  We hypothesized then that 

one or more low frequency coding variants in ADIPOQ could have large effects on 

adiponectin levels consistent with the observed associations.   

To identify rare or uncommon coding variants in ADIPOQ, we sequenced the 

translated exons of the gene in 47 CLHNS offspring, a sample set enriched for 

carriers of the H6 and H4 haplotypes.  We observed three variants in the coding 

region, each in at least one sample: G15G (rs2241766), a common variant that 

previously showed modest association with adiponectin in the CLHNS mothers (P = 

0.0077) (69); G48D, a novel missense variant in one individual with average 

adiponectin level (2.15 μg/mL); and R221S, a missense variant first reported in 

Japanese (118).  To help predict their potential impact on protein structure and 

function, we performed bioinformatic annotation of the two observed missense 

variants.  G48D was predicted by Polymorphism Phenotyping (PolyPhen) to be 

“likely damaging” with a score of 0.997 and by Sorting Intolerant from Tolerant 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(SIFT) to “affect protein function” with a score of 0.00.  R221S was predicted by 

PolyPhen to be “likely benign” with a score of 0.000 and by SIFT to be “tolerated” 

with a score of 0.41.  The difference in the predicted effects of the two variants 

reflects that ADIPOQ amino acid 48 is more highly conserved across related protein 

sequences, and therefore more sensitive to substitution by an unlike residue.  Eight 

other previously reported missense variants (108, 109, 118‐121) were not found in 

these 47 offspring samples, including G45R, G84R, G90S, R92X, Y111H, R112C, 

I164T, and H241P.  However, as the I164T substitution was uncommon (MAF = 

0.009) and strongly associated with lower adiponectin in Japanese (111), we 

included this SNP in follow‐up genotyping. 

We directly genotyped three candidate coding variants (G48D, I164T, and 

R221S) in the complete sets of offspring and mothers, and tested each for 

association with plasma adiponectin level.  No additional G48D carriers were 

identified, and I164T was monomorphic in both the mothers and offspring.  In 

contrast, R221S was present in the offspring with MAF = 0.015, and carriers had 

significantly lower adiponectin levels than non‐carriers (P = 2.9 × 10‐69) (Figure 

3.4B, Table 3.1).  The ADIPOQ R221S variant was in low LD with the ETV5 variant 

(rs117016164) (D’ = 0.54, r2 = 0.17).  We observed similar evidence of R221S 

association in the mothers (P = 2.0 × 10‐53) (Figure 3.5, Table 3.1), and in the 

combined mothers and offspring (Pcombined = 4.3 × 10‐99) (Table 3.1).  R221S 

explained 17.1% and 13.2% of phenotypic variation in the offspring and mothers, 

respectively.  Thus, only one of the three observed non‐synonymous amino acid 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substitution variants in ADIPOQ (R221S) was strongly associated with adiponectin 

in Filipinos.  

To determine the relationship between the uncommon coding variant R221S 

and the associated haplotypes, we performed conditional analyses.  Conditioning on 

R221S, offspring carriers of the two‐SNP C‐T KNG1–ADIPOQ haplotype still had 

significantly lower adiponectin levels, but the association was substantially 

attenuated (P = 5.6 × 10‐10, Figure 3.4C).  Carriers of the three‐SNP H6 haplotype 

showed greatly attenuated association (P = 0.030), while carriers of H4 were still 

significantly associated with lower adiponectin levels (P = 1.3 × 10‐8).  The mothers 

showed similar attenuations (Figure 3.5C and data not shown).  We also re‐phased 

haplotypes in the mothers after including the R221S variant and found that it 

segregated very infrequently (at most twice) on any haplotypes other than H4 and 

H6.  These results suggested not only that the H6 haplotype association was largely 

explained by R221S, but also that one or more additional adiponectin‐associated 

variants remained to be identified on the H4 haplotype, as its association was only 

partially explained by R221S.  

In the CLHNS samples, adiponectin level shows modest but significant 

negative correlation (P < 0.0001) with multiple metabolic traits, including BMI, 

waist circumference, fasting glucose and insulin, and homeostasis model assessment 

indices of insulin sensitivity and beta cell function (69).  We tested R221S in both 

the mothers and offspring for association with these traits and lipid profiles and did 

not observe significant evidence of association (P = 0.13–0.95 in offspring and P = 

0.20–0.98 in mothers, data not shown).  In comparison, the ADIPOQ SNP rs864265 



 

  57 

from the original GWA signal had shown nominal association (P < 0.05) in the 

offspring with several of these traits (69).  With the comparatively smaller MAF of 

R221S, our study had < 10% power to detect such associations with comparable 

effect sizes at P < 0.05.   Given prior in vitro biochemical evidence that R221S does 

not affect adiponectin multimer formation or secretion (116), we hypothesized that 

the R221S substitution affected the original antibody detection of adiponectin, 

resulting in artificially low levels among carriers.  The original ELISA consisted of 

two monoclonal antibodies targeting amino acids 104–244 of ADIPOQ.  We re‐

measured plasma adiponectin level in twenty R221S carriers and twenty sex‐ and 

BMI‐matched non‐carriers using two alternative polyclonal antibodies that 

recognize epitopes within amino acids 17–27 and 56–70, neither of which should be 

affected by amino acid 221.  Adiponectin measurements were not consistent 

between the original ELISA and each of the alternative antibodies (Figure 3.6 and 

data not shown).  The subset of R221S carriers had lower adiponectin levels than 

non‐carriers based on the original ELISA, but carriers and non‐carriers showed 

similar distributions with the alternative antibodies.  These results suggested that 

R221S changed the structure of adiponectin enough to alter the binding affinity of 

the monoclonal antibody in the original ELISA.  These results confirmed that the 

very strong statistical association of R221S with lower adiponectin level was likely 

due to a methodological artifact of antibody specificity. 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We then re‐evaluated the evidence of adiponectin association after 

conditioning on R221S.  Overall, there were no substantial changes in any SNP 

associations at loci other than KNG1–ADIPOQ in the offspring (data not shown) or 

mothers (Figure 3.7), including at CDH13, a previously reported GWA signal in the 

CLHNS (69); similar results were observed after removing R221S carriers from 

analysis (data not shown and Figure 3.7).  To examine the associations of additional 

variants in the 187.2 to 188.2 Mb region of chromosome 3, we re‐imputed in the 

mothers SNPs from the November 2010 release of the 1000 Genomes Project 

(Figure 3.8).  Prior to conditioning on R221S, the most significantly associated SNP 

in the region was rs864265 (P = 2.2 × 10‐10).  After conditioning, this signal was 

highly attenuated (P = 0.076) and the most significantly associated SNP was 

rs58575091 (P = 3.7 × 10‐5).  We re‐evaluated eight ADIPOQ SNPs that were 

identified as candidate functional variants in the literature (69), and of those, only 

rs266729 and rs182052 still showed nominal association (P < 0.05) after 

conditioning on R221S (Table 3.4).  These associations remained significant after 

conditioning on both R221S and copies of the C‐T haplotype (rs266729, P = 1.8 × 10‐

4 and rs182052, P = 4.6 × 10‐4).  When the two SNPs were included in the model 

together, rs266729 was modestly more significant than rs182052 (P = 0.067 versus 

P = 0.22).  Comparable results were obtained when removing R221S carriers from 

analysis (data not shown).  Thus, after conditioning on R221S, moderate evidence of 

association with adiponectin level remained.  The conditional analyses suggested 

that two or more additional variants still play a role in trait variability in this study. 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DISCUSSION 

  Follow‐up of our previous GWA study in the CLHNS demonstrates that the 

two‐SNP haplotype in the KNG1–ADIPOQ region associated with lower plasma 

adiponectin level can be attributed to a coding variant that affected antibody 

specificity.  This uncommon non‐synonymous amino acid substitution variant 

(R221S, MAF = 0.015) was responsible for most of the initial GWA signal, which was 

based on a survey of common variants.  R221S explained 17.1% and 13.2% of 

adiponectin variation in the offspring and mothers, respectively.  In comparison, the 

index SNP from the original GWA study (rs864265, MAF = 0.129) explained 3.2% 

and 2.2% of variation, respectively.  We discovered R221S by detecting in the 

offspring a long three‐SNP haplotype created by another uncommon SNP nearly 800 

kb away from ADIPOQ.  This SNP (rs117016164) was genotyped fortuitously, as it 

was included on the MetaboChip to fine‐map the ETV5 gene region previously 

associated with BMI (81).  The location of rs117016164 downstream of ETV5 and its 

lack of overlap with predicted regulatory elements in a relevant cell type, such as 

adipocytes, made ETV5 a less compelling candidate gene for regulating adiponectin 

level.  Furthermore, rs117016164 was the only variant in the ETV5 region to show 

evidence of association comparable to that of rs864265 near ADIPOQ, suggesting the 

presence of a long haplotype spanning the entire region.  Prior biochemical 

experiments have shown that ADIPOQ amino acid substitutions can disrupt the 

multimer aggregation required for adiponectin secretion (116).  Targeted 

sequencing of ADIPOQ coding regions in carriers of the associated haplotypes then 

revealed R221S, which segregated primarily on the two long haplotypes associated 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with lower adiponectin level in the entire cohort.  Therefore, the causal variant was 

not only detectable 800 kb away, but also nearly ten times less frequent and 

explained a far greater proportion of phenotypic variance than the GWA index SNP, 

in line with a previously proposed association causation scenario (122).  The 

proportion of reported GWAS signals explained by uncommon variants remains to 

be determined, but R221S is a clear example of one. 

Because R221S has been reported previously only in Japanese (118), Korean 

(123, 124), and Japanese‐Brazilian (125) cohorts, the variant may be specific to 

Asian‐ancestry populations.  This R221S variant (CGT to AGT) also was observed to 

be monomorphic in 12,630 individuals of European ancestry with sequenced exons 

(M.R. Nelson, M.G. Ehm, D. Wegmann, P. St. Jean, C. Verzilli, J. Shen, Z. Tang, S.‐A. 

Bacanu, D. Fraser, L. Warren, J. Aponte, D. Kessner, J. Li, S. Zöllner, Y. Li, L. Li, P. 

Woollard, S. Topp, M.D. Hall, K. Nangle, G. Abecasis, J. Wang, L.R. Cardon, J. 

Novembre, J.C. Whittaker, S.L. Chissoe, V. Mooser, manuscript in preparation).  A 

different ADIPOQ missense variant (I164T) with low frequency in Japanese (MAF = 

0.009) has been shown to be associated with lower adiponectin levels (111), 

consistent with biochemical evidence that the I164T‐containing adiponectin does 

not form trimers or high molecular weight multimers and impairs secretion from 

the adipocyte (116).  However, we did not observe I164T or any other of seven 

known missense variants among the CLHNS samples.    

The observed data did not support a biological role for R221S in lowering 

adiponectin level.  Despite explaining approximately 13–17% of variation in 

adiponectin levels in the CLHNS, we observed no evidence of association of R221S 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with metabolic traits or with waist circumference, which is a well‐known predictor 

of adiponectin levels.  This result could reflect limited power.  R221S also did not 

show any deficiency in formation of adiponectin trimers, hexamers, or high 

molecular weight multimers in vitro (116), and bioinformatic annotations that 

suggested R221S would not substantially alter the protein's conformation.  Among 

the previous reports of R221S, adiponectin levels in carriers were significantly 

lower (125), indistinguishable from non‐carriers (118), or not reported due to low 

MAF (123, 124).  We hypothesized that the R221S variant is located on the surface 

of the protein at a position that may alter the epitope recognized by the adiponectin 

antibody.  Two previous reports support this scenario.  The first describes an 

African‐American‐specific K29M amino acid substitution in the soluble circulating 

intracellular adhesion molecule‐1 (sICAM‐1) protein that resulted in the errant 

measurement of sICAM‐1 by an ELISA using monoclonal antibodies to the region 

(126).  The second describes a GWA study of European‐ancestry samples in which a 

V32M substitution in the natriuretic peptide precursor A gene was strongly 

associated with mature plasma atrial natriuretic peptide only if measured by an 

immunoassay targeting the N‐terminal epitope (127).  Altered trait detection could 

be responsible for other associations of non‐synonymous ADIPOQ variants with 

adiponectin or for any other genetic associations with protein traits assayed by 

monoclonal antibodies binding the region containing the mutation.  Of further 

concern to the study of complex traits on a genome‐wide level is that a study’s 

power to detect associations at other loci could be affected by samples with noisy 

phenotypes, especially if they lie in the extreme tails of the distribution. 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The novel singleton missense variant (G48D) we identified in ADIPOQ is 

located in the conserved glycine repeat motif region.  Other nearby glycine‐to‐

aspartic acid substitutions in adiponectin (116) and the homologous mannose‐

binding protein (128) showed deficiency in the formation of high molecular weight 

multimers, suggesting that G48D may also disrupt multimer formation and reduce 

the stability of its collagen helix domain.  However, as the single CLHNS G48D 

carrier had only slightly below average adiponectin levels, the variant may have no 

effect.   

We hypothesize that two or more variants of considerably smaller effect 

explain the remaining GWA signal at ADIPOQ after adjusting for R221S.  The true 

causal variants in the remaining signal could be the same as those underlying 

ADIPOQ signals from GWA studies of European samples (112‐115).  The previously 

described candidate SNP rs266729 previously showed evidence of association in the 

CLHNS (69), and has been predicted to alter an SP1 transcription factor binding site 

(129).  It is also part of a three‐SNP haplotype shown to have an in vitro effect on 

ADIPOQ promoter activity and on DNA binding activity of nuclear proteins (117).  

Other putative regulatory regions near ADIPOQ (130‐132) also may be promising 

targets for additional variants.  Ultimately, both more comprehensive sequencing of 

the ADIPOQ gene region and improved imputation of SNPs from the 1000 Genomes 

Project may be needed to systematically identify additional candidate causal 

variants, especially of low frequency. 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In summary, we characterized a GWA signal for lower plasma adiponectin 

level in a Filipino cohort and showed that a population‐specific uncommon missense 

variant in the adiponectin‐coding gene resulted in artificially low adiponectin 

measurements in a subset of samples and thus was largely responsible for the 

observed association signal detected with common variants.  Our work highlights 

how genetic associations with phenotypes measured by antibody‐based 

quantification methods can be affected by uncommon coding SNPs residing in the 

antibody target region.  We also demonstrated the value of targeted sequencing for 

discovering a variant with potential functional relevance not yet present in public 

SNP databases.  While these findings as a whole do not elucidate the biology 

underlying the genetics of adiponectin level, they illustrate an unusual combination 

of association phenomena that may inform and caution other researchers 

performing large‐scale genetic association analyses.     

 

MATERIALS AND METHODS 

Subjects 

  The CLHNS participants available for this study included 1,798 mothers and 

1,779 male and female young adult offspring from a 1983 to 1984 Filipino birth 

cohort (63).  Trained field staff conducted in‐home interviews and collected 

quantitative anthropometric measurements, blood samples, and comprehensive 

environmental data (available on‐line at http://www.cpc.unc.edu/projects/cebu/).  

Outcome and covariate measures were taken from the 2005 survey.  Informed 

consent was obtained from all CLHNS subjects, and the study protocol was approved 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by the University of North Carolina Institutional Review Board for the Protection of 

Human Subjects.  Basic descriptive characteristics of the mothers and offspring are 

summarized in Table 3.5.  

 

Genotyping and imputation 

  The 1,779 CLHNS offspring were genotyped for 196,725 SNPs on the 

MetaboChip (Illumina, San Diego, CA, USA), a custom array of SNPs designed to 

replicate and fine‐map loci associated with metabolic traits.  Genotyping was 

performed by the Mammalian Genotyping Core at the University of North Carolina 

at Chapel Hill (UNC‐CH) using the protocol recommended by the manufacturer.  

Individual sample success rates exceeded 98.6%.  Due to poor genotype clustering, 

8,610 SNPs were removed from analysis.  SNP quality control filtering was then 

performed using PLINK v1.07 (133).  We removed 1,652 SNPs for success rates ≤ 

97%, 126 SNPs for deviation from Hardy‐Weinberg equilibrium (P < 10‐6), 228 SNPs 

for Mendelian inheritance errors (combined ≥ 3 discrepancies among 79 duplicate 

pairs and 4 HapMap CEPH trios genotyped on the MetaboChip), 21 SNPs for ≥ 3 

genotype discrepancies with available HapMap genotypes for the 4 CEPH trios, and 

45,397 SNPs that were monomorphic.  Five SNPs did not pass more than one of 

these filters, so the final set of high‐quality MetaboChip data included 140,696 SNPs.  

Using MACH version 1.0 (92), additional genotypes of SNPs in the 187.2 to 

188.2 Mb region of chromosome 3 from the November 2010 release (20101123) of 

the 1000 Genomes Project were imputed in the mothers based on reference 

haplotypes from CEU, CHB, and JPT samples.  MACH was also used to generate best‐
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guess phased haplotypes (those with highest posterior probabilities) of 351 directly 

genotyped SNPs comprising the ETV5KNG1ADIPOQ gene region in the mothers 

(69) and of 1,148 SNPs in the offspring.  To infer high‐quality haplotypes, we 

specified 200 rounds of Markov sampling considering 500 haplotype states when 

updating each individual.  

Additional SNPs were genotyped using TaqMan allelic discrimination 

(Applied Biosystems, Foster City, CA, USA), including ADIPOQ missense SNPs G48D 

(ss469105329/rs182223755), I164T (ss469105330/rs185847354), and R221S 

(ss469105331/rs138773406), and MetaboChip ETV5 SNP rs117016164 

(chr3:187,239,040, hg18).  Primer sequences are provided in Table 3.6.  The two 

KNG1‐ADIPOQ SNPs rs119243940 and rs864265 were previously genotyped (69).  

Success rates were > 95% and all SNP genotypes were consistent with Hardy‐

Weinberg equilibrium (P > 0.05).  The non‐missing TaqMan genotypes of 

rs117016164 had 99.8% concordance with the original MetaboChip genotypes.  

Bioinformatic annotations were assigned to missense variants in the adiponectin 

protein (Uniprot ID: Q15848) using PolyPhen (version 2) (134) and SIFT (135), 

each using default parameters. 

 

Sequencing 

We sequenced the two translated exons of ADIPOQ in 47 offspring samples 

by PCR amplification and Sanger sequencing.  We chose all samples with 

adiponectin residuals > 2.5 standard deviations above or below the population 

mean.  Primer sequences were previously published (118).  Sequencing was 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performed by the UNC‐CH Genome Analysis Facility on a 3730xl DNA Analyzer 

(Applied Biosystems). 

