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ABSTRACT
Amanda Faith Marvelle: The genetics of obesity-related traits and
lipoproteins in Filipino women
(Under the direction of Dr. Karen L. Mohlke)

The underlying genetic component of risk factors for cardiovascular disease
(CVD) is not well understood. Recently, advances in high-throughput genotyping, sing
nucleotide polymorphism (SNP) discovery, and the development of databases such as the
International Haplotype Map (HapMap) have provided scientists with tools toetenap
genetic analysis of complex diseases such as CVD. Research presdnited i
dissertation aims to further understand the genetics of obesity-relatecich
lipoprotein levels and identify variants that are associated with thesartrait®hort of
adult women from metro Cebu, Philippines, who participated in the Cebu Longitudinal
Health and Nutrition Survey (CLHNS). Initially | assess the traabibty of tag SNPs
chosen from HapMap panels to the CLHNS. | show that the Asian HapMap samples are
an effective resource for studies in the CLHNS. | then investigate theaem
between 19 candidate variants in 10 genes previously reported to be assotmated wi
obesity-related traits with similar traits in the CLHNS. We observe se&léor
association with the A-allele of rs99396093fO andADRB3 Trp64-allele with obesity
traits. | perform a genome-wide association study for HDL-C ytregides, LDL-C, and
total cholesterol. Among ~2 million SNPs analyzed, we observe evidence oafesoci

for 11 loci previously described. We observe suggestive evidence of trait asso&lation (

< 10°) for Tankyrase TNKS) with LDL-C and Collecting-12GOLEC12) with total



cholesterol. In a separate study, | investigate an HDL-C associatedGa¢tidT2, to

identify functional variants responsible for the association signal. |fgeatiants in
moderate linkage disequilibriun?.5) with HDL-C associated SNPs, clone regions that
have suggestive regulatory function into a luciferase reporter vector, anadreneas
transcriptional activity in HepG2 cells. The results suggest that a 21 bp deletion,
rs4849913, and/or rs2144300 may act to increase the transcriptional acttii, T2

or an unknown novel intronic transcript to increase HDL-C. These studies present the
first genetic study of CVD traits in the CLHNS and a molecular studygeha that is
associated with HDL-C. Together this research provides a solid foundation for one day

identifying the molecular mechanism underlying complex diseases.
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CHAPTER I. INTRODUCTION



Obesity and unhealthy lipid profiles, along with insulin resistance and high blood
pressure, increase risk for cardiovascular diseases (CVD) [1]. C¥Rsm@mon,
complex traits with a substantial public health burden. It is estimated itz &re the
leading cause of morbidity and mortality globally. Disease prevaltesuges with age,
gender, and population [2].

The genetics of obesity-related traits and lipoproteins are not clearly ioaders
Recently, advances in high throughput genotyping, single nucleotide polymorphism
(SNP) discovery, and the development of databases such as the International Haplotype
Map (HapMap) [3] have provided scientists with tools to complete a genetic analysis of
complex diseases. This dissertation has taken advantage of these exainigate
advances to identify variants that are associated with traits influendiDg specifically,

obesity and lipoprotein levels, in a cohort of women from the Philippines.

CARDIOVASCULAR DISEASES (CVDs)

Cardiovascular diseases are a group of disorders of the heart and blood vessels.
The most common reason for these diseases is a build-up of fatty deposits onstioé wall
the blood vessels known as atherosclerosis [2]. Atherosclerotic cardiovaksedaes
include coronary heart disease, peripheral vascular disease, and stroke. Tlearerake s
risk factors for CVDs. Environmental risk factors include high fat diet, pHysica
inactivity, alcohol and tobacco use. The effects of these may include increased blood
pressure, blood glucose, blood lipid levels, and body weight [4]. Other determinants of

CVDs are poverty and stress [2]. Additionally there is a strong geretipanent to



CVDs; a recent study found that on average, genetic effects explain 25% aofizihee/a
for 20 measures of cardiovascular function [5].

By 2030, an estimated 23.6 million people worldwide will die from CVDs, with
the largest increase in the number of deaths occurring in the southeast Asid6ggi
Increasingly, low and middle income countries are becoming disproportioffeltyeal
by CVDs, with ~80% of all CVD deaths taking place in these countries. The popslati
of these countries are more exposed to risk factors leading to CVDs and hareésss

to prevention efforts and effective health care services such as eadytef2].

OBESITY

Obesity is a worldwide epidemic. The World Health Organization estintees t
over 1.6 billion adults worldwide are considered overweight and 400 million of these are
considered obese. Once a problem in only high-income countries, obesity prevalenc
now on the rise in low and middle income countries as well [7].

Obesity is a condition in which excess fat has accumulated in the body. Obesity i
a risk factor for CVD, type 2 diabetes, metabolic syndrome, hypertension,, stroke
musculoskeletal disorders, and some forms of cancer [8]. Overweight and oleesity ar
usually evaluated using body mass index (BMI), defined as weight (in kilogdwided
by height (in meters) squared. For both genders and across populations, the \&itind He
Organization defines overweight as BMP5 kg/nf and obesity as BMt 30 [7]. These
cutoffs provide benchmarks for the relative risk of mortality. However, in Asian
subjects, a substantial proportion of individuals with BMI lower than 25 igave an

increased risk of type 2 diabetes and CVD [9]. Therefore, for public healthgesssa



lower cutoffs have been proposed for Asian populations (overweigBtkg/nf and
obese> 25 kg/nf), but not implemented widely. BMI is correlated with percent body fat
(r=0.7-0.8) [10]. Other obesity measures include waist circumferencesauraef
central adiposity, and skinfold thinknesses, measures of subcutaneous adiposity.
Many factors influence obesity. The obesity epidemic may reflecethbvely
new environmental obesogenic factors in society: overall reduced exzosed by a
shift from labor intensive jobs to more sedentary work; invention of automated systems
and motorized vehicles; and increased accessibility and consumption of food with high
calorie and fat content and low vitamins and nutrients. Age, poverty, increased number
of pregnancies to a point, and menopausal status may influence a person'’s risktyf obe
There is also evidence of a strong genetic component to obesity. Obesity shdiak fa
correlation and aggregation. Family, twin, and adoption studies have established
heritability estimates for BMI ranging from 15 to 85 percent [8].
Worldwide, obesity is a tremendous public health problem, which needs to be
addressed immediately. In order to solve this epidemic, it is necessary tstandd¢hne
molecular mechanisms of obesity that will lead to the development medatabgts that

affect energy balance to help prevent or treat obesity.

LIPOPROTEINS

Plasma lipoprotein levels are associated with risk of coronary arteasdise
(CAD). One of the underlying pathologies of CAD is atherosclerosis. Atherosid
takes place as low density lipoprotein cholesterol (LDL-C) deposits on thdimng of

arteries causing a thickening and hardening of the walls. Eventualiytdries cannot



supply blood to the heart or brain leading to myocardial infarction and/or stroke [11].
There has also been evidence supporting the association of lipoprotein coloceatret
CVD incidence [12,13]. Specifically, higher levels of LDL-C are assatiaith
increased CVD with each 1% decrease resulting in a ~1% reduced risk of cdreadry
disease [14]. Independently, clinical data shows that low levels of high-density
lipoprotein cholesterol (HDL-C) are associated with increased CAD. H¥mncrease
in HDL-C can decrease cardiovascular risk by ~2-3% [15]. Additionally, there i
evidence that higher levels of triglycerides can lead to an increased GS8of16].
While diet, exercise, weight, socioeconomic status, age, alcohol consumption, and
smoking affect levels of lipoproteins, heritability estimates for lipopnatencentrations
are as high as 75% [17]. However, the influence of particular genetic variants on
lipoprotein levels may differ across populations. For these reasons, théeehas
considerable interest in understanding these genetic factors thabetanta inter-

individual variation.