 

Statistical analyses 

Adiponectin levels were natural log‐transformed to approximate normality 

and SNPs were tested for association using multivariable linear regression models 

in PLINK.  We assumed an additive mode of inheritance reporting β coefficients 

representing the estimated change in mean transformed trait value due to each 

additional copy of the minor allele.  In the offspring, one member of each of five twin 

pairs were removed and 79 additional samples were excluded because they lacked 

non‐pregnant measures of BMI in 2005.  The final sample sets consisted of 1,695 

non‐sibling offspring and 1,764 mothers with complete sets of outcomes and 

covariates.  Sex and BMI covariates were significantly associated (P < 0.05) with 

plasma adiponectin level in the offspring (Table 3.7).  In the mothers, age, median‐

centered age2, household assets, natural log‐transformed household income and 

menopausal status during the 2005 survey were included as covariates, as 

previously described (69).  For combined analysis, age, median‐centered age2, 

household assets, natural log‐transformed household income, and BMI during the 

2005 survey were used as covariates.  Combined analysis of selected SNPs in the 

offspring and mothers together was performed in SAS version 9.3 (SAS Inc., Cary, 

NC) using a general linear mixed model that accounted for the relatedness between 

mother‐child pairs.  Conditional analyses of directly genotyped SNPs in the offspring 

and mothers were performed in SAS using linear regression.  Conditional analyses of 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imputed SNPs in the mothers adjusting for R221S were performed using 

MACH2QTL (92).  Haplotype association analyses in the offspring and mothers were 

performed in SAS.  All conditional and haplotype analyses used the corresponding 

outcome and covariates from the main association analyses. 

To capture population substructure in the offspring, we constructed 10 

principal components (PCs) using the software EIGENSOFT (93, 94).  We first 

identified a set of 40,239 independent MetaboChip SNPs (estimated r2 < 0.001 

between all pairs of SNPs within 1 Mb windows) with observed MAF > 0.05.  PCs 

were then constructed in 1,670 CHLNS offspring who had pair‐wise identity‐by‐

descent ( ) < 0.1 with all other samples, as estimated using PLINK.  The remaining 

104 offspring who had   ≥ 0.1 with any other sample(s) were then projected onto 

these PCs. Figure 3.1 shows the first two PCs in all 1,774 offspring samples.  We 

also performed a complementary analysis of global ancestry in these samples 

(Figure 3.2) by re‐generating PCs using a subset of 24,033 SNPs shared with 165 

CEU, 84 CHB, 86 JPT, and 167 YRI HapMap Phase III samples (genotypes available at 

ftp://ftp.ncbi.nlm.nih.gov/hapmap/genotypes/hapmap3/plink_format/draft_2/).  

The construction of PCs in the CLHNS mothers has been described previously (67).  

No PCs were associated with adiponectin level in either the offspring (Table 3.7) or 

mothers (69). 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Quantification of adiponectin level 

Adiponectin level in plasma originally was measured in the offspring and 

mothers with a commercially available enzyme‐linked immunosorbent assay 

(ELISA) kit (R&D Systems, Minneapolis, MN, USA, #DY1065) consisting of two 

monoclonal antibodies that recognize epitopes within amino acids 104–244.  

Selected offspring samples (n = 40) re‐measured by Western blot, included 20 

R221S carriers and 20 sex‐ and BMI‐matched non‐carriers.  The distributions of 

adiponectin and BMI were comparable between these two subsets and the 

respective groups from which they were drawn (data not shown).  Plasma proteins 

were resolved by polyacrylamide gel electrophoresis and transferred to 

polyvinylidene difluoride membranes (Invitrogen, Carlsbad, CA, USA).  Duplicate 

membranes were separately probed with rabbit polyclonal antisera generated by 

peptide antigens DQETTTQGPGV (136) and DGRDGTPGEKGEKGD (Sigma, St. Louis, 

MO, USA), corresponding to amino acids 17–27 and 56–70, respectively.  Alexa Fluor 

680 conjugated goat anti‐rabbit IgG was then used as a secondary antibody 

(Invitrogen).  Proteins were detected using an Odyssey imaging system (LI‐COR, 

Lincoln, NE, USA) and the adiponectin bands (30 kDa) were quantified by 

densitometry using the LI‐COR software.  The adiponectin standards used for each 

assay did not allow direct comparison of the original and alternative measurements.  

Thus, all densitometry readings using a given antibody were natural log‐

transformed and zero‐centered on the mean value of R221S non‐carriers from that 

group. 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Figure 3.1 – No evidence of population substructure in CLHNS offspring.   Plot 

of the first two principal components of population substructure in 1,774 CLHNS 

offspring.  Samples with pair‐wise identity‐by‐descent ( ) < 0.1 with all other 

samples are marked in blue and samples with   ≥ 0.1 with any other sample(s) are 

marked in red. 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Figure 3.2 – CLHNS offspring cluster with Asian HapMap samples in 

assessment of global ancestry.   Plot of the first two principal components of 

population substructure in 1,774 CLHNS offspring (blue and red, as described in 

Supplemental Figure 1) and 165 CEU, 84 CHB, 86 JPT, and 167 YRI HapMap Phase III 

samples (green, orange, brown, and black, respectively). 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Figure 3.3 – Two adiponectin association signals (P < 5.0 × 108) on 

chromosome 3 in 1,695 CLHNS offspring.  Regional plot of MetaboChip SNP 

associations with plasma adiponectin level on chromosome 3 (187.2–188.2 Mb).  

The previously associated 100 kb two‐SNP KNG1–ADIPOQ haplotype of 

rs119243940 and rs864265 spans the region shaded gray.  Plot was generated 

using LocusZoom (137). 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Figure 3.4 – Association of KNG1–ADIPOQ haplotype in CLHNS offspring is 

attenuated by ADIPOQ missense variant R221S.  Adiponectin residuals plotted by 

number of copies of (A) the associated C‐T KNG1–ADIPOQ haplotype, (B) the ADIPOQ 

missense variant R221S, and (C) the KNG1–ADIPOQ haplotype when conditioned on 

R221S. 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Figure 3.5 – Association of KNG1–ADIPOQ haplotype in CLHNS mothers is 

attenuated by ADIPOQ missense variant R221S.  Adiponectin residuals plotted 

(A) by number of copies of the associated C‐T KNG1–ADIPOQ haplotype, (B) by 

presence of the ADIPOQ missense variant R221S, and (C) by number of copies of the 

KNG1–ADIPOQ haplotype conditioned on R221S. 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Figure 3.6 – Inconsistent plasma adiponectin measurements between assays is 

attributable to R221S.  Plot of relative adiponectin levels of 20 R221S non‐carriers 

(R/R: open circles) is shown compared to 20 R221S carriers (R/S: filled circles) 

measured by two antibody‐based assays for ADIPOQ (left: epitopes within amino 

acids (a.a.) 104–244, right: 56–70).  Within each assay, all adiponectin levels are 

natural log‐transformed and zero‐centered on the mean value of R221S non‐

carriers, and t‐test P values are reported for the difference in means between 

carriers and non‐carriers. 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Figure 3.7 – In CLHNS mothers, only the KNG1–ADIPOQ association signal is 

substantially attenuated when taking into account ADIPOQ missense variant 

R221S.  Genome‐wide plot of HapMap SNP associations with plasma adiponectin 

level in CLHNS mothers after (A) conditioning on R221S (and removing samples of 

unknown genotype, n = 1,698) or (B) removing known R221S carriers (n = 1,729).  

While the KNG1–ADIPOQ association signal on chromosome 3 has been attenuated, 

the CDH13 signal on chromosome 16 remains genome‐wide significant. 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Figure 3.8 – Residual association signal near ADIPOQ in CLHNS mothers after 

adjustment for R221S genotype.  Regional plot of imputed SNP associations with 

natural log‐transformed adiponectin in CLHNS mothers before and after adjustment 

for R221S genotype (top and middle panels, respectively), along with nearby genes 

(bottom panel).  Pair‐wise linkage disequilibrium (r2) with the index SNP (purple) is 

reported based on data from CHB+JPT HapMap samples in the June 2010 release of 

the 1000 Genomes Project.  The imputation quality score (Rsq) for rs58575091 was 

0.79. 



 

  79 

Table 3.1 – Association of three SNPs with plasma adiponectin level in CLHNS offspring and mothers  

CLHNS offspring (n = 1,695)    CLHNS mothers (n = 1,764)    Combined samples SNP  
(Gene) 

Allele 
1/2  MAF  β (SE)  P  R2    MAF  β (SE)  P  R2    β (SE)  P 

rs864265 
(ADIPOQ) 

T/G  0.129  −0.134 
(0.018)  1.0 × 10‐13  0.032    0.124  −0.124 

(0.020)   4.8 × 10‐10  0.022    −0.128 
(0.014)  4.2 × 10‐20 

rs117016164 
(ETV5) 

T/C  0.025  −0.304 
(0.038)  2.7 × 10‐15  0.036    0.030  −0.198 

(0.039)  3.2 × 10‐7  0.015    −0.240 
(0.028)  7.0 × 10‐17 

R221S 
(ADIPOQ) 

A/C  0.015  −0.853 
(0.046)  2.9 × 10‐69  0.171    0.015  −0.811 

(0.051)  2.0 × 10‐53  0.132    −0.823 
(0.035)  4.3 × 10‐99 

Effect betas (β), standard errors (SE), P values, and squared type II partial correlations (R2) are reported in terms of the minor 

allele (underlined) and for natural log‐transformed values of adiponectin.  Minor allele frequencies (MAF) are reported for all 

1,774 unrelated offspring and 1,798 mothers, regardless of covariate completeness.  In the analyses of offspring, models were 

adjusted for sex and body mass index (BMI).  In the analyses of mothers, models were adjusted for age, age2, household assets, 

natural log‐transformed income, menopausal status, and BMI.  In the combined analyses, models accounting for sample 

relatedness were adjusted for sex, age, age2, household assets, natural log‐transformed income, and BMI.  All covariates were 

from the 2005 survey. 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Table 3.2 – Association of threeSNP haplotypes with plasma adiponectin level in CLHNS offspring  

Haplotype  rs117016164  rs11924390  rs864265  Haplotype 
Frequency 

N 
Carriers  β  SE  P 

H1  C  C  G  0.435  1,196  ‐  ‐  ‐ 

H2  C  T  G  0.421  1,166  0.017  0.012  0.15 

H3  C  T  T  0.075  256  0.022  0.022  0.31 

H4  C  C  T  0.044  154  −0.237  0.029  2.9 ×  1016 

H5  T  C  G  0.010  33  −0.060  0.058  0.30 

H6  T  C  T  0.009  31  −0.817  0.061  2.1 ×  1039 

H7  T  T  G  0.005  19  0.035  0.076  0.64 

H8  T  T  T  0.001  5  −0.199  0.164  0.23 

Effect betas (β), standard errors (SE), and P values were calculated for each haplotype relative to the most common reference 

haplotype.  Frequencies are reported for all 1,774 unrelated offspring, regardless of covariate completeness.  Significant 

associations (P < 0.05) are in boldface.  Models were adjusted for sex and for body mass index from the 2005 survey.  A post 

hoc comparison of H4 and H6 showed that their strengths of association were significantly different (P = 2.9 × 10‐18). 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Table 3.3 – Association of threeSNP haplotypes with plasma adiponectin level in CLHNS mothers  

Haplotype  rs117016164  rs11924390  rs864265  Haplotype 
Frequency 

N 
Carriers  β  SE  P 

H1  C  C  G  0.429  1,203  ‐  ‐  ‐ 

H2  C  T  G  0.428  1,211  0.029  0.013  0.029 

H3  C  T  T  0.066  226  0.049  0.025  0.053 

H4  C  C  T  0.047  165  −0.218  0.030  8.9 ×  1013 

H5  T  C  G  0.011  40  0.149  0.057  0.0094 

H6  T  C  T  0.009  32  −0.787  0.066  1.9 ×  1031 

H7  T  T  G  0.007  26  0.015  0.073  0.84 

H8  T  T  T  0.002  8  −0.228  0.131  0.081 

Effect betas (β), standard errors (SE), and P values were calculated for each haplotype relative to the most common reference 

haplotype. Frequencies are reported for all 1,798 mothers, regardless of covariate completeness.  Significant associations (P < 

0.05) are in boldface.  Models were adjusted for gender and for body mass index from the 2005 survey.  A contrast test for the 

difference between H4 and H6 was highly significant (P = 2.9 × 10‐15). 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Table 3.4 – Association of candidate ADIPOQ SNPs with plasma adiponectin level in CLHNS mothers conditioned on 
R221S genotype 

SNP  Allele 1  Allele 2  Rsq  Freq1  β  SE  P 

rs16861194  G  A  0.86  0.169  0.001  0.018  0.96 

rs266729  G  C  0.92  0.276  −0.047  0.015  0.0017 

rs182052  A  G  0.99  0.452  −0.034  0.013  0.0081 

rs2241766  G  T  0.96  0.223  0.018  0.016  0.24 

rs1501299  T  G  0.99  0.406  0.007  0.013  0.58 

rs3774261  G  A  1.00  0.372  −0.019  0.013  0.13 

rs6773957  G  A  1.00  0.372  −0.019  0.013  0.13 

rs1063537  T  C  0.98  0.222  0.018  0.015  0.25 

SNP frequencies (Freq1), effect betas (β), standard errors (SE), and P values are reported in terms of Allele 1.  Imputation was 

performed in MACH and was assigned a quality score (Rsq). 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Table 3.5 – General characteristics of the CLHNS samples 

  CLHNS offspring  CLHNS mothers 

N  1,695  1,764 

Female (%)  45.3  100 

Adiponectin (µg/ml)  2.47 (1.94, 3.10)  2.48 (1.90, 3.32) 

Age (years)  21.5 ± 0.3  48.5 ± 6.1 

Household income 
(pesos/wk)  358.6 (213.6, 572.2)  398.03 (245.0, 626.7) 

Household assets (0 to 11)  5.2 ± 2.0  5.2 ± 1.9 

Number of previous 
pregnancies  ‐  6.5 ± 3.0 

Post‐menopausal (%)  ‐  38.3 

Body mass index (kg/m2)*  20.2 (18.7, 22.2)  24.1 (21.4, 27.0) 

Data are from the 2005 survey and are represented by mean ± SD, median (25th 

percentile, 75th percentile) or %.  

* Women who were pregnant in the survey of 2005 were excluded from analysis.
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Table 3.6 – TaqMan primers for genotyping ADIPOQ and ETV5 SNPs of interest 

SNP  Primer  Sequence (5’–3’) 

G48D  Forward  GGCCTGCACAGGTTGGAT 

(rs182223755)  Reverse  GGTGCCATCTCTGCCATCA 

  VIC Reporter  CATCCGGACCATAATG 

  FAM Reporter  CCGGGCCATAATG 

I164T  Forward  CAACATTCCTGGGCTGTACTACT 

(rs185847354)  Reverse  GGCTGACCTTCACATCCTTCATAT 

  VIC Reporter  TTGCCTACCACATCACAGT 

  FAM Reporter  TGCCTACCACACCACAGT 

R221S  Forward  GTCTGGCTCCAGGTGTATGG 

(rs138773406)  Reverse  TGTGAAGGTGGAGTCATTGTCATT 

  VIC Reporter  GGAGAGCGTAATGGACT 

  FAM Reporter  GGAGAGAGTAATGGACTCTA 

rs117016164  Forward  CTCAACCCACCCTGCTACAA 

  Reverse  AGCAGCCGGCAGCTT 

  VIC Reporter  AACTGATTGGAAGGGTG 

  FAM Reporter  AACTGACTGGAAGGGTG 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Table 3.7 – Associations of plasma adiponectin level in CLHNS offspring with 
nongenetic covariates and 10 principal components of population 
substructure  

Covariate  Adjusted 
for  β (SE)  P 

Age  1  −0.018 (0.029)  0.53 
Age2  2  −0.065 (0.087)  0.46 
Sex†  3  −0.162 (0.018)  < 0.0001 

Assets  4  −0.003 (0.004)  0.50 
Log_income  4  0.015 (0.009)  0.084 

BMI  4  −0.033 (0.003)  < 0.0001 

PC1  5  −0.619 (0.355)  0.081 
PC2  5  0.125 (0.356)  0.73 
PC3  5  −0.295 (0.354)  0.40 
PC4  5  −0.146 (0.359)  0.68 
PC5  5  0.428 (0.357)  0.23 
PC6  5  −0.670 (0.356)  0.060 
PC7  5  0.660 (0.359)  0.066 
PC8  5  0.019 (0.357)  0.96 
PC9  5  −0.400 (0.359)  0.27 
PC10  5  0.182 (0.356)  0.61 

Betas (β) and standard errors (SE) are reported in natural log‐transformed units of 

body mass index (BMI).  Significant covariates (P  < 0.05) are marked in bold.  Each 

covariate test was additionally adjusted for (1) nothing; (2) age; (3) age and age2; 

(4) age, age2, and sex; or (5) age, age2, sex, BMI, and all other principal components 

of population substructure (PC). 

†Sex is coded as female = 0 and male = 1 

 



CHAPTER IV 

Metaanalysis of 231,355 European individuals identifies seven novel loci 
associated with waist circumference1 

 

OVERVIEW 

  Waist circumference (WC) is a measure of central adiposity showing 

substantial genetic heritability and strong positive association with risk of metabolic 

syndrome and cardiovascular disease apart from total adiposity.  In a meta‐analysis 

of genetic associations from 82 cohorts comprising up to 231,355 European 

individuals, we identified 84 independent WC signals.  The vast majority of the 84 

signals were strongly associated (P < 5 × 10‐8) with height and/or waist‐hip ratio, 

but seven were not associated with either of these traits (NLRP3, ZNF391, SCAMP5, 

IRS1, BTN2A1, CCNJL, LINC00240).  Of particular biological interest are loci such as 

NLRP3, which is part of the obesity‐related inflammasome complex, and IRS1, which 

is previously associated with body fat percentage and an adverse metabolic profile.  

These results suggest the potential role of genes related to chronic inflammation 

and fat metabolism in the biology of central adiposity.

                                                        
 
1 This unpublished work was undertaken as part of the Genetic Investigation of 
ANthropometric Traits (GIANT Consortium). 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INTRODUCTION 

Central adiposity, as measured by waist circumference (WC) and waist‐hip 

ratio (WHR), is an important predictor of all‐cause mortality and cardiovascular 

disease (CVD) mortality apart from overall adiposity, as measured by body mass 

index (BMI) (28, 138, 139).  WC is positively correlated with both hip circumference 

(HC) and WHR (139).  While WHR is a better predictor of CVD risk because it 

summarizes central fat distribution more comprehensively (27, 28), WC is a strong 

proxy for visceral adipose tissue (18), which itself is more strongly associated with 

cardio‐metabolic risk than subcutaneous adipose tissue (10).  In particular, a WC ≥ 

80 cm in women or ≥ 102 cm in men is a defining aspect of the metabolic syndrome 

that underlies CVD risk (140, 141).   

Reports of the heritability of WC (h2 = 31–46%) suggest there is a substantial 

additive genetic component (142‐145).   However, only five loci (FTO, MC4R, MSRA, 

NRXN3, and TFAP2B) have been previously reported as showing genome‐wide 

significant associations (P < 5 × 10‐8) with WC in Europeans (56, 79, 86, 146), and 

explain just a small portion of the phenotypic variance of WC.  To discover 

additional associated variants, genetic association studies with larger sample sizes 

and greater statistical power are needed.  

On behalf of the Genetic Investigation of ANthropometric Traits (GIANT) 

Consortium, I led a team of analysts in performing a large‐scale meta‐analysis of 

SNP associations with WC from 82 studies of European individuals.  Each study 

contributed either genome‐wide imputed SNP data or direct genotypes from a 

custom array called the MetaboChip, which in a cost‐efficient manner targets 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thousands of SNPs showing prior evidence of association (approximately P < 10‐4) 

with 23 cardio‐metabolic and anthropometric traits, including WC, WHR, and height.  

Through our analyses, we implicated seven novel association loci in the 

development of central adiposity.       

 

MATERIALS AND METHODS 

  A total of 82 studies, comprising up to 231,355 European samples with waist 

circumference and BMI data (104,079 men and 127,470 women) were meta‐

analyzed together (Figure 4.1).  The first stage comprised 54 GWA studies with up 

to 153,482 samples with genome‐wide SNP data (up to 61,508 men and up to 

92,167 women).  The second stage comprised 28 studies with up to 77,877 samples 

genotyped with the custom MetaboChip SNP array (up to 42,574 men and up to 

35,304 women).  The GWA studies each imputed up to 2,812,050 SNPs based on 

direct genotypes from genome‐wide SNP arrays and reference haplotypes from CEU 

samples in the HapMap Phase 2 reference panel (147).  The MetaboChip studies 

each directly genotyped up to 155,738 SNPs.  A total of 2,867,624 SNPs were 

analyzed with 104,423 SNPs shared between the GWA and MetaboChip stages.  

  In each contributing study cohort, residuals for the WHR phenotype were 

computed separately for men and women and adjusted for age, BMI, and study‐

specific principal components of population substructure.  Cohorts with related 

samples also calculated sex‐combined residuals.  Each set of residuals was then 

transformed using inverse normalization and tested for additive association with all 

available SNP genotypes. 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 Several quality control (QC) checks were performed on the association data 

contributed by each study.  SNPs were dropped if they had a minor allele count 

(MAC) ≤ 3 (MAF × sample size), Hardy‐Weinberg equilibrium P < 10‐6, call rate < 

95% for directly genotyped SNPs, or low imputation quality as recommended by the 

authors of the imputation software used in each study.   

  Sex‐combined and sex‐specific fixed‐effects meta‐analyses were performed 

in METAL using both inverse variance and Z‐score methods (148).  Sensitivity 

analyses were performed at each meta‐analysis stage to ensure concordance 

between these approaches.  To control for potential inflation due to population 

stratification within each cohort and for differences among studies in study design 

or sample ascertainment, two genomic control (λGC) corrections were applied to the 

meta‐analysis results.  In the first stage, GWA data were meta‐analyzed together 

applying both within‐study and among‐studies λGC corrections based on all SNPs 

(Figure 4.1).  In the second stage, MetaboChip data were meta‐analyzed together 

with a similar λGC correction scheme based on an expected null set of 4,427 

MetaboChip SNPs included on the array to study QT interval.  The GWA and MC 

meta‐analysis results were then meta‐analyzed together with no additional λGC 

correction.   For each SNP, among‐studies association heterogeneity was assessed 

using the I2 statistic, and heterogeneity due to differences in sex‐specific effects was 

assessed using a two‐sided t test adjusting for correlation between sexes (57).  

Binomial sign tests were performed to determine whether directions of effect were 

more consistent than expected by chance alone between meta‐analysis stages.  

Clumping of meta‐analysis results was performed using PLINK (133) and linkage 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disequilibrium (LD) information calculated from the genotype data of 56 unrelated 

CEU samples typed in the 1000 Genomes Project (1000G). 

To identify evidence of potential secondary signals, we performed 

approximate conditional and joint analysis of the meta‐analysis results using a 

statistical method called GCTA that uses estimated LD from a reference sample with 

individual genotypes to identify independent signals (149).  We used 949 unrelated 

individuals with individual‐level whole‐genome genotype data (both Illumina 

OmniExpress and MetaboChip) selected from the PIVUS cohort to approximate the 

LD structure between SNPs meta‐analyzed in the GIANT Consortium (150).  Directly 

genotyped data from the PIVUS samples were imputed to the full set of variants 

from CEU samples in the HapMap Phase 2 reference panel (147) using IMPUTE 

(version 2) (151).  Only “best guess” genotypes for SNPs with an imputation quality 

score > 0.4 and HWE P > 1 × 10‐6 were used in the conditional analyses.  Starting 

with approximately 2.54 million SNPs in the GIANT meta‐analysis data, we removed 

SNPs not present in the PIVUS data after QC exclusions and only considered SNPs 

with an estimated sample size (N) > 50,000, thus retaining approximately 2.53 

million SNPs for the conditional analysis.  Assuming that the LD correlations 

between SNPs more than 10 Mb away or on different chromosomes are zero, we 

performed a genome‐wide stepwise selection procedure to identify independently 

associated SNPs at P < 5 × 10‐8.  

To identify which SNPs were associated with central adiposity but not with 

other correlated anthropometric traits, preliminary meta‐analysis data of sex‐

combined associations were obtained from other studies within the GIANT 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Consortium for HC (N = 211,117), WHR (N = 210,086), height (N = 336,232), and 

BMI (N = 319,284).  These analyses included many samples from previous meta‐

analyses of WHR (57), height (152), and BMI (59).  BMI was included as a covariate 

in the associations of HC and WHR.   

Finally, to learn more about the biology underlying observed association 

signals, SNPs were annotated for nearby gene names and related publications using 

SNIPPER (available on‐line at http://csg.sph.umich.edu/boehnke/snipper/).  We 

determined the LD between WC SNPs and SNPs previously reported for other 

diseases and quantitative traits based on pre‐calculated data from phased genotypes 

in CEU samples from the 1000G Pilot 1 dataset queried through SNAP (153).  

 

RESULTS 

Genomewide associations in sexcombined and sexspecific metaanalyses 

We conducted multi‐stage meta‐analyses of associations of 2,867,624 SNPs 

with WC, 104,423 of which were typed in up to 231,355 individuals of European 

ancestry (Figure 4.1).  To distinguish associations with the biology of central 

adiposity from that of overall adiposity, BMI was included as a covariate in 

associations with WC.  We performed fixed‐effects meta‐analyses of study‐level 

additive associations with waist circumference stratified by sex and adjusting for 

age, BMI, and population substructure.  Quantile‐quantile plots of the sex‐combined 

and sex‐specific meta‐analysis results showed an excess of strongly associated SNPs 

(Figure 4.2, Figure 4.3) without strong evidence of systematic association inflation 

(sex‐combined λGC = 1.03, female‐specific λGC = 1.02, and male‐specific λGC = 1.03). 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Based on the sex‐combined association data, we calculated λGC values for specific 

subsets of the 98,799 SNPs that are shared between the two meta‐analysis stages 

and have a sample size (N) > 50,000 (Figure 4.4).  The first subset was a null set of 

4,301 SNPs included on the MetaboChip array to study QT interval, a cardiological 

quantitative trait unlikely to be biologically related to fat distribution, which 

showed a small excess of positive association (λGC = 1.13).  The second subset was 

all 98,799 SNPs, which showed a moderate excess of positive association (λGC = 

1.50).  The third subset was 1,038 SNPs included on the MetaboChip specifically to 

target SNPs with prior evidence of association with WC, which showed a substantial 

excess of positive association (λGC = 15.75).  Comparable results were observed in 

the sex‐specific data (data not shown).  Together, these results suggest that we have 

identified true associations with WC. 

In the sex‐combined meta‐analysis, we identified 274 SNPs with N > 50,000 

that were associated with WC at P < 5 × 10‐8 (Figure 4.5).  We also observed that 

two of the five previously reported WC GWA signals (NRXN3 and FTO) showed P < 

0.05 in the sex‐combined analysis with consistent direction of effect (Table 4.1).  To 

obtain an initial estimate of the number of genome‐wide loci observed, we clumped 

all genome‐wide significant SNPs within 1 Mb windows, regardless of LD 

relationships, resulting in 74 representative SNPs with the strongest P value in their 

respective windows.  In the sex‐specific meta‐analyses (Figure 4.6), we identified 

513 female‐specific and 274 male‐specific SNPs associated with waist circumference 

at P < 5 × 10‐8 with N > 50,000, represented by 34 and 44 clump index SNPs, 

respectively.  Many of the observed signals overlapped, so these results represented 



 

  93 

a unique set of 69 sex‐combined and six sex‐specific signals (Table 4.1).  Of these 75 

signals, 29 showed nominally different effects between males and females (P < 0.05) 

and six showed substantially different effects (P < 5 × 10‐8).  Globally, there 

appeared to be an excess of sex‐based heterogeneity at the tail end of the 

distribution (Figure 4.7), but there was no strong evidence of systemic inflation (λGC 

= 1.018).  Eight genomic regions (ZNT8, OR2W5, COBLL1, IRS1, BC040632, MAP3K1, 

CCNJL, and VEGFA) showed significant sex heterogeneity at P < 5 × 10‐8 (Figure 4.8). 

Of note, one region (ZNT8) was labeled as LYPLAL1 in a meta‐analysis of WHR 

associations and also showed significant sex‐based heterogeneity (57).  These 

results suggest limited evidence of sexual dimorphism in the tens of observed 

genome‐wide association signals for WC. 

 

Identification of allelic heterogeneity 

To more formally identify independent signals, we pruned each of the meta‐

analysis result sets using conditional analyses of SNPs in 1 Mb windows (149).  We 

observed 83, 28, and 32 independently associated SNPs in the sex‐combined, 

female‐specific, and male‐specific analyses, respectively (Table 4.2).  The vast 

majority of the sex‐specific signals were the same as the sex‐combined signals so the 

conditional analyses identified a total of 117 unique SNPs.  In the sex‐combined 

analysis, we observed eight instances where more than one independent SNP was 

located within a 1 Mb region (TBX15, C5orf23, HIST1H2BF, HMGA1, JAZF1, PTCH1, 

ADAMTSL3, and ADAMTS17, each named for the nearest gene to the most associated 

SNP).  In each of the female‐specific and male‐specific analyses, we observed a single 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pair of independent SNPs in close proximity (KIAA2017/ZNF664 and 

WARS2/SPAG17, respectively).  Only the female‐specific ZNF664 index SNP was not 

represented in the sex‐combined joint analysis.  

To determine how many additional signals were added to the 75 suggested 

by distance‐based clumping, we checked whether the lead SNP from Table 4.1 was 

represented in Table 4.2 by the same SNP or with a proxy (r2 ≥ 0.1).  The 

conditional analyses added nine additional signals.  Of the 84 SNPs now 

representing independent signals, the joint conditional analyses identified 12 SNPs 

that were not genome‐wide significant in the single‐marker analyses.  Performing 

conditional analyses in these data helped reveal evidence of multiple signals in 

regions, primarily through the sex‐combined data, suggesting allelic heterogeneity 

in the genetic architecture of WC.     

 

Assessment of replication patterns 

To broadly evaluate how useful the set of MetaboChip SNPs was in 

identifying true associations with WC, we performed a series of binomial sign tests 

to check for consistency of effects between data from the GWA and MetaboChip 

meta‐analysis stages.  We first obtained a null set of SNPs by selecting a set of 2,000 

MetaboChip QT SNPs, all of which were in low pair‐wise LD with each other (r2 < 

0.1) to ensure that the tests would not be biased by non‐independent SNPs.  This set 

of SNPs showed greater directional consistency of effect between the two meta‐

analysis stages in the sex‐combined analysis than expected by chance alone (1,078 

SNPs compared to 1,000 expected, P = 5.3 × 10‐4).  However, results observed 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separately in women (1,025 SNPs, P = 0.27) and in men (1,010 SNPs, P = 0.67) were 

not distinguishable from chance.  We then obtained without selecting for a 

particular trait a set of similarly independent SNPs present in both meta‐analysis 

stages (n = 17,354).  This set of SNPs showed significantly greater directional 

consistency of effect between the two meta‐analysis stages in the sex‐combined 

analysis than expected by chance alone (9,634 SNPs compared to 8,677 expected, P 

= 7.4 × 10‐48).  Comparable results were observed separately in women (9,269 SNPs, 

P = 2.6 × 10‐19) and in men (9,367 SNPs, P = 1.1 × 10‐25).  The strong consistency of 

effect between the meta‐analysis stages validates our targeted SNP selection 

strategy for increasing sample size to observe true associations with WC. 

 

Associations with other anthropometric measures  

To identify loci associated with central adiposity but not with other 

correlated anthropometric traits, we examined the 84 independent WC SNPs for 

associations with HC, WHR, height, and BMI in data from large‐scale meta‐analyses 

by the GIANT Consortium (Table 4.3).  The sample sizes for the HC and WHR 

associations were comparable to WC, but were substantially greater for both height 

and BMI with nearly 100,000 additional samples.  We observed several broad 

patterns in the relationships of WC‐increasing SNP alleles with other 

anthropometric traits.  As expected, because BMI was included as a covariate in our 

analyses, most WC SNPs were not significantly associated with BMI (P ≥ 0.05) or 

showed nominal association with decreased BMI (P < 0.05).  However, the majority 

of WC SNPs (64 of 84) were nominally associated with increased height, and most 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SNPs in this set (55 of 64) reached genome‐wide significance (P < 5 × 10‐8).  All of 

these height‐associated WC SNPs were also nominally associated with increased HC 

and/or WHR.  Of the 20 remaining WC SNPs not significantly associated with 

increased height, 13 were strongly associated with increased WHR (P < 0.0001).  

Four of these SNPs also showed nominal associations with decreased HC and two 

with decreased height.  We designated the remaining seven SNPs showing a P ≥ 

0.0001 with each of the other four traits as WC‐specific SNPs.  Nearly all of these 

associations were not significant at all (P ≥ 0.05).  Notably, five of these SNPs only 

became genome‐wide significant through conditional analysis (rs4886648, 

rs3799380, rs2754603, rs13196692, and rs1515114) (Table 4.2).  While we 

observe substantial overlap of SNP associations for WC with other anthropometric 

traits, seven SNPs represent WC‐specific signals.   

 

Potential biological roles 

These seven novel loci distinct to WC suggest the role of several compelling 

new genes in the biology of central adiposity.  Approximately 39 kb downstream of 

the first WC SNP rs10925060 is an inflammasome complex gene called NLRP3 that 

plays a direct role in obesity‐related metabolic pathogenesis (154, 155).  

Furthermore, two intronic NLRP3 SNPs are highly associated (P < 5 × 10‐8) with the 

inflammation‐related traits of circulating plasma levels of C reactive protein (CRP) 

and fibrinogen (156, 157).  Our WC index SNP is in very low LD with both the CRP 

index SNP (rs12239046) (r2 ~ 0.04, D' ~ 0.81 in 1000G CEU) and the fibrinogen 

index SNP (rs1539019) (r2 ~ 0.01, D' ~ 0.66).  The second WC SNP rs13196692 is 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located about 9.8 kb downstream of the zinc finger protein ZNF391, and is in very 

low LD (r2 ~0.03, D' = 1) with a SNP nominally associated with rheumatoid arthritis 

(rs13196692, P = 0.005) (158).  The third WC SNP rs4886648 is located in an intron 

of SCAMP5, which codes for a secretory carrier membrane protein that is expressed 

in neural and exocrine tissues and is involved in the exocytosis of signal peptide‐

containing cytokines (159).  The fourth WC SNP rs1515114 is found about 500 kb 

upstream of the IRS1 gene, which codes for the insulin receptor substrate 1 protein 

involved in insulin signal transduction (160).  The WC index SNP is in moderate LD 

with another SNP (rs2943650, r2 ~ 0.52, D' ~ 1.0) located ~490 kb upstream of IRS1 

that is associated with lower body fat percentage and an adverse metabolic profile 

(161).  The fifth WC SNP rs3799380 is in an intron of the gene BTN2A1, part of the 

B7/butyrophilin‐like group, a subset of the immunoglobulin gene superfamily, 

which is involved in the production of milk fat globules and the regulation of 

immune function (162, 163).  The WC index SNP is in low LD with a BTN2A1 SNP 

(rs6929846, r2 ~ 0.04, D' ~ 0.82) associated with MetS (P < 0.05) (164).  While the 

sixth WC SNP rs17472426 is located in an intron of CCNJL, an uncharacterized cyclin 

J‐like gene, it is also an expression quantitative trait locus (eQTL) in CEU 

lymphoblastoid cell lines (P = 0.0001) for the trans expression of CREBBP (165).  

This gene codes for a transcription factor called cAMP‐response element‐binding 

protein‐binding protein that co‐activates peroxisome proliferator‐activated 

receptor (PPAR)‐γ in bovine adipose tissue (166).  In addition, just upstream of 

CCNJL is a gene called FABP6 that codes for the human ileal bile acid‐binding 

protein, which aids in the digestion and absorption of dietary fat and is regulated by 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PPARs (167).  A rare missense mutation in that gene was also associated with lower 

risk of type 2 diabetes in obese individuals (168).  Finally, the seventh WC SNP 

rs2754603 is found in the middle of a long intergenic non‐protein‐coding RNA 

(LINC00240), but is also located about 134 kb upstream of the HIST1 histone gene 

cluster, which form the basis for nucleosomes involved in chromatin structure.  

These results suggest the potential role of genes related to chronic inflammation 

and fat metabolism in the biology of central adiposity.  

 

DISCUSSION 

  Our meta‐analysis comprising 231,355 European individuals represents to 

date the largest genetic association study of WC, identifying 84 independent signals.  