GENETIC FACTORS IN CARDIOVASCULAR DISEASE

The identification of genes that contribute to the etiology of CVD and other
complex diseases and traits has evolved remarkably over the last decade [18]. For
instance, the identification of variants contributing to the inter-individual vamiaf
lipoprotein levels initially proved difficult. Mutations in genes suchkR, APOB,
ABC1, andAPOAL were identified in families with severe hypercholesterolemia,
defective apoB100, familial combined hyperlidemia, and extremely low B[)19].

Nonetheless, mutations causing these extreme phenotypes are relativeMostref the



phenotypic variation in the general population may be due to multiple common genetic
variants all with a small contribution. In the 1980’s and 90’s numerous loci were
identified in sib-pair and family linkage studies [20-24] and in association staflie
variation in known lipoprotein metabolism candidate genes (apopliporproteins, lipolytic
enzymes, receptors, and transporters) [25]. However, replication was ingunsiste
between studies [25], but the majority of these studies were statistindkypowered.

More recently, significantly more statistically powered genome wsde@ation (GWA)
studies have consistently replicated genes originally identified throughayproaches
such aCETP, LIPC, ABCAL, LIPG, APOE-APOC1-APOC4-APOC2 cluster, APOB,

LDLR, APOA5-APOA4-APOC3-APOAL cluster, GCKR, andLPL and have identified loci
not previously implicated in lipid metabolism [26].

As of 2005, the Human Obesity Gene Map reported 426 statistically significant
associations between an obesity-related phenotype and a DNA variant in 127teandida
genes. Of these genes, 22 were supported by positive replication in avkeasidies
[27]. However, additional reports exist for these loci that are inconsistent with
preliminary data.

In the spring of 2003, the Human Genome Project mapped more than a million
SNPs, locations in the genome where a single nucleotide (A, T, C, or G) variesrbetwe
individuals [28]. By observing which common SNPs are inherited alongside diseases,
researchers have been able to locate genes and regions of the genome thatancrea
individual’s risk to disease. These studies are known as GWA studies and have been
made possible by the continuing advances in SNP discovery, genotyping technologies

and statistical tools to analyze large data sets. This technique alloaushess to study



the variation across the entire genome rather than focusing on a single geae or pri
hypothesis. These studies have been remarkably successful [29].

Recent GWA studies in populations of primarily European descent have identified
many loci that are associated with blood lipoprotein levels [30-42] and obes#y [43-
Many variants are being identified in genes and regions of the genome that havennot be
previously selected as candidates for obesity and lipoproteins. Additionally, ozany |
are being identified as associated with multiple traits and diseasestellbsfdarge
number of loci identified in these studies, the associated SNPs only explair a smal
proportion of the heritability within these traits, suggesting that mangtgefactors
remain to be identified. There are still other types of genetic variantstretataated
including but not limited to copy number variants and less common SNPs.

Furthermore, examining understudied ethnic groups may identify additiored gen
that are associated with disease. Asian populations are undergoing so@oyec
development and lifestyle changes, which are resulting in an increase of CVD burden
[52]. The environmental differences between European and Asian populations may
modify the effect of genetic variants on obesity and lipoprotein levels. Additipna
because of the potential differences in genetic architecturerfpatif linkage
disequilibrium and allele frequencies) between Asian and European individuadcge
variants identified in populations of European descent may differ in Asian populations.
For example, variants in KCNQ1 were first identified to be associated witl2type
diabetes in an Asian population [53,54], but it was not until later that the association was
verified in Caucasians because of ancestry-related differencesalteledrequencies

increasing the power to detect an association in an Asian population compared to a



European population (frequency 5% versus 40%) [55]. This example demonstrates the

value of using diverse populations to identify complex-trait associations.

THE CEBU LONGITUDINAL HEALTH AND NUTRITION SURVEY (CLHNS)

The Cebu Longitudinal Health and Nutrition Survey (CLHNS) is an ongoing
population study that began in 1983 (www.cpc.unc.edu/projects/cebu). The CLHNS is a
birth cohort of Filipino women and their children spanning one year (May 1, 1983 to
April 30, 1984), providing a representative sample of births over all seasons. This
dissertation focuses on the mothers of this cohort. Baseline interviews weretednduc
on 3,327 women during theif'&o 7" month of pregnancy. Surveys took place
immediately after birth, then every two months for 24 months. Follow-up surveys were
conducted in 1991, 1994-5, 1998-99, 2002, 2005, and 2007. The 2005 survey collected
blood for DNA and biomarkers, clinical, and phenotypic data on 1,889 un-related
mothers.

The CLHNS data was collected during in-home surveys using structured
guestionnaires by qualified and trained interviewers. All surveys collected
socioeconomic, demographic, community, environmental, diet, physical activity, and
anthropometric data. Height, weight, mid-upper arm circumference, and tricefuddski
thickness were measured in all surveys; waist and hip circumferenceseasared in
the 1998 to 2005 surveys, and suprailiac skinfold thickness was measured in the 2005
survey. Data on menopause status was collected beginning in 1991. Complete
reproductive history including the total number of pregnancies, months pregnant, and

months lactating was updated at each survey. Plasma was collected in 2005 from whic



biomarkers such as HDL-C, triglycerides, LDL-C, and total cholester@ begn
measured.

The CLHNS was initially designed to investigate the determinants and
consequences of infant feeding and maternal health; however, the wealth of data
collected by this study over the past 22 years has allowed the focus of the work to
expand. Most recently, researchers have been focusing on CVD risk factedsigcl
weight, fat patterning, lipoprotein levels, hypertension, and diabetes. Howawethe
first to look at the genetic associations with obesity-related traits @t ditein levels

within the women of CLHNS.

THE INTERNATIONAL HAPLOTYPE MAP: LINKAGE DISEQUILIBIRUM
AND TAG SNPs

For efficient genotyping, GWA studies make use of patterns of linkage
disequilibrium (LD) between genetic polymorphisms [46,47]. SNPs locateceaeh
other tend to be correlated. While a region may contain many SNPs, often onlgra few
needed to uniquely identify the common haplotypes across this region. When alleles of
two SNPs are inherited together more often than expected based on the product of thei
allele frequencies, the SNPs are said to be in LD with each other. OngenafdsD is
the squared correlation coefficiertt, For example, when two SNPs are perfectly
redundant,%=1; when they are completely independef0r LD patterns reflect the
ancestry of a population and vary considerably throughout the genome [48-50]. The
International Haplotype Map Consortium has studied and cataloged DNA sequence

variation and characterized the patterns of LD across the genome [3]ngllcovrelated



SNPs to be excluded from genotyping, but considered in analysis. The first phases of
HapMap were made up of four panels of dense haplotype maps for individuals
characterized as Han Chinese from Beijing, China (CHB), Japanese from, Takgan
(JPT), Caucasians from Utah, USA with northern and western European ancestjy (
and Yoruban of Ibadan, Nigeria (YRI) and reported more than 3.1 million SNPs across
the genome with an average SNP density of 1 SNP/ 760bp [3]. Most recently in 2009,
HapMap phase Il was released and contains genotype data from 1,115 indivwhaals f
11 populations (http://hapmap.ncbi.nim.nih.gov/).

Measures of LD, gene density, and haplotype blocks vary across the genome
[51,52], and the HapMap ENCyclopedia Of DNA Elements (ENCODE) reference
regions represent a range of these and other genomic characteésjticEHese regions
were re-sequenced in 48 unrelated individuals (8 CHB, 8 JPT, 16 CEU, and 16 YRI) for
SNP discovery and reflect the actual density of SNPs in the genome moreedy¢heat
other regions in HapMap [54].