Of these, seven SNPs were not associated with the correlated anthropometric traits 

WHR and height.  These meta‐analysis results represent new WC loci beyond the 

five genes (FTO, MC4R, MSRA, NRXN3, and TFAP2B) from previous reports (56, 79, 

86, 146), only two of which replicated in our study (FTO and NRXN3).  We also 

identified novel evidence of nine regions comprising more than one association 

signal (TBX15/WARS2/SPAG17, KIAA2017/ZNF664, C5orf23, HIST1H2BF, HMGA1, 

JAZF1, PTCH1, ADAMTSL3, and ADAMTS17).  

The seven novel association loci suggest a wide functional variety of genes 

play roles in WC biology.  Three regions (NLRP3, ZNF391, and SCAMP5) include 

genes associated with inflammatory biology, three regions (IRS1, BTN2A1, and 

CCNJL) have biological connections to body fat and metabolism, and one region 

(LINC00240) includes a histone gene cluster whose direct connection to waist 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circumference biology is unclear.  The very weak LD between the WC index SNPs at 

NLRP3, ZNF391, and BTN2A1 with the respective index SNPs for other 

inflammation‐ and metabolism‐related traits suggests we have observed unrelated 

signals in these regions.  However, the moderate LD between the WC and BF% index 

SNPs at IRS1 may mean that the two SNPs may represent the same signal, consistent 

with the correlation between the traits.  These results provide new candidate genes 

for functional characterization.  

All but two of the other 77 observed WC association signals were very 

strongly associated with height and/or WHR (P < 5 × 10‐8).  Consistent with the 

strong phenotypic correlations between height and BMI (the ratio of weight to 

height2) and between WC and BMI (139, 169), most of the WC‐increasing 

association signals were observed at known height loci (152) or were very strongly 

associated with increased height.  A formal pleiotropy analysis would be necessary 

to determine with more certainty whether these loci truly affect both height and 

WC.  We also observed that many of these height‐associated WC‐increasing SNPs 

were also strongly associated with increased HC.  As HC when adjusted for BMI has 

a phenotypic correlation with height similar to WC, it seems likely that these signals 

are indeed explained by height variability.  Several of the observed WC signals were 

also found at known WHR loci (57).  While prior meta‐analysis results suggested 

that hip circumference is generally the stronger biological component in genetic 

associations with WHR (57), the loci we detected in this WC meta‐analysis that were 

associated with WHR are likely driven by WC biology.  The lack of significant 

associations with HC for some of these SNPs supports this hypothesis.  A few signals, 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however, were nominally associated with decreased HC, suggesting that the 

underlying gene might both increase WC and decrease HC resulting in increased 

WHR.   

In summary, through a very large‐scale meta‐analysis of GWA studies in 

European populations, we have identified seven novel association loci containing 

genes that may play a role in biology of central adiposity.  Additional molecular and 

genomic information, such as eQTL and regulatory data in tissues derived from 

central fat depots, is needed to best identify promising candidate genes at these loci 

and the variants that influence their expression and function.  The genome‐wide 

associations of 77 additional WC loci with strongly correlated body size phenotypes 

also highlight the need for careful interpretation of association results.  Our work 

helps motivate further genetic and molecular investigations into how causal 

variants manifest downstream disease states, such as central obesity. 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Figure 4.1 – Study design for the metaanalysis of waist circumference 

association data. 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Figure 4.2 – Quantilequantile plot of sexcombined SNP associations with 

waist circumference.  The straight dark gray line indicates the expected 

distribution under the null hypothesis of no association between SNP and 

phenotype, and the two curving dashed light gray lines indicate the 95% confidence 

interval.  Only SNPs with N > 50,000 are shown (n = 2,545,722, λGC = 1.025). 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Figure 4.3 – Quantilequantile plots of sexspecific SNP associations with waist 

circumference.  Figure is set up as described Figure 4.2.  Female‐specific SNP 

associations (n = 2,473,035, λGC = 1.02) are shown in the left panel and male‐specific 

SNP associations (n = 2,294,965, male‐specific λGC = 1.03) in the right panel. 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Figure 4.4 – Quantilequantile plot of sexcombined associations with waist 

circumference showing excesses of positive associations.  Figure is set up as 

described Figure 4.2.  SNPs previously associated with QT interval (n = 4,301) and 

representing a null distribution are marked in black (λGC = 1.13).  All SNPs present in 

both the GWA and MetaboChip meta‐analysis stages (n = 98,799) are marked in blue 

(λGC = 1.50).  SNPs included on the MetaboChip based on prior evidence of 

association with waist circumference (n = 1,038) are marked in red (λGC = 15.75). 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Figure 4.5 – Manhattan plot of sexcombined SNP associations with waist 

circumference.  Only SNPs with N > 50,000 are shown (n = 2,545,722).  The 

genome‐wide significance threshold (P < 5 × 10‐8) is marked with a dashed line. 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Figure 4.6 – Chicago plot of sexspecific SNP associations with waist 

circumference.  Figure is set up as described in Figure 4.5.  Female‐specific SNP 

associations (n = 2,473,035) are displayed on top with positive y‐axis values and 

male‐specific SNP associations (n = 2,294,965) are displayed on bottom with 

negative y‐axis values. 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Figure 4.7 – Quantilequantile plot of sexbased heterogeneity in SNP 

associations with waist circumference.  Figure is set up as described Figure 4.2.  

Only SNPs with N > 50,000 between women and men are shown (n = 2,294,264,  

λGC = 1.02). 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Figure 4.8 – Manhattan plot of sexbased heterogeneity in SNP associations 

with waist circumference.  Figure is set up as described in Figure 4.5.  Only SNPs 

with N > 50,000 between women and men are shown (n = 2,294,264) as in Figure 

4.7.  Regions with SNPs showing between‐sex heterogeneity at P < 5 × 10‐8 are 

labeled with the name of the nearest gene. 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Table 4.1 – A total of 75 loci associated with waist circumference in sexcombined and sexspecific metaanalyses  
 

Sexcombined analysis  Femalespecific analysis  Malespecific analysis 
SNP  Chr. 

Position (bp) 
NCBI build 

36 

Nearest 
gene 

Alleles 
(Effect, 
Other) 

Effect 
allele 
freq.  β  SE  P  N  β  SE  P  N  β  SE  P  N 

Sex 
het. P 

All clumped WC loci achieving genomewide significance in sexcombined and/or sexspecific metaanalyses 

rs7162542  15  82,305,294  ADAMTSL3  C  G  0.444  ‐0.0379  0.0034  9.75E29  229,892  ‐0.0369  0.0043  1.17E17 126,671 ‐0.0391 0.0048 2.86E16  103,414  7.2E‐01 

rs984222  1  119,305,366  TBX15  C  G  0.375  ‐0.0361  0.0035  1.48E25  231,215  ‐0.0360  0.0044  3.32E16 127,407 ‐0.0360 0.0049 2.45E13  104,001  1.0E+00 

rs4239436  18  18,985,928  CABLES1  A  G  0.210  ‐0.0405  0.0041  1.01E22  229,607  ‐0.0364  0.0054  1.14E11 126,423 ‐0.0450 0.0058 1.46E14  103,377  2.5E‐01 

rs979012  20  6,571,374  BMP2  T  C  0.345  0.0328  0.0036  5.43E20  229,815  0.0337  0.0047  4.63E13 126,538  0.0303  0.0051 2.36E09  103,471  6.0E‐01 

rs1776897  6  34,302,989  HMGA1  T  G  0.919  ‐0.0613  0.0067  5.58E20  197,374  ‐0.0715  0.0087  1.50E16 110,346 ‐0.0476 0.0096  7.90E‐07  87,220  4.9E02 

rs3791679  2  55,950,396  EFEMP1  A  G  0.761  0.0353  0.0039  2.06E19  228,968  0.0210  0.0051  3.76E‐05  126,097  0.0525  0.0056 3.12E21  103,063  9.1E06 

rs2745353  6  127,494,628  RSPO3  T  C  0.511  0.0293  0.0033  7.88E19  231,143  0.0349  0.0044  1.28E15 127,339  0.0220  0.0047  3.14E‐06  103,997  3.2E02 

rs2071449  12  52,714,278 
HOXC5, 
HOXC4, 
HOXC5 

A  C  0.369  0.0315  0.0036  2.47E18  226,567  0.0293  0.0047  4.53E10 123,896  0.0337  0.0050 1.65E11  102,864  4.9E‐01 

rs849140  7  28,150,227  JAZF1  T  C  0.404  0.0288  0.0034  4.74E17  228,910  0.0317  0.0044  5.41E13 126,079  0.0245  0.0048  3.72E‐07  103,023  2.4E‐01 

rs9435732  1  17,180,745  MFAP2  T  C  0.272  ‐0.0309  0.0038  4.12E16  228,579  ‐0.0272  0.0049  3.01E08 125,711 ‐0.0365 0.0054 9.35E12  103,061  1.7E‐01 

rs395962  6  105,504,111  LIN28B  T  G  0.324  0.0288  0.0036  1.33E15  231,306  0.0223  0.0047  1.97E‐06  127,447  0.0358  0.0051 2.10E12  104,052  3.8E02 

rs806794  6  26,308,656  HIST1H2BF  A  G  0.692  0.0298  0.0037  1.89E15  224,418  0.0261  0.0049  7.88E‐08  124,567  0.0350  0.0053 4.24E11  100,045  1.9E‐01 

rs4141278  7  25,824,050  AK057379  T  C  0.801  ‐0.0335  0.0043  3.39E15  231,233  ‐0.0363  0.0055  4.78E11 127,415 ‐0.0307 0.0059  2.06E‐07  104,011  4.6E‐01 

rs998584  6  43,865,874  VEGFA  A  C  0.485  0.0293  0.0038  6.45E15  210,814  0.0564  0.0049  4.15E30 117,469 ‐0.0031 0.0053  5.57E‐01  93,538  0.0E+00 

rs12991495  2  25,340,274  DNMT3A  T  C  0.690  0.0281  0.0037  6.18E14  229,964  0.0259  0.0049  1.52E‐07  126,730  0.0318  0.0053 2.31E09  103,427  3.8E‐01 

rs710841  4  82,368,855  PRKG2  T  C  0.251  0.0287  0.0038  8.49E14  230,174  0.0211  0.0050  2.86E‐05  126,856  0.0377  0.0055 5.95E12  103,512  1.7E02 

rs757608  17  56,852,059  C17orf82  A  G  0.319  0.0268  0.0036  9.98E14  229,039  0.0265  0.0047  1.59E08 126,141  0.0273  0.0051  8.31E‐08  103,091  9.0E‐01 

rs17451107  3  158,280,303  AK311218  T  C  0.615  0.0265  0.0036  1.25E13  227,636  0.0322  0.0046  3.51E12 125,592  0.0198  0.0050  7.42E‐05  102,237  5.1E‐02 

rs11205277  1  148,159,496  SF3B4  A  G  0.586  ‐0.0270  0.0036  1.34E13  215,898  ‐0.0244  0.0047  2.36E‐07  119,052 ‐0.0294 0.0052 1.25E08  97,039  4.5E‐01 

rs1812175  4  145,794,294  HHIP  A  G  0.165  ‐0.0330  0.0045  3.95E13  230,433  ‐0.0256  0.0059  1.46E‐05  126,983 ‐0.0432 0.0064 1.83E11  103,643  3.1E02 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analysis  Malespecific analysis 
SNP  Chr. 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NCBI 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 P 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 β 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 N  β 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P 

rs1344674  3  142,607,876  ZBTB38  A  G  0.555  ‐0.0240  0.0033  4.33E13  231,241  ‐0.0180  0.0043  3.05E‐05  127,417 ‐0.0323 0.0047 9.50E12  104,018  1.7E02 

rs991967  1  216,682,074  TGFB2  A  C  0.708  ‐0.0260  0.0037  1.13E12  230,157  ‐0.0232  0.0048  1.17E‐06  126,792 ‐0.0285 0.0052 4.55E08  103,557  4.2E‐01 

rs2274432  1  182,287,568  TSEN15  A  G  0.362  0.0251  0.0036  1.75E12  227,843  0.0267  0.0046  6.80E09 125,694  0.0230  0.0050  4.08E‐06  102,341  5.6E‐01 

rs6556301  5  176,460,183  FGFR4  T  G  0.357  0.0278  0.0039  1.82E12  191,245  0.0218  0.0051  2.00E‐05  108,078  0.0356  0.0057 6.23E10  83,358  5.4E‐02 

rs473902  9  97,296,056  PTCH1  T  G  0.916  0.0490  0.0071  4.35E12  204,544  0.0504  0.0093  5.35E‐08  112,714  0.0485  0.0099  8.87E‐07  92,023  8.8E‐01 

rs4886782  15  72,015,863  LOXL1  A  G  0.373  ‐0.0245  0.0036  5.98E12  228,446  ‐0.0177  0.0046  1.42E‐04  125,776 ‐0.0315 0.0050 3.22E10  102,863  3.0E02 

rs12679556  8  72,676,782  BC048982  T  G  0.753  ‐0.0263  0.0039  1.26E11  225,056  ‐0.0345  0.0051  1.05E11 125,085 ‐0.0157 0.0056  5.18E‐03  100,164  8.1E03 

rs798489  7  2,768,329  GNA12  T  C  0.292  ‐0.0252  0.0037  1.28E11  230,932  ‐0.0177  0.0048  2.60E‐04  127,232 ‐0.0355 0.0053 1.84E11  103,893  7.9E03 

rs6772896  3  135,686,037  ANAPC13  T  C  0.685  0.0242  0.0036  1.79E11  231,246  0.0231  0.0047  8.33E‐07  127,422  0.0247  0.0051  9.80E‐07  104,017  8.1E‐01 

rs6570507  6  142,721,265  GPR126  A  G  0.286  ‐0.0245  0.0037  5.73E11  228,993  ‐0.0233  0.0049  1.64E‐06  126,106 ‐0.0268 0.0053  4.96E‐07  103,080  6.0E‐01 
rs2638953  12  28,425,682  CCDC91  C  G  0.683  0.0237  0.0036  6.53E11  228,074  0.0207  0.0047  9.51E‐06  125,951  0.0268  0.0051  1.30E‐07  102,316  3.5E‐01 

rs10516107  5  173,280,762  CPEB4  A  G  0.326  0.0232  0.0036  8.29E11  231,310  0.0290  0.0046  3.36E10 127,451  0.0160  0.0050  1.49E‐03  104,051  4.1E02 

rs1879529  15  87,215,299  ACAN  T  G  0.284  ‐0.0239  0.0038  2.86E10  224,276  ‐0.0222  0.0050  7.55E‐06  124,928 ‐0.0235 0.0055  1.72E‐05  99,541  8.5E‐01 

rs10041657  5  108,180,327  FER  A  G  0.222  0.0251  0.0040  2.88E10  230,824  0.0264  0.0052  4.05E‐07  127,446  0.0238  0.0057  3.26E‐05  103,570  7.2E‐01 

rs1173770  5  32,856,968  C5orf23  T  C  0.402  0.0214  0.0034  4.77E10  231,275  0.0118  0.0044  7.16E‐03  127,421  0.0328  0.0048 9.03E12  104,047  5.8E04 

rs3862030  10  104,317,574  SUFU  A  G  0.563  0.0206  0.0033  5.83E10  231,146  0.0275  0.0043  1.77E10 127,315  0.0126  0.0048  8.06E‐03  104,024  1.4E02 

rs272869  5  131,705,896 
SLC22A4, 
BC043424 

A  G  0.404  ‐0.0212  0.0034  6.68E10  229,935  ‐0.0183  0.0044  3.19E‐05  126,599 ‐0.0250 0.0048  2.02E‐07  103,528  2.7E‐01 

rs12493901  3  173,404,749  FNDC3B  A  G  0.485  ‐0.0209  0.0034  8.28E10  230,668  ‐0.0164  0.0044  1.76E‐04  127,119 ‐0.0279 0.0048 5.47E09  103,742  5.9E‐02 

rs3760318  17  26,271,841  ADAP2  A  G  0.376  ‐0.0213  0.0035  9.05E10  228,998  ‐0.0181  0.0045  4.78E‐05  126,117 ‐0.0263 0.0049  7.51E‐08  103,074  1.9E‐01 

rs13173241  5  55,897,116  MAP3K1  A  G  0.193  0.0259  0.0043  1.65E09  229,628  0.0484  0.0055  2.55E18 126,424 ‐0.0019 0.0061  7.59E‐01  103,398  6.3E11 

rs780159  10  80,577,153  ZMIZ1  A  G  0.416  ‐0.0212  0.0035  1.75E09  220,810  ‐0.0182  0.0045  5.04E‐05  122,728 ‐0.0244 0.0050  9.35E‐07  98,275  3.3E‐01 

rs9860730  3  64,676,186  BC040632  A  G  0.703  0.0219  0.0037  2.07E09  231,227  0.0396  0.0048  7.80E17 127,402  0.0009  0.0052  8.61E‐01  104,018  5.3E09 

rs7166081  15  65,279,355  DKFZp566A0646  A  G  0.770  0.0236  0.0039  2.12E09  230,255  0.0170  0.0051  9.35E‐04  126,884  0.0321  0.0056 1.14E08  103,561  3.3E02 
rs4868125  5  171,214,480  FBXW11  C  G  0.399  ‐0.0215  0.0036  2.93E09  225,860  ‐0.0218  0.0047  4.15E‐06  124,757 ‐0.0215 0.0052  3.11E‐05  101,296  9.6E‐01 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analysis 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analysis 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 Chr. 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 β 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P 

rs12207675  6  76,294,461  FILIP1  T  C  0.883  ‐0.0308  0.0052  3.14E09  231,322  ‐0.0304  0.0067  6.64E‐06  127,458 ‐0.0307 0.0073  2.71E‐05  104,058  9.7E‐01 

rs2214442  7  20,359,312  ITGB8  A  G  0.545  ‐0.0265  0.0045  3.89E09  152,053  ‐0.0252  0.0056  6.80E‐06  91,400  ‐0.0282 0.0068  3.37E‐05  60,846  7.2E‐01 

rs648514  3  52,442,303  SEMA3G  A  G  0.464  0.0199  0.0034  5.40E09  229,422  0.0287  0.0044  5.11E11 126,328  0.0100  0.0048  3.65E‐02  103,287  2.2E03 

rs4246302  15  98,505,490  ADAMTS17  A  G  0.681  ‐0.0216  0.0037  5.73E09  227,205  ‐0.0248  0.0048  2.88E‐07  125,027 ‐0.0177 0.0052  6.74E‐04  102,371  2.8E‐01 

rs12317176  12  122,970,671  KIAA2017  T  C  0.663  0.0205  0.0035  5.88E09  230,924  0.0342  0.0046  1.29E13 127,243  0.0030  0.0050  5.47E‐01  103,874  9.5E07 

rs2124969  2  160,697,732  ITGB6  T  C  0.578  ‐0.0199  0.0034  7.06E09  231,284  ‐0.0157  0.0044  3.48E‐04  127,437 ‐0.0247 0.0048  2.33E‐07  104,039  1.4E‐01 

rs12127195  1  219,376,040  C1orf140  A  G  0.297  0.0211  0.0037  7.67E09  231,166  0.0148  0.0048  2.00E‐03  127,373  0.0283  0.0051 3.36E08  103,986  4.0E02 

rs3786897  19  38,584,848  PEPD  A  G  0.582  ‐0.0199  0.0035  8.77E09  228,567  ‐0.0232  0.0044  1.69E‐07  125,873 ‐0.0152 0.0048  1.66E‐03  102,887  1.9E‐01 

rs7621331  3  137,244,617  PPP2R3A  A  G  0.680  0.0207  0.0036  9.41E09  231,264  0.0135  0.0047  4.03E‐03  127,428  0.0276  0.0051 4.70E08  104,029  3.0E02 

rs606452  11  74,953,826  SERPINH1  A  C  0.145  0.0276  0.0048  1.10E08  229,378  0.0242  0.0063  1.34E‐04  126,277  0.0324  0.0068  1.77E‐06  103,294  3.5E‐01 
rs1784203  11  93,089,782  KIAA1731  A  G  0.010  0.0307  0.0054  1.31E08  63,892  0.0004  0.0485  9.93E‐01  35,539  0.0745  0.0082 1.03E19  28,353  4.1E‐01 

rs6715793  2  33,232,767  LTBP1  T  C  0.513  0.0193  0.0034  1.44E08  231,071  0.0163  0.0044  1.83E‐04  127,302  0.0236  0.0048  7.10E‐07  103,962  2.3E‐01 

rs12608504  19  18,250,135  JUND  A  G  0.357  0.0201  0.0036  1.48E08  228,998  0.0182  0.0046  7.39E‐05  126,113  0.0224  0.0050  6.65E‐06  103,077  5.1E‐01 

rs2052670  2  66,071,985  AK131224  A  G  0.656  ‐0.0200  0.0035  1.53E08  231,210  ‐0.0202  0.0046  1.23E‐05  127,394 ‐0.0184 0.0050  2.05E‐04  104,009  7.8E‐01 

rs4542783  19  8,548,160  MYO1F  T  C  0.540  0.0227  0.0040  1.69E08  170,860  0.0194  0.0052  2.05E‐04  96,281  0.0265  0.0057  2.93E‐06  74,773  3.3E‐01 

rs11144688  9  77,732,106  PCSK5  A  G  0.126  ‐0.0336  0.0060  1.87E08  214,513  ‐0.0329  0.0081  4.44E‐05  118,374 ‐0.0358 0.0082  1.18E‐05  96,332  7.9E‐01 

rs16957304  16  65,892,470  KCTD19  A  G  0.956  0.0591  0.0106  2.47E08  151,917  0.0596  0.0131  5.37E‐06  91,174  0.0576  0.0160  3.18E‐04  60,936  9.2E‐01 

rs12330322  3  72,538,045  RYBP  T  C  0.215  ‐0.0223  0.0040  3.15E08  229,015  ‐0.0165  0.0053  1.66E‐03  126,120 ‐0.0295 0.0058  3.64E‐07  103,088  7.7E‐02 

rs2294239  22  27,779,477  ZNRF3  A  G  0.585  0.0191  0.0035  3.49E08  228,463  0.0261  0.0044  4.19E09 125,841  0.0124  0.0049  1.09E‐02  102,814  2.6E02 

rs822531  7  148,260,692  RNY5  T  C  0.782  0.0244  0.0044  3.71E08  226,664  0.0196  0.0059  8.98E‐04  124,836  0.0297  0.0062  1.57E‐06  102,021  2.1E‐01 

rs7970350  12  64,646,431  HMGA2  T  C  0.494  ‐0.0188  0.0034  3.76E08  229,815  ‐0.0142  0.0044  1.11E‐03  126,536 ‐0.0240 0.0048  5.10E‐07  103,472  1.1E‐01 

rs7684221  4  17,566,452  LCORL  A  G  0.164  ‐0.0259  0.0047  4.15E08  229,360  ‐0.0181  0.0061  3.23E‐03  126,312 ‐0.0341 0.0067  3.23E‐07  103,241  5.9E‐02 

rs9977276  21  46,260,755  COL6A1  T  G  0.223  ‐0.0218  0.0040  4.37E08  229,565  ‐0.0275  0.0052  1.31E‐07  126,398 ‐0.0150 0.0057  8.50E‐03  103,360  8.4E‐02 

rs2160077  14  91,498,163  TRIP11  A  G  0.421  ‐0.0181  0.0033  4.46E08  231,255  ‐0.0119  0.0043  5.74E‐03  127,415 ‐0.0264 0.0047 2.62E08  104,033  1.5E02 

rs2047937  16  48,422,292  ZNF423  T  C  0.503  ‐0.0186  0.0034  4.67E08  231,009  ‐0.0218  0.0044  5.49E‐07  127,288 ‐0.0140 0.0048  3.57E‐03  103,914  2.0E‐01 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rs6437061  2  232,893,296  DIS3L2  A  C  0.602  0.0166  0.0035  1.77E‐06  229,808  0.0079  0.0044  7.42E‐02  126,658  0.0273  0.0049 2.50E08  103,343  1.7E03 

rs7830933  8  23,659,269  NKX31  A  G  0.768  0.0174  0.0039  9.01E‐06  231,029  0.0328  0.0051  1.93E10 127,293 ‐0.0017 0.0056  7.55E‐01  103,929  1.2E06 

rs10925060  1  245,717,763  OR2W5  T  C  0.024  0.0174  0.0041  2.20E‐05  140,515  0.0021  0.0051  6.81E‐01  85,186  0.0450  0.0063 9.14E13  55,522  1.7E08 

rs3897379  1  217,826,356  ZNT8  A  G  0.188  0.0160  0.0043  2.12E‐04  231,225  0.0314  0.0055  1.53E08 127,406 ‐0.0018 0.0061  7.66E‐01  104,012  1.6E05 

rs10195252  2  165,221,337  COBLL1  T  C  0.592  0.0114  0.0034  9.44E‐04  229,802  0.0345  0.0044  3.74E15 126,613 ‐0.0164 0.0048  6.71E‐04  103,381  0.0E+00 

rs17472426  5  159,626,935  CCNJL  T  G  0.920  0.0144  0.0067  3.11E‐02  217,564  ‐0.0140  0.0086  1.05E‐01  119,804  0.0520  0.0095 4.34E08  97,954  3.9E08 

Previously reported WC loci 

rs10146997  14  79,014,915  NRXN3  A  G  0.782  ‐0.0142  0.0052  6.3E‐03  151,207  ‐0.0201  0.0063  1.4E‐03  90,855  ‐0.0082 0.0077  2.9E‐01  60,545  3.6E02 

rs9939609  16  52,378,028  FTO  A  T  0.405  0.0078  0.0035  2.4E‐02  227,252  0.0081  0.0044  6.5E‐02  126,407  0.0070  0.0048  1.4E‐01  101,038  7.6E‐01 

rs17782313  18  56,002,077  MC4R  T  C  0.763  ‐0.0048  0.0043  2.7E‐01  194,234  ‐0.0100  0.0055  7.0E‐02  109,300  0.0013  0.0062  8.3E‐01  85,126  1.5E‐02 

rs545854a  8  9,897,490  MSRA  C  G  0.814  0.0101  0.0098  3.0E‐01  54,328  0.0144  0.0131  2.7E‐01  27,795  0.0056  0.0135  6.8E‐01  26,533  4.0E‐01 

rs987237  6  50,911,009  TFAP2B  A  G  0.816  ‐0.0023  0.0044  6.0E‐01  228,913  ‐0.0002  0.0057  9.8E‐01  126,065 ‐0.0041 0.0062  5.1E‐01  103,041  4.1E‐01 

 
SNP frequencies (freq.), effect betas (β), standard errors (SE), and P values are reported in terms of the effect allele.  SNP 

sample sizes (N) are reported for each specific meta‐analysis.  Main effect P < 5 × 10‐8 and sex heterogeneity P < 0.05 are 

marked in boldface. 

a Renamed from rs7826222 in NCBI Build 36. 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Table 4.2 – Conditional analysis identifies 117 unique SNPs independently associated with waist circumference in 
sexcombined and sexspecific metaanalyses  
 

Singlemarker analysis  Joint analysis 

SNP  Chr. 
Position (bp) 
NCBI build 36 

Nearest 
gene 

Alleles 
(Effect, 
Other)  Freq.  β  SE  P  N  Freq.  β  SE  P  LD r 

1000G 
CEU r2 

with lead 
SNP 

Independent SNPs from sexcombined conditional analysis 

rs9435732  1  17,180,745  MFAP2  T  C  0.272  ‐0.0309  0.0038  4.12E16  244,275  0.269  ‐0.0309  0.0038  4.28E16  0  same 

rs7536458  1  118,666,125  SPAG17  T  G  0.747  0.0305  0.0038  1.24E15  255,851  0.768  0.0325  0.0038  2.77E17  0.128  0.107 

rs6701231  1  119,297,184  WARS2  C  G  0.618  ‐0.0268  0.0035  2.23E14  241,227  0.562  ‐0.0230  0.0037  2.99E10  0.258  0.022 

rs984222  1  119,305,366  WARS2  C  G  0.375  ‐0.0361  0.0035  1.48E25  243,059  0.313  ‐0.0291  0.0036  1.13E15  0  same 

rs11205277  1  148,159,496  SF3B4  A  G  0.586  ‐0.0270  0.0036  1.34E13  221,818  0.561  ‐0.0270  0.0036  6.43E14  0  same 

rs2274432  1  182,287,568  C1orf19  A  G  0.362  0.0251  0.0036  1.75E12  233,238  0.381  0.0251  0.0036  3.14E12  0  same 
rs991967  1  216,682,074  TGFB2  A  C  0.708  ‐0.0260  0.0037  1.13E12  246,424  0.707  ‐0.0265  0.0037  7.52E13  0.025  same 

rs12127195  1  219,376,040  C1orf140  A  G  0.297  0.0211  0.0037  7.67E09  244,018  0.317  0.0218  0.0037  4.15E09  0  same 

rs12991495  2  25,340,274  DNMT3A  T  C  0.690  0.0281  0.0037  6.18E14  238,298  0.693  0.0281  0.0037  3.11E14  0  same 

rs3791679  2  55,950,396  EFEMP1  A  G  0.761  0.0353  0.0039  2.06E19  252,470  0.776  0.0353  0.0039  1.43E19  0  same 

rs2052670  2  66,071,985  FLJ16124  A  G  0.656  ‐0.0200  0.0035  1.53E08  252,481  0.626  ‐0.0200  0.0035  1.10E08  0  same 

rs2124969  2  160,697,732  ITGB6  T  C  0.578  ‐0.0199  0.0034  7.06E09  247,413  0.548  ‐0.0199  0.0034  4.84E09  0  same 

rs13083798  3  52,624,788  PB1  A  G  0.491  0.0202  0.0034  3.37E09  241,521  0.485  0.0202  0.0034  2.84E09  0  0.565 

rs9864077  3  64,679,931  ADAMTS9  T  C  0.697  0.0225  0.0037  1.27E09  241,109  0.705  0.0225  0.0037  1.12E09  0.002  0.960 

rs12330322  3  72,538,045  RYBP  T  C  0.215  ‐0.0223  0.0040  3.15E08  258,482  0.208  ‐0.0223  0.0040  2.33E08  0  same 

rs6766897  3  135,673,993  ANAPC13  A  C  0.689  0.0241  0.0036  2.88E11  251,159  0.717  0.0239  0.0036  3.59E11  ‐0.026  1.000 

rs7621331  3  137,244,617  PPP2R3A  A  G  0.680  0.0207  0.0036  9.41E09  247,588  0.691  0.0221  0.0036  7.94E10  0.033  same 

rs1344674  3  142,607,876  ZBTB38  A  G  0.555  ‐0.0240  0.0033  4.33E13  259,426  0.519  ‐0.0240  0.0033  4.06E13  0  same 

rs17451107  3  158,280,303  FLJ16641  T  C  0.615  0.0265  0.0036  1.25E13  227,385  0.617  0.0265  0.0036  1.84E13  0  same 

rs12493901  3  173,404,749  FNDC3B  A  G  0.485  ‐0.0209  0.0034  8.28E10  241,666  0.477  ‐0.0209  0.0034  7.92E10  0  same 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Singlemarker analysis  Joint analysis 

SNP  Chr. 
Position (bp) 
NCBI build 36 

Nearest 
gene 

Alleles 
(Effect, 
Other)  Freq.  β  SE  P  N  Freq.  β  SE  P  LD r 

1000G 
CEU r2 

with lead 
SNP 

rs7684221  4  17,566,452  LCORL  A  G  0.164  ‐0.0259  0.0047  4.15E08  230,275  0.110  ‐0.0259  0.0047  3.58E08  0  same 

rs710841  4  82,368,855  PRKG2  T  C  0.251  0.0287  0.0038  8.49E14  256,871  0.231  0.0287  0.0038  4.29E14  0  same 

rs1812175  4  145,794,294  HHIP  A  G  0.165  ‐0.0330  0.0045  3.95E13  249,713  0.182  ‐0.0330  0.0045  2.26E13  0  same 

rs1173734  5  32,802,174  NPR3  T  C  0.742  ‐0.0180  0.0038  2.94E‐06  252,298  0.772  ‐0.0238  0.0039  8.71E10  0.199  0.036 

rs12656497  5  32,867,696  C5orf23  T  C  0.404  0.0218  0.0034  2.03E10  250,633  0.427  0.0260  0.0035  6.34E14  0  0.928 

rs459193  5  55,842,508  ANKRD55  A  G  0.264  0.0247  0.0038  7.66E11  248,801  0.251  0.0247  0.0038  8.06E11  0  0.095 

rs10041657  5  108,180,327  FER  A  G  0.222  0.0251  0.0040  2.88E10  252,897  0.210  0.0251  0.0040  3.51E10  0  same 

rs272869  5  131,705,896  SLC22A4  A  G  0.404  ‐0.0212  0.0034  6.68E10  250,715  0.404  ‐0.0212  0.0034  4.52E10  0  same 

rs4868125  5  171,214,480  FBXW11  C  G  0.399  ‐0.0215  0.0036  2.93E09  224,570  0.417  ‐0.0219  0.0036  1.10E09  0.024  same 
rs1976074  5  173,317,269  CPEB4  A  T  0.328  0.0232  0.0036  9.42E11  244,292  0.331  0.0248  0.0036  5.97E12  0  0.964 

rs6556301  5  176,460,183  FGFR4  T  G  0.357  0.0278  0.0039  1.82E12  199,847  0.356  0.0288  0.0039  1.66E13  0  same 

rs4145878  6  26,306,025  HIST1H3D  A  T  0.500  ‐0.0234  0.0049  1.79E‐06  116,237  0.468  ‐0.0903  0.0059  3.94E53  0.336  0.363 

rs806794  6  26,308,656 HIST1H2BF  A  G  0.692  0.0298  0.0037  1.89E15  239,146  0.683  0.0679  0.0046  6.88E49  ‐0.227  same 

rs994379  6  26,413,386  CR593845  C  G  0.472  ‐0.0226  0.0041  3.54E08  166,545  0.523  ‐0.3869  0.0109  1.67E273  0.858  0.196 

rs9358925  6  26,430,747  CR593845  C  G  0.625  0.0283  0.0043  4.66E11  161,041  0.604  0.3890  0.0115  4.82E252  ‐0.107  0.338 

rs3799380  6  26,575,161  BTN2A1  T  C  0.816  0.0099  0.0044  2.44E‐02  240,274  0.844  0.0473  0.0054  2.73E18  ‐0.007  0.075 

rs2754603  6  27,073,118 
MGC22265, 
GUSBL1 

T  C  0.680  0.0048  0.0045  2.86E‐01  158,424  0.693  0.0399  0.0053  7.38E14  ‐0.436  0.064 

rs13196692  6  27,487,098  AX747641  T  C  0.086  ‐0.0133  0.0077  8.41E‐02  149,422  0.072  ‐0.1903  0.0117  1.28E59  ‐0.366  > 500 kb 

rs276369  6  28,027,222  OR2B6  A  T  0.654  0.0175  0.0044  6.97E‐05  159,323  0.665  0.0340  0.0047  8.29E13  0  > 500 kb 

rs1776897  6  34,302,989 NR_001561  T  G  0.919  ‐0.0613  0.0067  5.58E20  209,464  0.929  ‐0.0538  0.0067  1.55E15  ‐0.048  same 

rs13210323  6  35,113,062  ANKS1A  A  C  0.737  0.0216  0.0038  1.45E08  249,297  0.776  0.0224  0.0038  3.91E09  ‐0.033  0.003 

rs998584  6  43,865,874  VEGFA  A  C  0.485  0.0293  0.0038  6.45E15  193,433  0.460  0.0292  0.0038  1.51E14  0  same 

rs12207675  6  76,294,461  FILIP1  T  C  0.883  ‐0.0308  0.0052  3.14E09  248,853  0.866  ‐0.0308  0.0052  3.17E09  0  same 

rs395962  6  105,504,111  LIN28B  T  G  0.324  0.0288  0.0036  1.33E15  245,982  0.342  0.0293  0.0036  3.97E16  0.026  same 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Singlemarker analysis  Joint analysis 