The HapMap is an important resource for choosing tag SNPs in disease
association and population studies [3]. Through extensive SNP discovery and
simulations, de Bakkeat al. 2006 [55] showed that the power to detect disequilibrium-
based association is only modestly compromised when an appropriate selecipn of ta
SNPs are chosen from HapMap samples and applied to other case-control samples. For
populations similar to those genotyped in the HapMap project, HapMap data may be used
to impute or directly predict genotypes of non-tag SNPs for analysisaniatssn
studies [56,57]. Utilizing the patterns of haplotype variation has been veuy insef

inferring missing genotypi silico using imputation to deduce genotypes of more SNPs

10



across the genome. However, prior to this dissertation very little geatdiovds
available for Filipinos, and data was unavailable to assess the effectieénusing the
existing HapMap data to guide SNP selection and interpretation for samplethéom

CLHNS samples.

IDENTIFYING FUNCTIONAL VARIANTS WITHIN LOCI IMPLICATED IN
DISEASE BY GWA STUDIES

In the past three years, GWA studies have successfully identified dozens of loci
confirmed to be strongly associated with CVD traits [17,20]. These resilbsiyrthe
beginning of understanding how each locus may contribute to disease. A GWA study
may report only the most associated SNP, but in some cases hundreds of variants may
account for the association signal. Additionally, for some loci, the associaiadtyar
span a large number of genes or are located in regions of the genome where there are no
known protein-coding genes. One of the next steps towards understanding the molecula
mechanisms of obesity-related traits and lipoproteins is to identify the unaerlying
variants and genes contributing to an association signal.

There are many potential molecular mechanisms for a functional SNP. In the
simplest scenario, a SNP allele can cause a nonsense, frameshifserrsmisubstitution
altering a key amino acid residue or altogether destroying thedarmtiactivity of a
protein [58-60]. However, many of the recent association signals identified/k G
studies are entirely located in non-coding sequence, suggesting that non-codtranvaria
plays an important role in common disease. Non-coding SNPs may influence biological

processes by reducing transcription factor binding affinity; modifyiNé Rplicing or

11



polyadenylation; or influencing mRNA stability, microRNAs, or microRNw#get sites.
One loci identified in recent GWA studigSALNT2, contains at least eight SNPs within
the non-coding sequence of intron one that are associated with HDL-C (all P <)L x 10
[29,33].

Most DNA is wound around a histone core, forming nucleosomes. When DNA is
in this state, it is inaccessible to transcription factors, RNA polymevas&ans-
regulatory factors. DNA segments that are actively regulatingdrgption are
characterized by the depletion of nucleosomes from the chromatin [61]. Several
experimental approaches can help identify open chromatin. These includelDNase
hypersensitivity (DHS) [62], formaldehyde-assisted identificatioreglitatory elements
(FAIRE) [63], markers of histone modification [64], and chromatin immunoprecimitati
(ChIP) with regulatory proteins [65]. Open chromatin can differ between tjssueks
data from these techniques is becoming available for many medicallgmetzll types.
By combining predictions of regulatory variants with SNP data, we may beabl
predict and experimentally test functional regulatory variants thatiloota to CVD

traits such as enhancers or promoters.

RESEARCH PRESENTED IN THIS DISSERTATION

As described in the subsequent chapters, the overall goals of this dissertati®n are

follows:

12



Chapter II.

Assess the similarity of genetic variants in the CLHNS samples witlhé variants in

four HapMap samples. Using 627 SNPs from 10 HapMap ENCODE reference regions,
| employ allele frequency estimates, pairwise L1), @nd haplotype frequency estimates
as measures of similarity to compare four HapMap populations to the individulaés of
CLHNS. Furthermore, | study the efficiency of tag SNPs seleabed fivo HapMap

East Asian panels for capturing genetic variation in CLHNS samples.

Hypothesis: The CLHNS samples are more genetically similar to the Asian HapMap

samples, CHB and JPT, because they are geographically related.

Chapter lll.

Examine whether selected SNPs reported to be associated with obesélated traits
in other populations are also associated with similar traits in the CLIMIS samples.

| perform tests of association in the CLHNS using SNPs selected frometiaguire
based on previous evidence of association with an obesity-phenotype in other
populations. | test association with BMI, waist circumference, and percentdiddy
all SNPs. For SNPs with evidence for association with at least oné fuaiher test for
association with additional phenotypes: baseline BMI (measured in 1983-84), watight, f
mass, Triceps skinfold thickness, suprailiac skinfold thickness, arm fat areanescle
area, and height. | also examine whether these SNPs modify the effdabbfleed
environmental risk factors of diet and physical activity level by perforiastg of
interaction between genotype and total caloric intake, estimated perdany thé and

carbohydrates, and activity level. Additionally | perform a longitudinalyars

13



incorporating all available BMI measurements (for the up to eight measot®m
spanning 22 years.

Hypothesis: Some but not all of the previously reported SNPs are associated with
obesity-phenotypes in the CLHNS samples reflecting environmental andcgeneti
differences between the CLHNS cohort and previously studied populationsicstatis

power, and false positive results in the literature.

Chapter IV

Test evidence of association between SNPs and plasma lipoprotein levelthe

CLHNS samples in a GWA study. Using the Affymetrix Genome-Wide Human SNP
Array 5.0, | genotype 1,889 CLHNS women on ~500K SNPs and perform association
analysis on 2.3 million genotyped or imputed SNPs for HDL-C, LDL-C, triglycerides
and total cholesterol. | perform conditional analyses to evaluate whethad@itional
SNPs were independently associated with an outcome after accounting oot
associated SNP at the association signal.

Hypothesis. Some of the previously reported associated SNPs show evidence of
association with lipoprotein levels in the CLHNS samples and additional putative novel

loci are identified to be associated in the CLHNS population.

Chapter V.
Evaluate allele-specific effects on transcriptional regulation for HDEC associated
SNPs located in intron 1 of theGALNT2 gene. After developing a more

comprehensive list of potential functional variants in@#.NT2 association region, |

14



prioritize the variants based on sequence annotation and maps of open chromatin from
hepatocytes and test high priority variants for allele-specific sffacpromoter and
enhancer activity.

Hypothesis: A functional SNP(s) within the region of association may act as an enhancer

or promoter.

Chapter VI.

Synthesize the findings of the research chapters and describe thiture of genetics

of obesity-related traits and lipoproteins. Together these findings represent important
contributions to the field of human genetics and will serve as building blocks for future

studies.
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ABSTRACT

Patterns of linkage disequilibrium (LD) act as the framework for designi
efficient association studies; these patterns are being studied dodwadaby The
International HapMap Project. The current study assessed the trangjeoélbalg SNPs
chosen from HapMap panels to a cohort of 80 individuals from metro Cebu, Philippines,
who participated in the Cebu Longitudinal Health and Nutrition Survey (CLHN&3. T
analyses focused on 627 single nucleotide polymorphisms (SNPs) in the central 40 kb
within each of the 10 HapMap ENCODE regions. The similarity between the genetic
variants in Cebu Filipino samples and HapMap panels was examined using allele
frequency estimates, measures of pairwise LD, and haplotype frequstincgtes. For
these measures, strong correlations were observed between the Cebu Eifples s
and the Asian panels from HapMap, with the strongest correlations obserkigtdenvit
Han Chinese from Beijing (CHB) panel. Tag SNPs selected using thedtia@MB
panel were particularly effective at representing the geneticioaria Cebu Filipino
samples. These results suggest that the HapMap data will be an effeciiveadsr

future studies in Cebu Filipino samples.
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INTRODUCTION

Genetic association studies make use of patterns of linkage disequilibrigm (LD
between genetic polymorphisms for efficient genotyping [1,2]. LD patterestéhe
ancestry of a population and vary considerably throughout the genome [3-5]. The
International HapMap Consortium is studying and cataloguing DNA sequenagor
and characterizing these patterns of LD across the genome [6], allowiamEa single
nucleotide polymorphisms (SNPs) to be excluded from genotyping but considered in
analysis. The HapMap is made up of four panels of dense haplotype makviduals
characterized as Han Chinese from Beijing, China (CHB), Japanese from, Takgan
(JPT), Caucasians from Utah, USA with northern and western European ancestjy (
and Yoruban of Ibadan, Nigeria (YRI).