SNP  Chr. 
Position (bp) 
NCBI build 36 

Nearest 
gene 

Alleles 
(Effect, 
Other)  Freq.  β  SE  P  N  Freq.  β  SE  P  LD r 

1000G 
CEU r2 

with lead 
SNP 

rs9400239  6  109,084,356  FOXO3A  T  C  0.315  ‐0.0190  0.0036  1.66E‐07  249,608  0.273  ‐0.0198  0.0036  4.06E08  0  NA 

rs2745353  6  127,494,628  RSPO3  T  C  0.511  0.0293  0.0033  7.88E19  256,380  0.535  0.0293  0.0033  6.84E19  0  same 

rs9389986  6  142,702,807 
DREG, 
GPR126 

A  T  0.285  ‐0.0245  0.0037  5.73E11  250,006  0.288  ‐0.0245  0.0037  3.57E11  0  1.000 

rs798489  7  2,768,329  GNA12  T  C  0.292  ‐0.0252  0.0037  1.28E11  246,328  0.289  ‐0.0252  0.0037  9.75E12  0  same 

rs2214442  7  20,359,312  ITGB8  A  G  0.545  ‐0.0265  0.0045  3.89E09  138,954  0.608  ‐0.0272  0.0045  1.49E09  0  same 

rs7798002  7  25,827,105  NFE2L3  T  G  0.204  0.0327  0.0042  6.97E15  243,653  0.185  0.0332  0.0042  2.52E15  0.002  1.000 

rs2067087  7  27,208,185  HOXA13  C  G  0.694  ‐0.0230  0.0038  2.18E09  227,617  0.694  ‐0.0261  0.0038  7.31E12  0.082  0.002 

rs849140  7  28,150,227  JAZF1  T  C  0.404  0.0288  0.0034  4.74E17  250,602  0.412  0.0314  0.0034  3.60E20  0  same 

rs822531  7  148,260,692 NR_001571  T  C  0.782  0.0244  0.0044  3.71E08  211,273  0.790  0.0244  0.0044  2.94E08  0  same 

rs12679556  8  72,676,782  MSC  T  G  0.753  ‐0.0263  0.0039  1.26E11  246,304  0.771  ‐0.0263  0.0039  1.55E11  0  same 
rs11144688  9  77,732,106  PCSK5  A  G  0.126  ‐0.0336  0.0060  1.87E08  176,235  0.133  ‐0.0336  0.0060  2.15E08  0  same 

rs473902  9  97,296,056  PTCH1  T  G  0.916  0.0490  0.0071  4.35E12  180,259  0.909  0.0455  0.0071  1.66E10  0.088  same 

rs7854560  9  97,422,771  PTCH1  T  C  0.296  0.0259  0.0037  4.78E12  244,525  0.297  0.0241  0.0037  8.25E11  0  0.005 

rs780159  10  80,577,153  ZMIZ1  A  G  0.416  ‐0.0212  0.0035  1.75E09  234,387  0.419  ‐0.0212  0.0035  1.39E09  0  same 

rs11191295  10  104,221,044 
UNQ5807, 
TMEM180 

A  G  0.471  ‐0.0226  0.0036  5.40E10  216,059  0.490  ‐0.0226  0.0036  3.45E10  0  0.799 

rs606452  11  74,953,826  SERPINH1  A  C  0.145  0.0276  0.0048  1.10E08  244,560  0.152  0.0276  0.0048  8.94E09  0  same 

rs2638953  12  28,425,682  CCDC91  C  G  0.683  0.0237  0.0036  6.53E11  248,616  0.674  0.0237  0.0036  4.62E11  0  same 

rs2071449  12  52,714,278 
HOXC5, 
HOXC4 

A  C  0.369  0.0315  0.0036  2.47E18  231,107  0.392  0.0315  0.0036  2.16E18  0  same 

rs7970350  12  64,646,431  HMGA2  T  C  0.494  ‐0.0188  0.0034  3.76E08  241,476  0.463  ‐0.0188  0.0034  3.22E08  0  same 

rs12317176  12  122,970,671  KIAA2017  T  C  0.663  0.0205  0.0035  5.88E09  254,895  0.650  0.0205  0.0035  4.72E09  0  same 

rs2160077  14  91,498,163  TRIP11  A  G  0.421  ‐0.0181  0.0033  4.46E08  262,877  0.396  ‐0.0181  0.0033  4.15E08  0  same 

rs7166081  15  65,279,355  FLJ11506  A  G  0.770  0.0236  0.0039  2.12E09  258,638  0.753  0.0231  0.0039  3.05E09  ‐0.019  same 

rs4886782  15  72,015,863  LOXL1  A  G  0.373  ‐0.0245  0.0036  5.98E12  230,295  0.397  ‐0.0253  0.0036  2.34E12  0.063  same 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Singlemarker analysis  Joint analysis 

SNP  Chr. 
Position (bp) 
NCBI build 36 

Nearest 
gene 

Alleles 
(Effect, 
Other)  Freq.  β  SE  P  N  Freq.  β  SE  P  LD r 

1000G 
CEU r2 

with lead 
SNP 

rs4886648  15  73,095,890  SCAMP5  A  G  0.434  0.0169  0.0037  4.34E‐06  207,519  0.459  0.0204  0.0037  3.76E08  0.041  NA 

rs2562779  15  82,181,979 ADAMTSL3  A  G  0.818  0.0461  0.0063  2.53E13  117,998  0.974  0.0391  0.0063  6.96E10  0  0.027 

rs7162542  15  82,305,294 ADAMTSL3  C  G  0.444  ‐0.0379  0.0034  9.75E29  244,448  0.453  ‐0.0364  0.0034  1.94E26  ‐0.006  same 

rs1879529  15  87,215,299  ACAN  T  G  0.284  ‐0.0239  0.0038  2.86E10  237,726  0.310  ‐0.0240  0.0038  2.75E10  0  same 

rs4246302  15  98,505,490 ADAMTS17  A  G  0.681  ‐0.0216  0.0037  5.73E09  234,578  0.717  ‐0.0220  0.0037  2.73E09  0.019  same 

rs4567683  15  98,596,360 ADAMTS17  A  G  0.267  0.0219  0.0038  7.67E09  246,783  0.240  0.0223  0.0038  4.27E09  0  0.009 

rs2047937  16  48,422,292  ZNF423  T  C  0.503  ‐0.0186  0.0034  4.67E08  241,447  0.453  ‐0.0186  0.0034  4.49E08  0  same 

rs16957358  16  65,952,042  LRRC36  A  G  0.957  0.0463  0.0083  2.70E08  244,505  0.962  0.0463  0.0083  2.43E08  0  0.654 

rs3760318  17  26,271,841  CENTA2  A  G  0.376  ‐0.0213  0.0035  9.05E10  242,869  0.336  ‐0.0213  0.0035  1.16E09  0  same 

rs757608  17  56,852,059  C17orf82  A  G  0.319  0.0268  0.0036  9.98E14  247,648  0.311  0.0268  0.0036  9.80E14  0  same 
rs4239436  18  18,985,928  CABLES1  A  G  0.210  ‐0.0405  0.0041  1.01E22  250,051  0.223  ‐0.0405  0.0041  5.28E23  0  same 

rs4542783  19  8,548,160  MYO1F  T  C  0.540  0.0227  0.0040  1.69E08  175,543  0.562  0.0229  0.0040  1.10E08  ‐0.008  same 

rs12608504  19  18,250,135  JUND  A  G  0.357  0.0201  0.0036  1.48E08  234,572  0.317  0.0202  0.0036  1.87E08  0  same 

rs3786897  19  38,584,848  PEPD  A  G  0.582  ‐0.0199  0.0035  8.77E09  234,057  0.576  ‐0.0199  0.0035  1.31E08  0  same 

rs1884897  20  6,560,832  BMP2  A  G  0.360  0.0320  0.0035  6.56E20  247,111  0.380  0.0320  0.0035  6.17E20  0  0.852 

rs2179129  22  27,780,923  bK175E3.6  A  G  0.588  0.0190  0.0034  2.64E08  249,105  0.607  0.0190  0.0034  2.30E08  0  0.807 

Independent SNPs from femalespecific conditional analysis 

rs9435732  1  17,180,745  MFAP2  T  C  0.269  ‐0.0272  0.0049  3.01E08  133,506  0.269  ‐0.0272  0.0049  2.85E08  0  same 

rs984222  1  119,305,366  TBX15  C  G  0.378  ‐0.0360  0.0044  3.32E16  138,524  0.313  ‐0.0360  0.0044  2.84E16  0  same 

rs2274432  1  182,287,568  C1orf19  A  G  0.359  0.0267  0.0046  6.80E09  129,472  0.381  0.0267  0.0046  6.49E09  0  same 

rs3897379  1  217,826,356  ZNT8  A  G  0.189  0.0314  0.0055  1.53E08  136,092  0.190  0.0314  0.0055  1.14E08  0  same 

rs1128249  2  165,236,870  COBLL1  T  G  0.406  ‐0.0344  0.0044  4.94E15  135,111  0.439  ‐0.0344  0.0044  5.43E15  0  0.960 

rs648514  3  52,442,303  SEMA3G  A  G  0.463  0.0287  0.0044  5.11E11  131,041  0.462  0.0287  0.0044  6.95E11  0  same 

rs4616635  3  64,677,315  ADAMTS9  C  G  0.721  0.0409  0.0049  8.99E17  130,616  0.727  0.0409  0.0049  7.14E17  0  0.872 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Singlemarker analysis  Joint analysis 

SNP  Chr. 
Position (bp) 
NCBI build 36 

Nearest 
gene 

Alleles 
(Effect, 
Other)  Freq.  β  SE  P  N  Freq.  β  SE  P  LD r 

1000G 
CEU r2 

with lead 
SNP 

rs17451107  3  158,280,303  FLJ16641  T  C  0.612  0.0322  0.0046  3.51E12  125,469  0.617  0.0322  0.0046  2.58E12  0  same 

rs13173241  5  55,897,116  MEKK1  A  G  0.195  0.0484  0.0055  2.55E18  132,943  0.140  0.0484  0.0055  1.40E18  0  same 

rs10516107  5  173,280,762  CPEB4  A  G  0.323  0.0290  0.0046  3.36E10  136,401  0.332  0.0290  0.0046  2.91E10  0  same 

rs9378213  6  32,556,376  HLADRA  T  G  0.578  ‐0.0236  0.0045  1.49E‐07  127,738  0.604  ‐0.0255  0.0045  1.61E08  ‐0.001  NA 

rs1776897  6  34,302,989 NR_001561  T  G  0.918  ‐0.0715  0.0087  1.50E16  111,035  0.929  ‐0.0865  0.0091  2.93E21  ‐0.304  same 

rs9470001  6  35,441,719  PPARD  C  G  0.051  ‐0.0382  0.0109  4.49E‐04  110,115  0.049  ‐0.0715  0.0115  4.62E10  ‐0.028  NA 

rs998584  6  43,865,874  VEGFA  A  C  0.484  0.0564  0.0049  4.15E30  105,085  0.460  0.0543  0.0049  1.69E28  0  same 

rs2745349  6  127,461,527  RSPO3  A  C  0.705  ‐0.0417  0.0048  4.56E18  131,669  0.706  ‐0.0417  0.0048  3.79E18  0  0.141 

rs10232819  7  25,843,137  NFE2L3  T  C  0.749  ‐0.0331  0.0050  4.11E11  134,158  0.769  ‐0.0344  0.0050  6.57E12  0  0.693 

rs849140  7  28,150,227  JAZF1  T  C  0.404  0.0317  0.0044  5.41E13  135,270  0.412  0.0327  0.0044  1.07E13  0  same 
rs7830933  8  23,659,269  NKX31  A  G  0.767  0.0328  0.0051  1.93E10  135,852  0.783  0.0328  0.0051  1.27E10  0  same 

rs12679556  8  72,676,782  MSC  T  G  0.753  ‐0.0345  0.0051  1.05E11  130,230  0.771  ‐0.0345  0.0051  1.35E11  0  same 

rs7075269  10  104,355,714  SUFU  A  G  0.436  ‐0.0275  0.0043  1.93E10  138,756  0.428  ‐0.0275  0.0043  1.61E10  0  1.000 

rs2071449  12  52,714,278 
HOXC5, 
HOXC4 

A  C  0.367  0.0293  0.0047  4.53E10  122,848  0.392  0.0293  0.0047  4.57E10  0  same 

rs12317176  12  122,970,671  KIAA2017  T  C  0.661  0.0342  0.0046  1.29E13  133,083  0.650  0.0300  0.0047  1.24E10  0.156  same 

rs863750  12  123,071,397  ZNF664  T  C  0.595  0.0306  0.0044  2.52E12  135,187  0.600  0.0262  0.0045  4.26E09  0  0.000 

rs7162542  15  82,305,294  ADAMTSL3  C  G  0.444  ‐0.0369  0.0043  1.17E17  138,154  0.453  ‐0.0369  0.0043  9.56E18  0  same 

rs757608  17  56,852,059  C17orf82  A  G  0.321  0.0265  0.0047  1.59E08  131,071  0.311  0.0265  0.0047  1.72E08  0  same 

rs7235010  18  18,978,808  CABLES1  A  G  0.789  0.0369  0.0053  4.88E12  134,913  0.777  0.0369  0.0053  3.38E12  0  1.000 

rs1884897  20  6,560,832  BMP2  A  G  0.362  0.0349  0.0045  5.92E15  134,905  0.380  0.0349  0.0045  8.92E15  0  0.852 

rs2294239  22  27,779,477  bK175E3.6  A  G  0.583  0.0261  0.0044  4.19E09  134,012  0.585  0.0261  0.0044  3.01E09  0  same 

Independent SNPs from malespecific conditional analysis 

rs9435732  1  17,180,745  MFAP2  T  C  0.274  ‐0.0365  0.0054  9.35E12  108,287  0.269  ‐0.0365  0.0054  1.40E11  0  same 

rs7513580  1  118,651,432  SPAG17  A  G  0.302  ‐0.0390  0.0055  1.98E12  98,420  0.277  ‐0.0378  0.0055  6.62E12  ‐0.033  0.084 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Singlemarker analysis  Joint analysis 

SNP  Chr. 
Position (bp) 
NCBI build 36 

Nearest 
gene 

Alleles 
(Effect, 
Other)  Freq.  β  SE  P  N  Freq.  β  SE  P  LD r 

1000G 
CEU r2 

with lead 
SNP 

rs984225  1  119,305,807  WARS2  A  G  0.630  0.0360  0.0049  2.25E13  112,150  0.687  0.0350  0.0049  1.00E12  0  1.000 

rs11205277  1  148,159,496  SF3B4  A  G  0.589  ‐0.0294  0.0052  1.25E08  95,911  0.561  ‐0.0294  0.0052  1.58E08  0  same 

rs991967  1  216,682,074  TGFB2  A  C  0.706  ‐0.0285  0.0052  4.55E08  111,886  0.707  ‐0.0289  0.0052  2.93E08  ‐0.015  same 

rs2820426  1  217,727,158  ZNT8  A  G  0.380  0.0249  0.0048  2.81E‐07  115,665  0.367  0.0263  0.0048  4.74E08  ‐0.061  0.169 

rs12127195  1  219,376,040  C1orf140  A  G  0.297  0.0283  0.0051  3.36E08  115,611  0.317  0.0307  0.0051  1.93E09  0  same 

rs10925060  1  245,717,763  OR2W5  T  C  0.025  0.0450  0.0063  9.14E13  646,827  0.015  0.0450  0.0063  9.16E13  0  same 

rs12991495  2  25,340,274  DNMT3A  T  C  0.692  0.0318  0.0053  2.31E09  104,863  0.693  0.0318  0.0053  1.99E09  0  same 

rs3791679  2  55,950,396  EFEMP1  A  G  0.762  0.0525  0.0056  3.12E21  110,283  0.776  0.0525  0.0056  7.17E21  0  same 

rs1515114  2  226,806,631  IRS1  A  G  0.525  0.0247  0.0047  1.85E‐07  114,016  0.523  0.0263  0.0047  2.36E08  0  NA 

rs6437061  2  232,893,296  DIS3L2  A  C  0.606  0.0273  0.0049  2.50E08  109,521  0.644  0.0289  0.0049  4.06E09  0  same 
rs6775778  3  137,209,369  PPP2R3A  A  G  0.753  0.0316  0.0055  9.64E09  111,602  0.770  0.0317  0.0055  8.70E09  0.001  0.686 

rs1344674  3  142,607,876  ZBTB38  A  G  0.555  ‐0.0323  0.0047  9.50E12  115,099  0.519  ‐0.0323  0.0047  6.03E12  0  same 

rs12493901  3  173,404,749  FNDC3B  A  G  0.484  ‐0.0279  0.0048  5.47E09  109,146  0.477  ‐0.0279  0.0048  6.19E09  0  same 

rs2197271  4  82,379,372  PRKG2  C  G  0.751  ‐0.0394  0.0055  6.30E13  110,893  0.771  ‐0.0394  0.0055  7.95E13  0  0.951 

rs1812175  4  145,794,294  HHIP  A  G  0.166  ‐0.0432  0.0064  1.83E11  110,638  0.182  ‐0.0432  0.0064  1.49E11  0  same 

rs1173770  5  32,856,968  C5orf23  T  C  0.402  0.0328  0.0048  9.03E12  113,411  0.426  0.0328  0.0048  8.38E12  0  same 

rs17472426  5  159,626,935  CCNJL  T  G  0.921  0.0520  0.0095  4.34E08  95,096  0.942  0.0520  0.0095  4.43E08  0  same 

rs6556301  5  176,460,183  FGFR4  T  G  0.357  0.0356  0.0057  6.23E10  84,157  0.356  0.0356  0.0057  4.26E10  0  same 

rs7773004  6  26,375,734  HIST1H3G  A  G  0.501  0.0334  0.0047  1.83E12  113,713  0.504  0.0334  0.0047  1.20E12  0  0.173 

rs7759938  6  105,485,647  LIN28B  T  C  0.677  ‐0.0362  0.0051  1.31E12  110,481  0.658  ‐0.0362  0.0051  1.28E12  0  1.000 

rs798497  7  2,762,483  GNA12  A  G  0.690  0.0344  0.0051  1.46E11  112,939  0.687  0.0344  0.0051  1.54E11  0  1.000 

rs10876528  12  52,707,743 
HOXC6, 
HOXC5, 
HOXC4 

A  C  0.369  0.0377  0.0055  9.17E12  89,151  0.390  0.0377  0.0055  7.24E12  0  0.942 

rs2160077  14  91,498,163  TRIP11  A  G  0.420  ‐0.0264  0.0047  2.62E08  116,728  0.396  ‐0.0264  0.0047  1.95E08  0  same 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Singlemarker analysis  Joint analysis 