The HapMap is an important resource for choosing tag SNPs in disease
association and population studies [6]. However, worldwide population variation is not
completely characterized, and an essential question is whether tag SN&s gking
HapMap panels will adequately capture patterns of genetic variation in othertoula
[7-17]. Furthermore, for populations similar to those genotyped in the HapMap project,
HapMap data may be used to directly predict genotypes of non-tag SNPs ysisainal
association studies [18,19]. Previous studies observed that the HapMap CHB and JPT
panels have very similar patterns of LD and could act as a proxy for ottggapghically
related populations [20-25]. However, data is currently unavailable to assess the
effectiveness of using the existing HapMap data to guide SNP selection apcetateon
for samples from the Cebu Longitudinal Health and Nutrition Survey (CLHBbI®)rt

from metro Cebu in the central Philippines [26,27]. This study assesses the agbvahtag
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having HapMap data from two related Asian panels to evaluate whether the combined
CHB and JPT panels would more effectively capture genetic variabil@glou Filipinos
than the CHB or JPT panels alone. In addition, this study develops the most efficient
criteria for selecting tag SNPs from the HapMap panels for futuretigeassociation
studies in Cebu Filipino samples.

To address these issues, SNPs from within the 10 HapMap ENCyclopedia Of
DNA Elements (ENCODE) reference regions were used [28]. Thesasegere re-
squenced in 48 unrelated individuals (8 CHB, 8 JPT, 16 CEU, and 16 YRI) for SNP
discovery and reflect the density of SNPs in the genome more accuratebttiba
regions in HapMap. The SNP density in these ENCODE regions is higher than the
remainder of HapMap [6]. The similarity of the HapMap samples to 80 CebwbBilipi
samples was assessed, using allele frequency estimates, pabwige and haplotype
frequency estimates as measures of similarity. Furthermordfitieney of using tag
SNPs selected from the HapMap Asian panels for capturing genetitarain Cebu

Filipino samples was studied.

MATERIALS AND METHODS
Samples

Eighty unrelated Cebu Filipino individuals were randomly selected from a cohort
of healthy women from the CLHNS (www.cpc.unc.edu/projects/cebu). Informedntonse
was obtained from all individuals and the study protocol was approved by the University

of North Carolina Institutional Review Board for the Protection of Human Subjects
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Genomic DNA was isolated from peripheral blood lymphocytes using automated
and manual DNA extraction methods (Puregene, Gentra) by the Universitytaf N
Carolina, Chapel Hill BioSpecimen Processing Facili@entre d’Etude du
Polymorphisme Humain (CEPH) DNA samples were obtained from Corigthd€a,
NJ, USA).

HapMap genotype data was obtained from the HapMap database
(www.hapmap.org) for all available unrelated individuals, including 45 CHB, 44 JPT, 60
CEU parents of trios, and 60 YRI parents of trios. For some analysis, the CHBTand JP

samples were combined (indicated as CHB+JPT) [6].

SNP selection and genotyping

To represent the overall complexity of the genome, the central 40 kb region from
within each of the ten 500 kb ENCODE regions that have been used for SNP discovery
and dense SNP genotyping was chosen for this study (Table 2.1). SNPs were gelecte
they were polymorphic (minor allele frequency, MAF, >0) in the HapMap CHB, JPT, or
CEU panels.

Of the 883 SNPs that met these criteria, 215 were eliminated based on lllumina
design score (calculated December 2005). One SNP identified by re-saguegon
ENr213 in Cebu Filipino samples (see below) was included, resulting in a total of 669
SNPs that were genotyped in the Cebu Filipino samples. SNP genotyping was geérform
at the Mammalian Genotyping Core at the University of North Carolina, CHépel
using the lllumina GoldenGate (lllumina Inc., San Diego, USA) genotygssgy [29].

Of the 669 SNPs attempted, 36 SNPs were excluded based on poorly-defined clusters
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(n=28), genotyping completeness <90% (n=3), or inconsistency with Hardy-Wgginbe
Equilibrium (P < .001) (n=5). Six additional SNPs were excluded because of two or

more genotype discrepancies between six CEPH DNA samples and equivaler@pHapM
CEU genotypes. SNPs were also evaluated for two or more genotyping distspa
between seven duplicate samples, however no SNPs needed to be dropped based on this
criterion. The genotyping success rate of the final 627 SNPs was 99.9% and the
discrepancy rate was .02%. Of these 627 SNPs, 501 (80%) were polymorphic (MAF > 0)
in Cebu Filipino samples. The average marker spacing of these 501 polymorphic SNPs

was 1 SNP/798 bp.

Statistical analysis

Tests for consistency of genotype distributions with expected Hardybéfgin
equilibrium proportions were calculated using standard Peargbatatistics. Only
markers with a MAE .05 in HapMap panels were analyzed in Cebu Filipino samples.
SNPs were matched for the reference allele between all HapMap padelebu
Filipino samples. Fisher’'s exact tests were used to test for allglesfrey differences
between pairs of samples. Pair-wise L£) yalues were calculated using Haploview [30;
http://www.broad.mit.edu/mpg/haploview] for adjacent pairs and all pairs of 8BNPs
each region. Haplotype blocks were defined in Haploview for each HapMap panel based
on the default block definition [31]. Identical blocks from each HapMap panel were
defined in the Cebu Filipino samples for comparison. Using Haploview, haplotype
frequencies were estimated in each haplotype block for every population. Haplotyp

with a frequency > .01 were evaluated in the HapMap panels. Haplotypes not observed
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in the Cebu Filipino samples were assigned a frequency of zero. Spearanegiagion
coefficients were calculated for all comparisons between Cebu Filipinadesaand
HapMap panels.

In order to evaluate the efficiency of HapMap to choose tag SNPs for Cebu
Filipino samples, tag SNPs from HapMap panels were selected using Taggewisepa
tagging mode with other settings at default values [32;
http://www.broad.mit.edu/mpg/tagger/]. Sevefahresholds were used to assess the
performance of selecting tag SNPs using the HapMap panels: .80, .85, .90, and .95. If a
Cebu Filipino SNP exhibited pairwisex .80 with at least one tag SNP (selected from
the Asian HapMap panels), then the SNP was defined as captured in the Cebu Filipino
sample. Percent coverage for a region is defined as the number of captured BNEPS i
Cebu Filipino samples divided by the total number of SNPs (with estimated>M@%;.
Finally, for each Cebu Filipino SNP, the maximunestimate obtained over afl r
estimates between that SNP and a tag SNP in the region was identified.e§iona r
mean maximum?’was defined as the average value of the maxinfuralues obtained

over all Cebu Filipino SNPs in the region.