SNP  Chr. 
Position (bp) 
NCBI build 36 

Nearest 
gene 

Alleles 
(Effect, 
Other)  Freq.  β  SE  P  N  Freq.  β  SE  P  LD r 

1000G 
CEU r2 

with lead 
SNP 

rs7166081  15  65,279,355  FLJ11506  A  G  0.771  0.0321  0.0056  1.14E08  113,400  0.753  0.0316  0.0056  1.66E08  ‐0.014  same 

rs893817  15  72,016,118  LOXL1  A  G  0.650  ‐0.0329  0.0050  3.03E11  110,347  0.656  ‐0.0325  0.0050  7.89E11  0  0.228 

rs6602986  15  82,238,103  ADAMTSL3  T  C  0.314  ‐0.0451  0.0051  4.86E19  111,999  0.297  ‐0.0451  0.0051  9.57E19  0  0.345 

rs9890032  17  26,190,060  ATAD5  C  G  0.613  0.0272  0.0049  2.76E08  110,300  0.655  0.0272  0.0049  2.85E08  0  0.933 

rs882367  17  56,849,356  C17orf82  T  C  0.681  ‐0.0279  0.0051  3.52E08  111,121  0.688  ‐0.0279  0.0051  4.50E08  0  1.000 

rs4239436  18  18,985,928  CABLES1  A  G  0.211  ‐0.0450  0.0058  1.46E14  112,317  0.223  ‐0.0450  0.0058  8.73E15  0  same 

rs979012  20  6,571,374  BMP2  T  C  0.342  0.0303  0.0051  2.36E09  107,270  0.350  0.0303  0.0051  2.85E09  0  same 

 
SNP frequencies (Freq.), effect betas (β), standard errors (SE), and P values are reported in terms of the effect allele.  SNP 

sample sizes (N) are from the sex‐combined meta‐analysis.  Main effect P < 5 × 10‐8 are marked in boldface.  For each SNP, 

linkage disequilibrium (LD r) with the SNP in next row is reported based on the PIVUS samples, and LD (1000G CEU r2) with 

the corresponding lead SNP from Table 4.2 is reported based on CEU samples from the 1000 Genomes Project (see Methods). 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Table 4.3 – Associations of 84 independent waist circumference signals with 
other anthropometric traits  
 

Color  Significance  Direction of effect 

  P < 5 × 10‐8 
  P < 0.0001 
  P < 0.01 
  P < 0.05 

Waist circumference‐increasing 
allele associated with higher levels 

of other body size trait 

  P ≥ 0.05  Non‐significant association 
  P < 0.05 
   P < 0.01 
   P < 0.0001 
   P < 5 × 10‐8 

Waist circumference‐increasing 
allele associated with lower levels of 

other body size trait 

 
 

  Other anthropometric traits 

SNP  Nearest gene 
Body mass 
index  Height 

Hip 
circumference  Waisthip ratio 

rs4239436  CABLES1             
rs395962  LIN28B             
rs1776897  NR_001561             
rs12991495  DNMT3A             
rs7513580  SPAG17             
rs757608  C17orf82             
rs7854560  PTCH1             
rs4886782  LOXL1             
rs1879529  ACAN             
rs1173734  NPR3             
rs822531  NR_001571             
rs2214442  ITGB8             
rs272869  SLC22A4             
rs780159  ZMIZ1             
rs648514  SEMA3G             
rs6556301  FGFR4             
rs979012  BMP2             
rs984222  WARS2             
rs6701231  WARS2             
rs849140  JAZF1             
rs2274432  C1orf19             
rs991967  TGFB2             
rs4567683  ADAMTS17 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 Other anthropometric traits 

SNP  Nearest gene 
Body mass 
index 

Height 
Hip 

circumference 
Waisthip ratio 

rs4542783  MYO1F             
rs7621331  PPP2R3A             
rs10041657  FER             
rs2562779  ADAMTSL3             
rs710841  PRKG2             
rs2638953  CCDC91             
rs4868125  FBXW11             
rs13210323  ANKS1A             
rs12127195  C1orf140             
rs4246302  ADAMTS17             
rs9400239  FOXO3A             
rs9470001  PPARD             
rs806794  HIST1H2BF             
rs7162542  ADAMTSL3             
rs11205277  SF3B4             
rs3791679  EFEMP1             
rs798489  GNA12             
rs9435732  MFAP2             
rs473902  PTCH1             
rs12207675  FILIP1             
rs1173770  C5orf23             
rs7970350  HMGA2             
rs12493901  FNDC3B             
rs3760318  CENTA2             
rs7684221  LCORL             
rs6437061  DIS3L2             
rs606452  SERPINH1             
rs11144688  PCSK5             
rs2160077  TRIP11             
rs12330322  RYBP             
rs1812175  HHIP             
rs1344674  ZBTB38             
rs7166081  FLJ11506             
rs276369  OR2B6             
rs3897379  ZNT8             
rs459193  ANKRD55             
rs2067087  HOXA13             
rs12317176  KIAA2017             
rs3786897  PEPD             
rs2052670  FLJ16124 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 Other anthropometric traits 

SNP  Nearest gene 
Body mass 
index 

Height 
Hip 

circumference 
Waisthip ratio 

rs2124969  ITGB6             
rs17451107  FLJ16641             
rs12608504  JUND             
rs12679556  MSC             
rs10516107  CPEB4             
rs2294239  bK175E3.6             
rs863750  ZNF664             
rs2745353  RSPO3             
rs2071449  HOXC5,HOXC4             
rs7830933  NKX31             
rs13173241  MEKK1             
rs2047937  ZNF423             
rs4886648  SCAMP5             
rs17472426  CCNJL             
rs3799380  BTN2A1             
rs10925060  OR2W5             

rs2754603 
MGC22265, 
GUSBL1             

rs13196692  AX747641             
rs1515114  IRS1             
rs998584  VEGFA,VEGF41             
rs9378213  HLADRA             
 
SNP associations with four anthropometric traits are from sex‐combined meta‐

analysis data (see Methods).  Seven SNPs that are P ≥ 0.0001 with all four traits are 

marked in boldface.  



CHAPTER V 

Replication of LIN28B SNP association with age of menarche  
in young Filipino women1 

 

OVERVIEW 

  Age of menarche, or the timing of first menses in girls, is a physiological trait 

that shows substantial genetic heritability.  Earlier age of menarche is associated 

with increased adult risk of obesity and cardiovascular disease.  A recent genome‐

wide association (GWA) study identified 42 loci associated with age of menarche (P 

< 5 × 10‐8) and observed nominal association for 11 obesity loci (P < 0.05).  We 

tested index SNPs at 23 of these loci for association with menarche in young Filipino 

women from the Cebu Longitudinal Health and Nutrition Survey (CLHNS).  We 

observed nominal association (P < 0.05) with consistent direction of effect for the 

SNP rs7759938 at LIN28B.  To test whether childhood adiposity, as measured by 

body mass index (BMI) at age 8, mediates the relationship between SNPs and age of 

menarche, we performed mediation analyses on 13 SNPs showing consistent effect 

directions.  We observed suggestive evidence that childhood BMI did not mediate 

the effect of the LIN28B SNP on age of menarche.  These data confirm the strongest 

gene reported in Europeans (LIN28B) as a contributor to age of menarche in an 

Asian population. 

                                                        
 
1 A version of this work will be submitted for publication. 
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INTRODUCTION 

Earlier age of menarche in girls is associated with increased adult risk of 

obesity and cardiovascular disease (39, 44).  While nutrition and other 

environmental factors play a substantial role in the timing of first menses, age of 

menarche is a strongly heritable trait, with approximately 50% of its variability 

explained by genetic factors (49, 170).  Forty‐two genetic loci have been strongly 

associated with age of menarche (32 at P < 5 × 10‐8 and 10 at P < 10‐5) in a recent 

meta‐analysis of GWA studies of women of European ancestry (171).  Notably, four 

of these loci (FTO, SEC16B, ETV5, and TMEM18) have been previously associated 

with BMI in both adults (59) and children (58, 81, 90) at a genome‐wide significance 

level (P < 5 × 10‐8).  Eleven obesity loci showed at least nominal association with age 

of menarche (P < 0.05), with the obesity risk alleles associated with earlier 

menarche (171).  These results raise the question of whether obesity genes 

associated with age of menarche act through biological mechanisms related to 

increased childhood adiposity.  To examine the relationships among obesity and 

menarche loci, childhood adiposity, and age of menarche in young adult Filipino 

women from the CLHNS, we tested 23 menarche and obesity SNPs for association 

with age of menarche, and of those, 13 SNPs showing consistent effect directions 

were tested for evidence of mediation by BMI at age 8.   

 



 

125 
 

Subjects and Methods 

During the 1994–1995, 1998–1999, and 2002 surveys, while aged 10 to 11, 

14 to 15, and 17 years, respectively, a total of 997 non‐twin female offspring from 

the CLHNS were asked to report their menarcheal status and the month and year of 

their first menstrual period (47).  Of these, 966 also were measured for BMI at age 8 

during the 1991 survey, prior to the onset of menarche.  Genotyping of the entire 

CLHNS offspring cohort (1,779 male and female samples) using the MetaboChip 

array (Illumina, San Diego, CA) was performed at the UNC Mammalian Genotyping 

Core.  Quality control checks were performed on the genotype data at the sample 

and SNP level as described previously (72). To test the previously reported 

menarche loci (171), we extracted SNP genotypes for the 15 of 42 SNPs that were 

directly typed in the CLHNS or had usable proxies (r2 > 0.8, identified using SNAP 

(153) and data on CHB+JPT samples from the first low‐coverage sequencing pilot of 

the 1000 Genomes Project).  Genotypes were also extracted for eight additional 

obesity SNPs that showed only nominal prior association (P < 0.05) with age of 

menarche (171).   

All 23 candidate SNPs were tested for additive association with 

untransformed age of menarche using PLINK (133) (Figure 5.1A).  Age of menarche 

was normally distributed and therefore not natural log‐transformed.  Association 

models were adjusted for covariates associated with age of menarche (P < 0.05): 

socioeconomic status measured during the 1991 survey and the first nine principal 

components of population substructure calculated previously (72).  The association 

models were tested with and without adjustment for childhood BMI.  Genotype, age 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of menarche, and covariate data was available for 832 women.  Significant 

replication was defined as P < 0.05 and direction of effect consistent with the 

previous report.  Quanto v.1.2.4 (available on‐line at http://hydra.usc.edu/gxe/) 

was used to calculate statistical power for replication.  

To test whether childhood BMI mediated the effects of these SNPs on age of 

menarche, we performed mediation analyses using the SAS macro INDIRECT (172).  

Using linear regressions, this method models how an independent variable (X) 

affects a dependent variable (Y) through an intervening variable (M).  The total 

effect of X on Y (c) is the sum of X's direct effect (c') and its indirect effects (a × b) 

through a mediator M (Figure 5.1B).  We reported the mean value of the indirect 

effect (a × b) and its bias‐corrected non‐parametric bootstrap 95% confidence 

interval (CI) along with the unstandardized regression coefficients (a, b, c, and c').  A 

95% CI that did not include zero was considered significant.   

Empirical power calculations for each SNP tested in the mediation analyses 

were performed using published R code (173).  Briefly, based on a simulated set of 

832 samples derived from the observed regression coefficients (a, b, and c'), 5,000 

bootstrap estimates of the mediation effect were generated and used to calculate a 

95% CI (α = 0.05).  Power to detect mediation then was the number of times out of 

1,000 iterations that the bootstrapped 95% CI overlapped the actual observed 

mediation effect (a × b). 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RESULTS 

We performed two genetic analyses of age of menarche in 832 women from 

the CLHNS, whose characteristics are summarized in Table 5.2.  We first examined 

15 previously reported menarche SNPs or their proxies for evidence of association 

in the CLHNS.  Two SNPs showed significant associations (P < 0.05) adjusted for BMI 

at age 8, rs7113874 (TRIM66) at P = 0.0086 and rs7759938 (LIN28B) at P = 0.023 

(Table 5.2).  Comparable results were observed without adjusting for childhood 

BMI.  In both cases, the LIN28B association alone was in the same direction of effect 

as previously reported, making it the only true replication, explaining 0.5% of 

phenotypic variance in the CLHNS.  The total amount explained previously in 

Europeans by the index SNPs at both LIN28B and TMEM38B was 0.6% (174).  Our 

study had ~53% power to replicate the association of a SNP explaining 0.5% of the 

variability in age of menarche at α = 0.025 in a one‐sided test and ~35% power to 

replicate a SNP explaining 0.3% of phenotypic variability at the same threshold.  We 

also examined the associations of an additional eight obesity SNPs that previously 

showed at least nominal evidence of association with age of menarche (P < 0.05) in 

Europeans with the obesity risk allele corresponding to earlier menarche (171).  

None were significantly associated with age of menarche in the CLHNS (P ≥ 0.05) 

(Table 5.2).   

Based only on a consistent effect direction and not requiring a significant P 

value, we then selected a subset of 13 SNPs to test for evidence of a mediating effect 

of a childhood adiposity measure on associations with age of menarche (Table 5.3).  

No SNP association with age of menarche showed significant evidence of mediation 



 

128 
 

by childhood BMI (a × b).  While childhood BMI was always significantly associated 

with age of menarche (b, P < 0.05), none of the 13 SNPs were significantly associated 

with childhood BMI (a, P ≥ 0.05).  Only rs7759938 (LIN28B) showed a significant 

direct effect (c', P = 0.019) and a significant total effect (c, P = 0.032).  Similar results 

were observed when the mediation analyses were run excluding covariates (data 

not shown).  Given the observed coefficients in Table 5.3, our study had 7.2–100% 

power (mean: 55%, median: 59%) to detect a mediation effect on the association 

between each of the 13 SNPs and age of menarche at α = 0.05.  The power for 

rs7759938 (LIN28B) was 64%.  Finally, we also tested all 13 SNPs for evidence of 

direct interactions with childhood BMI to influence age of menarche, but observed 

no significant interactions (P < 0.05) (data not shown). 

 

DISCUSSION 

These genetic analyses of age of menarche in a cohort of young adult Filipino 

women provide supporting evidence of association of rs7759938 at LIN28B, a GWA 

locus for menarche identified in subjects of European ancestry.  A recent GWA study 

of age of menarche in 3,468 Hispanic women showed nominal association for five of 

the 42 SNPs (P < 0.05) (175), supporting the observation that some of these signals 

have detectable effects across populations.  Twelve of the 13 SNPs on which we then 

performed mediation analyses showed evidence of “no‐effect non‐mediation” (176), 

meaning that childhood BMI did not significantly mediate the relationship of each 

SNP with age of menarche and also that each SNP did not have a significant direct 

effect on age of menarche.   Given our limited power, these results do not necessarily 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indicate an absence of mediation.  The key factor was we could not detect significant 

associations in the first step of the mediation model (a) connecting these SNPs to 

childhood BMI, which in the second step of the model (b) was always associated 

with age of menarche.  Furthermore, a significant total effect of an independent 

variable on a dependent variable (c) is not strictly necessary to observe a significant 

mediation effect (176).  The LIN28B SNP, however, showed evidence of “direct‐only 

non‐mediation” (176), meaning that while childhood BMI did not significantly 

mediate the relationship of this SNP with age of menarche, the SNP did have a 

significant direct effect on age of menarche (c').  This result suggests that LIN28B 

does not have an indirect effect on age of menarche through the biological pathways 

represented by childhood BMI.   

The major limitation of this study is its small sample size, which reduces the 

statistical power available to detect genetic associations with age of menarche or 

evidence of mediation.  Consistent with our expectation, this study replicated the 

first major menarche signal at LIN28B, which explained far greater phenotypic 

variance than all of the additional signals identified in Europeans (171).  

Additionally, our mediation models may be missing other important mediators 

representing relevant biological pathways, such as hormonal biomarkers or 

alternative measures of childhood adiposity.  Nonetheless, our study avoids a key 

temporal issue in interpreting our mediation results because the measures of 

childhood adiposity were ascertained years before the average onset of menarche in 

this cohort. 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In summary, these data replicated in an Asian population a LIN28B SNP 

association with age of menarche discovered in Europeans.  Attempts to further 

characterize the connection between obesity genes and age of menarche were not 

successful.  Larger studies of populations with similar pre‐pubertal adiposity data 

will be necessary to more fully address the relationship between the genetics of 

obesity and of menarche. 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Figure 5.1 – Illustration of two genetic models for SNPmenarche associations 

in the CLHNS: (A) main effect‐only model and (B) mediation model, both including 

covariates associated with age of menarche.  BMI, body mass index; SES, 

socioeconomic status; PC, principal component of population substructure. 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Table 5.1 – Basic characteristics of the CLHNS cohort  
 
  Summaries  Correlations 
Trait  Value  n  Age at menarche  BMI  SES 
Age at menarche (years)  13.1 ± 1.0  832  ‐  ‐0.22  ‐0.28 
BMI at age 8 (kg/m2)  14.7 ± 1.3  827  < 0.0001  ‐  0.06 
SES at age 8   5 (3, 6)  832  < 0.0001  0.089  ‐ 
 

Values are reported as mean ± standard deviation or as median (25th percentile, 75th 

percentile).  SES is a standardized factor score that ranges from 1.0 to 10.0.  Pearson 

correlations are reported in the upper triangle with their significances in the lower 

triangle.  BMI, body mass index; SES, socioeconomic status. 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Table 5.2 – Associations of previously reported menarche and obesity SNPs with age of menarche in the CLHNS  
 