Re-sequencing

Twenty-four randomly chosen Cebu Filipino samples were re-sequenced in the
central 800 nucleotide (nt) region within each of the 40 kb ENCODE regions. Primers
were selected using Primer3 software [33;
http://www.genome.wi.mit.edu/genome_software/other/primer3.html] and seguence

were compared using Sequencher 4.2.2 (Gene Codes Corporation, Ann Arbor, MI, USA).
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Sequencing was performed at the University of North Carolina, Chapel Hill aetbma
DNA sequencing facility on an ABI Prism 3730 (Applied Biosystems, Fostey CRy

USA) using the Big Dye Terminator Kit.

RESULTS
To determine the extent of similarity between 80 Cebu Filipino samples and
HapMap samples, genotype data for 627 SNPs located within the 10 HapMap ENCODE

regions was used (Table 2.1).

Allele frequencies

Allele frequency estimates were compared using SNPs with A in the
corresponding HapMap panel. A total of 399 SNPs were evaluated when examining
CHB, 391 SNPs for JPT, 396 SNPs for CHB+JPT, 431 SNPs for CEU, and 391 SNPs for
YRI. The Spearman’s correlation coefficients for allele frequestignates between the
Cebu Filipino samples and the HapMap panels were .96, .92, .95, .82, and .65 for CHB,
JPT, CHB+JPT, CEU, and YRI, respectively (Figure 2.1). For comparison, the
Spearman’s correlation coefficient for allele frequency estintetgeen CHB and JPT
samples was .95 for 384 SNPs with MAFO5 in both panels. The percent of SNPs with
significantly different allele frequencies (Fisher’s exact pigat .01) was 5.7% for
CHB, 15.6% for JPT, 11.6% for CHB+JPT, 57.7% for CEU, and 60.1% for YRI.
Although larger sample sizes should provide greater power to detect stétistical
significant differences, the 89 CHB+JPT samples showed fewer signififimences
with the Cebu Filipino samples than the smaller JPT, CEU, or YRI groups. Tlee alle

frequency comparison was repeated using HapMap SNPs with MAF > 0 and slightly
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higher Spearman’s correlations were obtained with analogous patternslafitsifdata
not shown).
Based on the substantially greater similarity in allele frequencieebertCebu
Filipino samples and Asian HapMap panels compared to CEU or YRI panels, subsequent

analyses were performed using only the HapMap CHB, JPT and CHB+JPT panels.

Linkage disequilibrium

Pairwise f for adjacent pairs and all pairs of SNPs within each HapMap
ENCODE region in the Asian HapMap samples and Cebu Filipino samples were
estimated to evaluate the extent of LD in each population. Only SNPs withreM¥g-in
the corresponding HapMap sample were included in comparisons. Analysis was
performed for375, 368, and 373 adjacent pairs of SNPs and 9350, 8912, and 9157 total
pairs of SNPs for CHB, JPT, and CHB+JPT, respectively. The Spearman’sitoonrel
coefficients of the’restimates for adjacent pairs of SNPs between the Cebu Filipino and
Asian HapMap samples were .90 for each of CHB, JPT, and CHB+JPT. The Spearman’s
correlation coefficients of thé estimates for all pairs were .88 for CHB, .87 for JPT, and
.89 for CHB+JPT (Table 2.2). The absolute difference betweestimates of adjacent
SNP pairs was calculated. For CHB 51%, 73%, and 85% of the SNPs had absolute
differences betweerf estimates of .05,< .10, anck .15; for JPT 48%, 67%, and 80%
of the SNPs had absolute differences betw@estimates of .05,< .10, anck .15; and
for CHB+JPT 50%, 69%, and 83% of the SNPs had absolute differences bétween r

estimates of .05,< .10, anc< .15.
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When each of the ten regions was analyzed separately, LD differed both among
regions and populations. Region ENr232 varied the most between HapMap panels;
Spearman’s correlation coefficients of thestimates, for all pairs of SNPs, between the
Cebu Filipino and Asian HapMap samples were .85 for CHB, .63 for JPT, and .77 for
CHB+JPT. This region, however, did not differ from the other regions in allele
frequency estimates, haplotype frequency estimates (below), and tag $y¢esana
(below). The pairwise’manalysis was repeated using all HapMap SNPs with MAF > 0
and obtained slightly higher Spearman’s correlations but analogous patterndasftgimi
(data not shown). To confirm that Cebu Filipino sample size did not impact results, the
analysis was repeated with three random sets of 45 Cebu Filipino samplegtsTdfels
were compared to CHB and JPT panels, and similar results were observed to Het total
of 80 Cebu Filipino samples (data not shown). On average across all regions, Cebu
Filipino samples show highly similar patterns of LD compared to all Asiaalpawith
slightly more similarity observed with CHB+JPT panels and slightly ¢dserved with

JPT panels.

Haplotype frequencies

Haplotype frequencies for the Asian HapMap panels and Cebu Filipino samples
were estimated for haplotypes comprised of SNPs with MAJ5 in the HapMap panel.
Haplotype blocks were defined using the default block definition used in Haploview [31].
Within the 10 regions, the average number of blocks per region was 3.6, 3.6, and 3.3 for
CHB, JPT and CHB+JPT respectively. The blocks ranged in size from 2 to 65 SNPs

with an average of 9.7, 10.9, and 9.1 SNPs per block for CHB, JPT, and CHB+JPT. One-
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hundred and seventy-eight, 151, and 141 haplotypes were identified with frequency
estimates > .01 in CHB, JPT, and CHB+JPT, respectively. The Spearmanaticorre
coefficient of haplotype frequency estimates between Cebu Filipino and Aa@Map
samples was .95 for CHB, .88 for JPT, and .92 for CHB+JPT (Figure 2.2). Most
haplotypes with an estimated frequency > 0 in the Asian samples were als@dbse
(with estimated frequency > 0) in Cebu Filipino samples, demonstratirgip albgree of
haplotype conservation across the populations. Of the observed haplotypes with
estimated frequency .05 in CHB, JPT, and CHB+JPT, only 2.5% (3 of 119), 2.8% (3 of
107), and 1.8% (2 of 112), respectively, were not observed in Cebu Filipino samples. In
addition, of the observed haplotypes with estimated frequency > .01 in CHB, JPT, and
CHB+JPT, 23% (41 of 178), 24% (36 of 151), and 11% (16 of 141), respectively, were
not observed in Cebu Filipino samples. The greater representation of Cebu Filipino
haplotypes in CHB+JPT samples is likely attributed to the larger sampleGirall,

the haplotype frequency differences were modest between Cebu Filimptesaand the
Asian HapMap panels, with CHB showing the most similarity and JPT showingste le

similarity.

Transferability of tag SNPs

To measure the efficiency of using the HapMap panels for tag SNP @eliecti
the Cebu Filipino population, Tagger was used to select tag SNPs from the CHB, JPT,
and CHB+JPT panels for SNPs with M&AF05. Tag SNP coverage was tested at four r
thresholds for selection in the HapMap panels, and the tag SNPs chosen in HapMap

panels were applied to SNPs with MAFO5 in Cebu Filipino samples.
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Overall, at each’selection threshold using the CHB, JPT, and CHB+JPT panels
the percentages of SNPs captured (with a mearB0) in the Cebu Filipino samples
were very similar. Using any of the three panels for SNP selection, teetléw
selection threshold of .80 captured at least 82-83% of Cebu Filipino SNPsMSly
across all ten regions (Table 2.3). To obtain this percent coverage 121, 118, and 125 tag
SNPs from CHB, JPT, and CHB+JPT, respectively, would need to be genotyped. As
expected, increasing thethreshold for selecting tag SNPs in the Asian HapMap samples
increased both the number of tag SNPs that needed to be genotyped and the proportion of
Cebu Filipino SNPs captured by these tag SNPs. However, the percent coveide o
region varied substantially. At théselection threshold of .80, the percent coverage
ranged over the 10 regions from 54% to 96%, 59% to 96%, and 52% to 94% using CHB,
JPT, and CHB+JPT tag SNPs, respectively. This variability betweemsagas still
observed at & selection threshold of .95, the highésthreshold studied. In addition, at
each fselection threshold, the mean maximdmofrall Cebu Filipino SNPs (MAE .05)
was similar between CHB, JPT, and CHB+JPT. Among all SNPs, fofsbkection
threshold of .80, a mean maximufrof .88 was observed using CHB, JPT, and
CHB+JPT tag SNPs. As expected, the mean maximimeneased at each increase of
the Fselection threshold. Little variability was observed between regionsr(data
shown).

At each f selection threshold, the SNPs in the Cebu Filipino samples that were
not captured by a tag SNP selected in the HapMap panels were evaluated. The
percentage of SNPs not captured and the mean maxiffomeach SNP were calculated

(Table 2.3). Consistent with the sensitivity of tag SNP selection to alleglgciney [34],
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many of the SNPs not captured were rare (MAF < .10). These rare SNPs hadcilow me
maximum f, and were not captured using highfeselection thresholds. Common SNPs
(MAF > .10) that were not captured at &mf at least .80 were captured with at least a
mean maximum?rof .65, .64, and .66 using CHB, JPT, and CHB+JPT tag SNPs,
respectively. As thefiselection threshold increased, more of these Cebu Filipino

common SNPs were captured with aofrat least .80.

Re-sequencing

To assess the frequency of population-specific novel SNPs and to further evaluate
the genetic structure in Cebu Filipinos, 24 Cebu Filipino individuals were re-sequenced
in an 800 nt region within each of the 10 HapMap ENCODE regions used previously for
HapMap re-sequencing [28]. Approximately 184 kb on at least one DNA strand were re-
sequenced. Only one novel SNP was detected that was not present in HapMap (data
release 21, July 06) or dbSNP (build 126); the SNP was located in region ENr213
(ss69374772) and had a MAF of .05 in 80 Cebu Filipino individuals. Within Cebu
Filipino samples, this SNP exhibited a maximdrofr.228 with 4 other SNPs in the 40

kb region.

DISCUSSION

The extent of similarity between Cebu Filipino samples and the previously
evaluated HapMap samples were examined using measures of allele freggtenajes,
pairwise f estimates, and haplotype frequency estimates. Consistent with population

migration, mitochondrial DNA, and Y haplotype patterns [35], CEU and YRI samples
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were much less similar to Cebu Filipino samples with respect to allelesfregthan
CHB, JPT, or CHB+JPT samples. All of the analyses showed high similarigdre
Asian HapMap samples and Cebu Filipino samples.

Because the CHB and JPT samples have similar allele frequencies, thesstslat
are often combined for analyses [6]. The existence of these two Asian HapMbp pane
allowed for evaluating the choice of using CHB, JPT, or the larger combined JFB
panel as a resource for choosing haplotype tagging SNPs for Cebu Filipinossample
Among these three panels, JPT samples were the least correlated witfil(paiw
samples with respect to allele frequency estimates, pairhvstimates, and haplotype
frequency estimates. Cebu Filipino and CHB allele frequency estimatesmore
closely correlated than CHB and JPT allele frequency estimates. B&ta@H
CHB+JPT panels were very similar to Cebu Filipino samples, and it is noidiezh
panel would act most efficiently as a proxy for the Cebu Filipino sampleslaiije
CHB+JPT sample size would be expected to decrease the variability iretbeaatd
haplotype frequency estimates; the added JPT samples could decreaseyadadeed,
estimated Cebu Filipino allele and haplotype frequencies were sligbthy correlated
with CHB than CHB+JPT, but Cebu Filipino pairwideestimates were slightly more
similar to CHB+JPT than CHB.

A practical use of HapMap is to select tag SNPs for regional or genome-wide
association studies [6]. Evaluation was performed otrémsferability of HapMap tag
SNPs chosen using the data from CHB, JPT, and CHB+JPT panels at Sesadgaition
thresholds, with respect to capturing the genetic variability in samplesGebu,

Philippines. Using these criteria, at aselection threshold of .80, the HapMap-based
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tag SNPs capture 82-83% of the Cebu Filipino SNPs. A majority of the most common
SNPs (MAF> .10) in the Cebu Filipino sample that are not captured by the tag SNPs at
an F of at least .80 are captured with &ofat least .60. Using highérthresholds for

tag SNP selection in the HapMap samples results in capturing more SNPs @ithe C
Filipino sample, but with the added cost of genotyping more tag SNPs. Increasing the
threshold failed to capture substantially more rare SNPs, most of whidjiteghow
pairwise LD with other SNPs.

Previously, de Bakkest al. [22] showed through extensive SNP discovery and
simulations that power to detect disequilibrium-based association is only modestly
compromised when an appropriate selection of tag SNPs are chosen from HapMap
samples and applied to other case-control samples. Large scale SNP diandver
power simulations were beyond the scope of this study. However, based on the findings
from de Bakkeet al. [22] and the current findings that tag SNPs selected using the Asian
HapMap adequately captured common Cebu Filipino SNPs, the average loss in power to
detect common casual alleles should be small.

Re-sequencing and genotyping was preformed in the 10 HapMap ENCODE
regions that were re-sequenced for SNP discovery and are considered ¢oloe a “
standard” because of the high density of SNP coverage (28} one SNP (estimated
MAF = .05) was detected in the Cebu Filipino samples that was not observed in dbSNP
or HapMap, suggesting that alleles ascertained from the HapMap ENCODE&Ssregre
representative of the common variation in Cebu Filipinos and that additional re-
sequencing of these regions would not be required to detect common SNPs in Cebu

Filipino samples. While future SNP selection in genome regions that have noebeen r
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sequenced will be based on less complete SNP identification, the Asian HapMiap pane
will likely either include or tag most of the common SNPs present in CebunBilipi
samples.

Measures of LD, gene density, and haplotype blocks vary across the genome
[10,36], and the HapMap ENCODE regions analyzed represent a range of these and other
characteristics [36], suggesting that our results may apply, on averags, thero
genome. The strong correlations observed between Cebu Filipino samples anggHapMa
Asian panels are broadly consistent with other assessments of taggifeyakality
outside the HapMap ENCODE regions [7-17,24].

Our results are consistent with previous studies that compared the Asian HapMap
panels to other Eastern Asian samples. Studies that examined many populations
worldwide found Asian and Oceania populations to be most similar to the Asian HapMap
panel tested [13,23]. Two studies have investigated the tagging transferabiggbe
the HapMap CHB, JPT, and CHB+JPT with sample sets from Thailand and from Korea
[24,25]. A combination of tag SNPs from CHB+JPT best captured the LD structure of
the Thais, while SNP selection based on JPT was most transferable to the Korean
samples. In comparison, our results suggest that CHB samples and the combined
CHB+JPT samples are most similar to Cebu Filipino samples. Although ous msult
not necessarily reflect the patterns of genetic variability across thgpites, our
findings will be useful for the future design and analysis of genetic studike Cebu

Filipino population.
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Table 2.1:Number of SNPs successfully genotyped by population and region

Total number of SNPs (MAF > 0, MAF> .05)