                  Adjusted  Unadjusted 

SNP  Chr.  Position 
Locus 
Name  Trait  A1  A2  n  Freq.  β  SE  P  β  SE  P 

rs7113874  11  8,644,592  TRIM66  Menarche  C  T  832  0.340  0.138  0.053  0.0086  0.143  0.053  0.0073 

rs7759938  6  105,485,647  LIN28B  Menarche  T  C  832  0.610  ‐0.113  0.049  0.023  ‐0.120  0.050  0.016 

rs10938397  4  44,877,284  GNPDA2  BMI  G  A  830  0.188  ‐0.099  0.062  0.11  ‐0.102  0.063  0.11 
rs6473015  8  78,341,040  PXMP3  Menarche  A  C  832  0.835  0.096  0.064  0.13  0.091  0.065  0.16 
rs889398  16  68,114,216  NFAT5  Menarche  C  T  832  0.907  ‐0.105  0.085  0.22  ‐0.105  0.086  0.22 
rs4923461  11  27,613,486  BDNF  BMI  A  G  832  0.512  ‐0.053  0.046  0.25  ‐0.054  0.047  0.25 
rs2090409  9  108,006,909  TMEM38B  Menarche  A  C  832  0.310  ‐0.050  0.052  0.33  ‐0.058  0.052  0.27 
rs2815752  1  72,585,028  NEGR1  BMI  A  G  832  0.869  ‐0.089  0.074  0.23  ‐0.080  0.075  0.28 
rs9385399  6  126,800,726  C6orf173  Menarche  T  G  832  0.881  ‐0.084  0.075  0.26  ‐0.080  0.076  0.29 
rs1659127  16  14,295,806  MKL2  Menarche  G  A  832  0.436  0.058  0.049  0.24  0.051  0.049  0.31 
rs633715  1  176,119,203  SEC16B  Menarche  C  T  832  0.079  ‐0.048  0.092  0.60  ‐0.068  0.093  0.47 
rs2178403  3  185,522,360  ECE2  Menarche  G  A  832  0.665  ‐0.038  0.051  0.46  ‐0.037  0.052  0.48 
rs987237  6  50,911,009  TFAP2B  WHR  G  A  832  0.216  ‐0.034  0.062  0.59  ‐0.040  0.063  0.52 
rs11084753  19  39,013,977  KCTD15  BMI  G  A  831  0.220  0.020  0.059  0.73  0.034  0.059  0.56 
rs757647  5  137,735,214  KDM3B  Menarche  A  G  830  0.717  0.027  0.055  0.63  0.031  0.056  0.58 
rs900145  11  13,250,481  ARNTL  Menarche  C  T  830  0.375  ‐0.012  0.051  0.82  ‐0.020  0.052  0.69 
rs1962448  8  9,909,381  MSRA  WHR  G  A  832  0.375  0.028  0.049  0.57  0.018  0.050  0.72 
rs7647305  3  187,316,984  ETV5  BMI  C  T  832  0.910  ‐0.006  0.087  0.94  ‐0.025  0.088  0.78 
rs7138803  12  48,533,735  FAIM2  BMI  A  G  832  0.150  0.014  0.070  0.84  0.018  0.071  0.80 
rs2600959  3  134,098,154  TMEM108  Menarche  G  A  831  0.747  ‐0.016  0.058  0.78  ‐0.013  0.059  0.83 
rs9939609  16  52,378,028  FTO  Menarche/BMI  A  T  832  0.182  0.013  0.063  0.83  0.013  0.064  0.84 
rs1567890  11  77,779,348  GAB2  Menarche  T  C  832  0.658  0.007  0.054  0.89  0.008  0.054  0.89 
rs2947411  2  604,168  TMEM18  Menarche/BMI  G  A  832  0.917  0.010  0.091  0.91  ‐0.004  0.092  0.96 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SNP positions are reported in hg18/B36.3 coordinates.  SNP frequencies (Freq.), effect betas (β), and standard errors (SE) are 

reported in terms of allele 1 (A1), which is the previously reported menarche‐decreasing allele.  Associations are reported 

with and without adjustment for body mass index (BMI) at age 8.  Significant effects (P < 0.05) are shown in boldface. 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Table 5.3 – Mediation effects of childhood adiposity on associations of menarche and obesity SNPs with age of 
menarche in the CLHNS   
 

            c  a  b  c'  a × b 

SNP  Locus  Trait  A1  A2  n  β  SE  P  β  SE  P  β  SE  P  β  SE  P  β  L95  U95 

rs7759938  LIN28B  Menarche  T  C  827  ‐0.106  0.049  0.032  0.075  0.064  0.24  ‐0.163  0.027  < 0.0001  ‐0.118  0.050  0.019  ‐0.012  ‐0.033  0.009 

rs10938397  GNPDA2  BMI  G  A  825  ‐0.113  0.062  0.070  ‐0.062  0.080  0.44  ‐0.167  0.027  < 0.0001  ‐0.102  0.063  0.107  0.010  ‐0.016  0.038 

rs889398  NFAT5  Menarche  C  T  827  ‐0.120  0.085  0.16  ‐0.107  0.110  0.33  ‐0.166  0.027  < 0.0001  ‐0.103  0.087  0.239  0.018  ‐0.014  0.058 

rs4923461  BDNF  BMI  A  G  827  ‐0.054  0.046  0.24  0.005  0.060  0.93  ‐0.165  0.027  < 0.0001  ‐0.055  0.047  0.25  ‐0.001  ‐0.020  0.020 

rs2090409  TMEM38B  Menarche  A  C  827  ‐0.048  0.052  0.36  0.072  0.067  0.29  ‐0.164  0.027  < 0.0001  ‐0.059  0.053  0.26  ‐0.012  ‐0.034  0.008 

rs2815752  NEGR1  BMI  A  G  827  ‐0.094  0.074  0.20  ‐0.054  0.095  0.57  ‐0.166  0.027  < 0.0001  ‐0.085  0.075  0.26  0.009  ‐0.021  0.048 

rs9385399  C6orf173  Menarche  T  G  827  ‐0.099  0.075  0.19  ‐0.099  0.097  0.31  ‐0.166  0.027  < 0.0001  ‐0.082  0.076  0.28  0.016  ‐0.015  0.054 

rs633715  SEC16B  Menarche  C  T  827  ‐0.027  0.092  0.77  0.215  0.119  0.070  ‐0.165  0.027  < 0.0001  ‐0.062  0.094  0.51  ‐0.035  ‐0.091  0.004 

rs2178403  ECE2  Menarche  G  A  827  ‐0.040  0.051  0.44  0.001  0.066  0.99  ‐0.165  0.027  < 0.0001  ‐0.040  0.052  0.45  0.000  ‐0.022  0.021 

rs987237  TFAP2B  WHR  G  A  827  ‐0.033  0.062  0.59  0.061  0.080  0.45  ‐0.165  0.027  < 0.0001  ‐0.043  0.063  0.49  ‐0.010  ‐0.036  0.013 

rs900145  ARNTL  Menarche  C  T  825  0.006  0.051  0.90  ‐0.076  0.066  0.25  ‐0.166  0.027  < 0.0001  0.019  0.052  0.72  0.013  ‐0.007  0.035 

rs7647305  ETV5  BMI  C  T  827  ‐0.015  0.087  0.86  0.087  0.113  0.44  ‐0.165  0.027  < 0.0001  ‐0.030  0.089  0.74  ‐0.014  ‐0.052  0.021 

rs2600959  TMEM108  Menarche  G  A  826  ‐0.008  0.058  0.89  0.027  0.075  0.72  ‐0.165  0.027  < 0.0001  ‐0.013  0.060  0.83  ‐0.005  ‐0.029  0.023 

 

SNP effect betas (β) and standard errors (SE) are reported in terms of allele 1 (A1), as in Table 3.  Significant effects (P < 0.05 

or a 95% CI that does not include zero) are shown in boldface.  The effect coefficients a, b, c, and c' (see Figure 5.1) are 

unstandardized.  95% CI, 95% confidence interval; L95, lower bound of 95% CI; U95, upper bound of 95% CI. 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CHAPTER VI 

Discussion

  

  In the preceding chapters, I described a collection of published and 

unpublished findings that further our understanding of the genetic architecture of 

several obesity traits, primarily in an Asian population experiencing an obesogenic 

transition and secondarily in a set of European populations.  I first performed a 

genome‐wide association (GWA) study of body size traits in Filipinos from the Cebu 

Longitudinal Health and Nutrition Survey (CLHNS) to determine the contribution of 

common genetic variants to those traits (71).  I replicated three well‐known body 

mass index (BMI) loci (BDNF, MC4R, and FTO) and further observed evidence of 

longitudinal changes in the effects of those genes.  Next, I sought to establish the 

putative causal variant(s) underlying a haplotype at the ADIPOQ gene identified in a 

previous CLHNS GWA study to be strongly associated with lower circulating plasma 

adiponectin level (72).  I identified a population‐specific missense variant (R221S) 

that affected the original measurement of the phenotype and explained the 

observed GWA signal.  Next, to identify novel biology underlying the etiology of 

central adiposity, I performed a meta‐analysis of GWA studies of waist 

circumference (WC) in European individuals from the Genetic Investigation of 

Anthropometric Traits (GIANT) Consortium.  I observed evidence of novel 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associations specific to WC and not other related anthropometric traits, such as BMI, 

height, and waist‐hip ratio.  These signals included the genes NLRP3, which is part of 

the obesity‐related inflammasome complex, and IRS1, which is previously 

associated with body fat percentage and an adverse metabolic profile.  Finally, to 

explore the relationships between several obesity genes and age of menarche, I 

performed replication and mediation analyses in female offspring from the CLHNS.  I 

observed that the menarche signal at LIN28B previously reported in Europeans 

replicated in Filipinos.  While this association appeared not to be mediated by 

childhood BMI, the results for several obesity genes were inconclusive.      

  Several aspects of this work are worth highlighting because they illustrate an 

important general genetic result, an exploration of unusual phenotypic or genotypic 

data, or an informative application of a particular analytical method.  In Chapter II, 

the use of non‐European samples, in this case Filipino women from the CLHNS, for 

the genetic study of BMI helped implicate a narrower association region at the BDNF 

gene based on population differences in local linkage disequilibrium (LD).  This 

result emphasizes the value in studying the genetics of common complex traits and 

diseases across populations of different ancestries.  The longitudinal nature of the 

CLHNS also presented some unique opportunities for genetic analysis.  In Chapter II, 

I obtained a more detailed understanding of the contribution of three genes to BMI 

by identifying how their effects differed according to a time‐varying factor, either 

the age progression of the individuals studied or an unknown dietary or 

environmental factor reflective of the obesogenic transition in the Philippines (64, 

65).  In Chapter V, having pre‐pubertal adipose data in female offspring from the 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CLHNS made it possible to address the temporal relationship of adiposity and the 

genetics of menarche, unlike in many larger studies that rely on adult proxies.   

  In examples like these, the data available hint substantially at the path 

forward, but in other cases, the researcher must personally motivate the 

investigation.  Most often after establishing a GWA signal, more detailed 

characterization to find the actual causal variant(s) and determine the functional 

mechanism(s) is left as an exercise for the indeterminate future.  For example, the 

SORT1 locus modulating circulating plasma levels of low‐density lipoprotein 

cholesterol was identified in 2008 (177), but identification of the causal non‐coding 

single nucleotide polymorphism (SNP) did not happen until 2010 (178).  While for 

the time being, it has been sufficient to simply make a report, the results of the 

adiponectin signal characterization in Chapter III speak to the need for careful, 

close, and timely inspection of GWA signals.  This work demonstrated not only how 

a rare or uncommon SNP can turn out to be the basis for a common GWA signal, but 

also how in this case that variant can cause a phenotypic artifact that is the basis of 

the original association signal.  Another important follow‐up analysis that is 

becoming more commonplace is the identification of additional independent signals 

in an association region.  Previously, this was difficult to manage either because of a 

lack of statistical power, or in the context of large‐scale meta‐analyses with 

sufficiently increased power, the very challenging logistics of conditional analyses.  

In my work with the Genetic Investigation of Anthropometric Traits (GIANT) 

Consortium from Chapter IV, the extraordinarily large sample size of the study and a 

recently developed "pain‐free" conditional analysis method (149) intended for just 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such kinds of summary data allowed me to move past these obstacles to identify the 

first evidence of additional signals at waist circumference loci.   

  Through a variety of approaches, my work identified examples of both 

common and uncommon genetic variants explaining phenotypic variability in 

obesity traits, providing motivation for further work to understand the specific 

contributions of each allelic frequency bin.  Ultimately, a more complete 

representation of the allelic frequency spectrum in each genetic study population 

will be obtained through the use of denser genotyping arrays, genetic imputation, 

and whole‐genome sequencing.  Such knowledge would increase the likelihood of 

testing actual causal variants rather than their proxies.  In the mean time, the 

methods and approaches in current use have been fruitful in many ways.  For 

example, the adiponectin story from Chapter III highlights the value of small‐scale 

targeted gene sequencing to enrich for causal variants.  Additionally, the custom 

genotyping array known as the MetaboChip, which played a part in the three 

previous chapters, showed its value as a large‐scale targeted follow up of thousands 

of SNPs with prior evidence of association with anthropometric and cardio‐

metabolic diseases and traits.  Previously, often only a couple dozen top signals from 

an association meta‐analysis could affordably be tested for replication in additional 

samples.  Similar efforts targeting other trait clusters or classes of variants have 

been developed (e.g., the Immunochip (179), the HumanCVD BeadChip (180), 

exome chips, etc.) or are in development.  Finally, the 1000 Genomes Project 

(1000G) is well under way and aims to ascertain 95% of the variants with a 

frequency > 1% in several world populations to serve as a comprehensive reference 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resource (54).  The initial pilot project set out to evaluate three methods for 

determining the allelic spectrum: (1) deep‐coverage sequencing (42× read‐depth) in 

a three parents‐offspring trio, (2) shallow‐coverage sequencing (2–6× read‐depth) 

in 179 unrelated individuals, and (3) targeted deep‐coverage exon sequencing in 

697 individuals.  The researchers concluded that exon‐sequencing and shallow‐

coverage whole‐genome sequencing represent the most cost‐effective approaches, 

bearing in mind their respective limitations of smaller genomic coverage and higher 

error rate.  This dataset will replace that of the International HapMap Project (53, 

147) as the preferred reference set of variants to be imputed in genetic analysis 

studies using genotyping arrays with less coverage of the genome.  Low‐frequency 

variants, however, still represent an ongoing challenge for imputation because they 

require very large reference panels to be most accurately imputed (181).  Until the 

costs of more comprehensive solutions for representing allelic variation, such as 

whole‐genome sequencing, go down substantially for individual studies, the 

aforementioned efforts represent important intermediate approaches.     

A topic of great debate in the field of human genetics is the nature of the 

"missing heritability" not yet explained by GWA studies of complex diseases and 

traits and how to determine the yet unknown causal variants (51, 182).  One 

possible explanation for our incomplete understanding of the genetic underpinnings 

of phenotypic variability is that common variation, which has been the primary 

focus of GWA studies, is only a small subset of the actual causal variants.  Rare and 

uncommon SNPs have become more of a focus for study recently and as the 

standard single‐marker association approaches for common variants are severely 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underpowered for rare variants, several burden tests have been developed to allow 

for association testing with quantitative traits (183).  In these tests, rare variants are 

collapsed together by shared characteristics, such as allele frequency or predicted 

functional effect, in order to test their relative enrichment in disease cases versus 

controls with greater statistical power.  While each of these methods works 

reasonably well for the particular hypothesis it is testing, none performs well as a 

global test, suggesting that careful hypotheses must be established prior to 

association testing.  Larger structural variation, such as microsatellite and copy 

number variation (CNV), has also been implicated as important to human disease 

etiology (184).  Notably, a GWA study of BMI identified a common SNP that tagged a 

candidate causal CNV at the NEGR1 locus, a 45 kb deletion overlapping several 

conserved elements just upstream of the gene (58).  Ultimately, explaining all of the 

heritability for a given trait or disease matters most when the goal is to generate 

predictive risk scores, but when the goal is to search out interesting new biology, 

the era of GWA studies has been tremendously fruitful in confirming known loci and 

suggesting novel loci (185).  A more systematically ascertained set of candidate loci 

for a wide variety of complex diseases and traits now exists for more detailed 

genetic and molecular characterization.  When more true causal variants are 

identified, the value of predictive risk scores will increase.   

The completion of this dissertation work prompts some musings about 

possible future genetic analyses in the CLHNS.  In 2005, when blood was first drawn 

from CLHNS participants for the purposes of measuring biomarkers and extracting 

DNA to genotype genetic markers, the era of GWA studies was in its infancy.  Seven 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years later, the field of human genetics continues to race forward.  Large‐scale meta‐

analyses, such as the one described in Chapter IV, will continue to play an important 

role in the study of complex trait genetics.  The wealth of phenotypes and genotypes 

currently available in the CLHNS will continue to allow it to contribute to such 

efforts, as was done with the Global Lipids Genetics Consortium (70).  Age of 

menarche in the female offspring (47) represents one such yet untapped resource.  

Future CLHNS field surveys will also undoubtedly continue to be sources of 

additional socio‐economic, dietary, anthropometric, and biomarker data.  The 

published longitudinal genetic analyses of BMI in the mothers (71) could be 

extended with such new data or some of the newest BMI association loci could be 

evaluated in the same way to determine if other major signals have different effects 

over time.  Though it would be wildly implausible for financial and logistical 

reasons, obtaining computed tomography (CT) measurements of adipose tissue 

depots in CLHNS participants would allow us to examine genetic contributions to 

excess adiposity in a very direct way, as in a recent GWA study (186).  Obtaining 

further genetic data would also be of great value, whether it be through improved 

and expanded SNP imputation based on new 1000G reference haplotypes or 

through work already underway to directly genotype the exome variants in the 

CLHNS mothers.  The latter dataset will enrich for rare and common coding variants 

ascertained from large exome sequencing studies and help us to study how such low 

frequency variants affect phenotypes of interest in both the CLHNS alone and in 

conjunction with other similarly typed cohorts. 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More broadly, the future of the genetic study of complex diseases and traits 

is shaping up to be a hybrid of targeted candidate gene studies based on prior 

biological knowledge and more agnostic genome‐wide discovery analyses: layering 

various types of genome‐wide expert data upon an increasingly comprehensive set 

of genetic variants to prioritize candidates for association and functional testing.  

New computational methods and models integrating genomic, epigenomic, and 

sequencing data will help motivate “wet lab” experimentation by generating testable 

hypotheses of molecular and biological function grounded in broad‐based data.  For 

instance, multi‐layered histone modification data from a broad set of cell types can 

be used to predict regulatory regions with different effects on gene expression 

(187).  Information on genomic areas of open chromatin also hints at the regulatory 

mechanisms of gene expression in disease‐relevant tissues, such as pancreatic islets 

(188) and adipocytes (189).  Connecting chromatin accessibility to predicted 

transcription factor binding sites and genetic variation could help establish further 

mechanistic links to gene expression that initiates downstream biological changes 

(190, 191).  Given the tremendous volume of hypotheses that could potentially be 

generated, high‐throughput approaches to functionally test such regulatory 

elements will also be essential (192).  In short, the expert intersection of biology, 

bioinformatics, and biostatistics will be a major force in the future of human 

genetics. 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In conclusion, as the obesity epidemic continues to grow as a major world 

health issue, understanding its genetic component is quite important—even as 

largely preventable environmental and behavioral factors, such as poor nutrition 

and a lack of exercise, remain its clearest causes.  Together, the results of multiple 

genetic association studies primarily in Filipinos from the CLHNS and secondarily in 

Europeans from the GIANT Consortium further our understanding of the genetic 

architecture of several obesity traits, and suggest many promising biological targets 

for further genetic and molecular study. 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