40 kb Positions

Cebu

Region  \B) Build 35 (hg17) Filipino CHB JPT CHB+JPT CEU YRI

ENrl1l2  Chr2:51800356..51840356 76 (52,46) 75 (46,45 75 (46,45) 75 (47,45) 76 (73,46) 75 (58,51)
ENri31 Chr2:234503825..234543825 96 (91,83) 817@)5, 81 (77,72) 81 (77,72) 93 (86,77) 85 (74,70)
ENr1l3 Chr4:118834259..118874259 99 (84,80) o7, 92 (77,71) 92 (77,71) 96 (91,78) 92 (78,64)
ENm010 Chr7:26960761..27000761 40 (27,25) 39 (33,24 39 (30,23) 39 (36,24) 38 (29,23) 36 (23,20)
ENm013 Chr7:89658340..89698340 64 (42,35) 60 (41,38 60 (41,37) 60 (42,38) 63 (58,43) 61 (41,34)
ENm014 Chr7:125901178..125941178 53 (41,37) 48M9, 49 (38,33) 49 (41,34) 53 (46,39) 49 (30,30)
ENr321  Chr8:119112221..119152221 57 (47,36) 551@)7, 55 (45,36) 55 (48,42) 56 (43,36) 53 (41,41)
ENr232  Chr9:128994856..129034856 34 (30,29) 32@0, 33 (29,29) 33 (30,29) 34 (24,21) 33 (25,21)
ENri23 Chrl2:38856477..38896477 52 (40,27) 50 (36,2 50 (39,23) 50 (42,23) 50 (42,29) 47 (34,26)
ENr213  Chrl8:23949232..23989232 56 (47,30) 55 @5,1 55 (42,22) 55 (45,18) 54 (50,39) 55 (42,34)

Sum across all regions

627 (501,428) 589 (449,399) 589 (464,391) 589 @®BH), 616 (542,431)

616 (542,431)




Table 2.2: Spearman's correlation coefficients of all pairwise® estimates between
HapMap Asian panels and Cebu Filipino samples

Region CHB JPT CHB+JPT
ENr112 .886 .896 .897
ENr131 707 .710 761
ENr113 931 913 .937
ENmO010 .857 .874 .886
ENmO013 .897 .950 .929
ENmO014 .894 .832 .830
ENr321 .845 .812 .844
ENr232 .848 .630 .768
ENr123 .668 .705 .681
ENr213 .755 .766 .701
Average .877 .870 .888

41



Table 2.3: Coverage of the Cebu Filipino samples by tag SNPs selected froniafs
HapMap panels

ﬂ;rer%hmd N(;T;;r Captured* SNPs Un—captureg’flSON Ps, MAF Un—ca%t'lzjr;(.j;oSNPs,
or tag
seISe,\éEon SSIZZZd Percerit ma)?i/lrﬁﬁnm (i Percerft ma)?illmeia (i Percert ma)?illrﬁﬁnm (i
CHB
.80 121 82.4 .877 4.0 142 13.6 .649
.85 134 85.7 .878 5.4 113 10.1 .679
.90 152 91.5 917 4.0 141 4.7 .702
.95 179 92.0 .923 4.0 .140 4.0 .680
JPT
.80 118 83.1 877 4.5 .143 12.4 .642
.85 125 83.1 .876 7.5 .352 9.4 .632
.90 137 90.6 .896 4.5 147 4.9 .610
.95 159 92.5 916 4.2 123 3.3 518
CHB+
JPT
.80 125 824 .882 4.2 .160 134 .656
.85 132 88.5 .900 4.2 .162 7.3 .651
.90 144 89.0 .906 4.2 .166 6.8 .626
.95 170 93.0 .923 4.0 .140 3.1 .589

Only SNPs with an allele frequeney .05 in the HapMap panel and the Cebu Filipino dampvere
analyzed.

*A SNP is considered captured it if exhibited arpise ¢ estimate> .80 with at least one tag SNP.
*Percent coverage is defined as the number of SiNEreiCebu Filipino samples captured by a tag SNP
divided by the total number of SNPs.

*Mean maximum 7 is the average of the maximum pairwideestimates obtained between each SNP
within a region and a tag SNP.
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Figure 2.1: Comparison of allele frequency estimates between Cebilipino samples
and HapMap samples for SNPs with MAF> .05 in the HapMap sample Open
symbols indicate SNPs with significantly different allele frequeraiesFisher’'s exact P
value < .01
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Figure 2.2: Comparison of haplotype frequency estimates between Cebilipino
samples and Asian HapMap samples for SNPs with MAE .05 in the HapMap
sample and haplotype frequency estimates > .01 in the HapMap sample
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ABSTRACT

OBJECTIVE: The underlying genetic component of obesity-related tgartot
well understood, and there is limited evidence to support genetic association shared
across multiple studies, populations, and environmental contexts. The present study
investigated the association between candidate variants and obeség-telds in a
sample of 1,886 adult Filipino women from the Cebu Longitudinal Health and Nutrition
Survey (CLHNS) cohort. RESEARCH DESIGN AND METHODS: We sekbeted
genotyped 19 single nucleotide polymorphisms in 10 geki#eREB2, ADRB3, FTO,
GNB3, INSG2, LEPR, PPARG, TNF, UCP2, andUCP3) that had been previously
reported to be associated with an obesity-related quantitative trait. IREESWe
observed evidence for association of the A allele of rs993%6M0 ifitron 1) with
increased BMI (P = .0072 before multiple test correction), baseline BMI (P = .0015),
longitudinal BMI based on eight surveys from 1983 to 2005 (P = .000029), waist
circumference (P =.0094), and weight (P = .021). The increase in average BMI was
approximately .4 for each additional A allele. We also observed association of the
ADRB3 Trp64Arg variant with BMI, waist circumference, percent body fatglate fat
mass, arm fat area, and arm muscle area (P < .05), although the directiont o effec
inconsistent with the majority of previous reports. CONCLUSIONS: Our stoalfyrms
thatFTO is a common obesity susceptibility gene in Filipinos, with an effect sizeasimil

to that seen in samples of European origin.
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INTRODUCTION

Obesity is a worldwide epidemic, affecting individuals across all age groups,
socioeconomic classes, and ethnicities. In addition, obesity is a risk factor for
cardiovascular disease, type 2 diabetes, metabolic syndrome, hypertensken astd
some forms of cancer [1]. This complex and heterogeneous disorder arises from
interactions between environment, behavior, and genetics.

Although many association studies have attempted to identify genetic vangnts t
influence obesity, replication has been infrequent. As of 2005, 22 candi€aés
contained a variant reported to be significantly associated (#5)xwith an obesity-
related trait in at least five studies [2]. However, additioaports for these genes are
inconsistent.

Recently, genome-wide association (GWA) studies have identified variants in
additional genes. Single nucleotide polymorphism (SNP) rs7566605, near insulin-
induced gene 2KSG2), found to be associated with increased body mass index (BMI)
[3], has not been consistently replicated [4-7]. Several variants in the fabnhs
obesity associatedTO) gene identified through two independent GWA studies [8,9]
and a third study [10] were associated with BMI and risk of being overweightidneshi
and adults in cohorts of Europeans, European-Americans, and Hispanic-Americans, but
not in African Americans. SignificaftTO association was also observed for hip
circumference, waist circumference, and subcutaneous fat mass @ssasgeskinfolds
[8,9]. Two studies observddl'O association with percentage of fat mass and dual

energy X-ray absorptiometry derived fat mass in children [8,EDD variants have the
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most consistent replication across multiple populations to date, suggestingukislac
likely risk factor for obesity.

In the current study, we examined 19 SNPs previously reported to be associated
with obesity-related phenotypes for association with BMI, waist circienée, and
percent body fat in 1,886 Filipino women from the Cebu Longitudinal Health and
Nutrition Survey (CLHNS). In addition, for SNPs with initial evidence of astoaia
we performed analysis with additional phenotypes and tested for interactodietiand

physical activity.

MATERIALS AND METHODS

Study subjects and traits

We evaluated 1,886 unrelated healthy Cebu Filipino female participants in the
ongoing CLHNS [11], mothers of a 1983 to 1984 birth cohort. Trained field staff
conducted in-home interviews and collected measurements and comprehensive
environmental data (www.cpc.unc.edu/projects/cebu). We used non-pregnant data
collected from surveys in 1983-84 (“baseline” = four months post-partum), 1984-85 (one
year post-partum), 1985-86 (two years post-partum), 1991, 1994, 1998, 2002, and 2005.
For 2005 cross-sectional traits, outcome and covariate measures from the 2002 survey
were substituted for 16 women who were pregnant or missing data in 2005.

All outcome and covariate measures, except baseline BMI, were taken from the
2005 survey. Triceps and suprailiac skinfold thicknesses (TSF and SiSF) represent t
mean of three consecutive Harpenden caliper measurements. Cross-sectionascle

area (AMA) and arm fat area (AFA) were calculated using midcaicumference and
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triceps skinfold thickness. Body density was calculated using the Durnin-ksMesgneum

of skinfold equation based on TSF and SiSF for adult women from 16 to 68 years of age
[12], and percent body fat was derived from body density using the Siri equigjon [

Fat mass was calculated as the product of percent body fat and weight. Wsight
calculated as an average of eight measures across surveys from 1983-84 toi@@d%. D
intake was assessed by 24-hour dietary recall, with nutrient compositioratadicinbm

the Philippines Food Composition Table [14]. Physical activity level wagcared

based on time use data, with a focus on occupational activity: each job was dlassifie
according to its metabolic equivalents based on field studies in Filipino womemfl5] a
the Compendium of Physical Activity [16].

Informed consent was obtained from all individuals, and the study protocol was
approved by the University of North Carolina Institutional Review Board for the
Protection of Human Subjects. Genomic DNA was isolated from peripheral blood
lymphocytes (Puregene, Gentra) by the University of North Carolina, CHdbel

BioSpecimen Processing Facility.

SNP selection and genotyping methods

We reviewed genes that exhibited nine or more reports of association with an
obesity phenotype as summarized by the 2004 obesity gene map [2]. SNPs wsthin the
genes with more than three positive reports of association and a minor atjaknfre >
.01 in the CHB HapMap samples were subsequently chosen to be genotyped. Variants in

FTO andINS G2 identified through GWA studies were also genotyped [3,8].
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Genotyping was performed using TagMan allelic discrimination (Applied
Biosystems, Foster City, CA). The genotype success rate for ai BA>98% and the

discrepancy rate among duplicate samples was .1%.

Statistical analysis

Tests for consistency of genotype distributions with expected Hardybéfgin
equilibrium proportions were calculated using Pearsph&tatistic; only rs3856806 was
inconsistent (P =.02). All SNPs were tested for association with three yprimar
phenotypes: 2005 measures of BMI, waist circumference, and percent body fat.isAnalys
of covariance (ANCOVA) models were used to test for association between geantype
the continuously distributed outcomes. Logistic regression models were used for
dichotomous outcomes. Only SNPs with evidence for association with at least bne trai
were tested for association with additional phenotypes. We also examinégmthese
SNPs modify the effect of established environmental risk factors of digitaysical
activity level by performing tests of interaction between genotype aaldcedoric intake,
estimated percent dietary fat and carbohydrates, and activity level. d\eedisrmed a
longitudinal analysis incorporating all available BMI measurements faxghe eight
measurements spanning 22 years using general linear mixed models.

Models were adjusted for age, household assets, natural log of income, number of
total pregnancies as a categorical variable (1-4, 5-10, >10), and menopdusal sta
baseline BMI is not adjusted for menopausal status. Continuously distributed traits we
transformed to satisfy the model assumption of normally distributed residuals,

conditional on the covariates. The additive mode of inheritance assumption was used
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unless fewer than 15 rare homozygotes existed; the dominant mode of inheritance
assumption for the minor allele was used for SNPs rs4994, rs8179183, rs1801282, and
rs1800629. The rs9939609 SNAHNO was also analyzed under both the additive and
dominant models for comparison to previous reports. Because of low linkage
disequilibrium (f < .5) between pairs of SNPs, Bonferroni adjustment was used to

account for multiple SNPs.

RESULTS

Nineteen SNPs described previously to be associated with obesity-related
phenotypes were tested for evidence of association with 2005 measures of BMI, wais
circumference, and percent body fat in 1,886 unrelated non-pregnant Filipino women in
the CLHNS cohort (Table 3.1). Two SNPs were statistically significasgpciated (P <
.01) with at least one trait before adjustment for multiple SNPs (Table 3.2). &held.-
of SNP rs9939609HTO intron 1) was associated with increased BMI (P = .0072) and
waist circumference (P = .0094). The TT homozygote (Trp64) of SNP rsABDIRBB
Trp64Arg) was associated with increased BMI (P = .00069) and waist ciranmoée(P =
.0013). After Bonferroni correction for multiple SNPs, only rs49940MRB3 remained
significant (P < .002), however, only tR@0O association was consistent in magnitude
and direction of effect with previous reports [8-10].

To further investigate the rs9939609 and rs4994 SNPs, we analyzed additional
obesity-related phenotypes of baseline BMI (measured in 1983-84), weighgsigt m
SiSF, TSF, AFA, AMA, and height (Table 3.3). ForO variant rs9939609, significant

evidence of association was observed with baseline BMI (P = .0015) and wesght (P
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.021). Marginally significant p-values (.05 < P < .10) were observed for fat(fPass
.055) and AMA (P =.084), with direction of estimated effects consistent with these se
for BMI and weight. For thDRB3 variant rs4994, significant evidence of association
was observed for weight (P = .0011), fat mass (P = .0036), AFA (P =.016), and AMA (P
=.0008), and marginally significant p-values were observed for TSF (P = .068}hevit
direction of estimated effects consistent with those observed for BMI and wélghke
the FTO variant, no evidence for association was observed with baseline BMI (P = .55).
We analyzed risk of being either overweight and obese (B kg/nf) or
obese (BME 30 kg/nf) [17] both in 1983-84 and in 2005 (Table 3.4). Using these
criteria, 793 and 178 women had a BM25 kg/nf or BMI > 30 kg/nf, respectively, in
2005, and 94 women had a BMP5 kg/nf in 1983-84. The A-allele of rs9939609 was
associated with increased risk of being overweight in 2005 (P = .0034) and in 1983-84 (P
=.023). The TT homozygote of rs4994 was associated with increased risk of being
overweight in 2005 (P = .0077) and 1983-84 (P = .044) and obese in 2005 (P =.023).
There was no evidence for interaction between genotype and either the 2005
dietary intake (total calories, estimated percent diet from fat, and e=dip@rcent diet
from carbohydrates) or physical activity measures (P > .05 for a).test
A longitudinal analysis of BMI included an average of 7.3 (range 3 to 8)
measurements per individual spanning 22 years. The global P value for the test of
association with rs9939609 was .000029 (additive model, Fig. 3.1A) and .016 for rs4994
(Fig. 3.1B). The direction of the genotype-specific least-squares meathdinee
point was consistent with the cross-sectional analysis. The test of rs9939609 genotyp

by-time interaction was significant (P = .047), with a slight increadfegteof genotype
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over time. For rs4994, the test of genotype-by-time interaction was highliicaghi(P

=.0065), with evidence for an increasing effect of genotype over time.

DISCUSSION

We evaluated 19 SNPs in a sample of adult Filipino women from the CLHNS
cohort, confirmed the association of the A-allelé&®0O variant rs9939609 with BMI and
waist circumference, and observed evidence for an association with the TT oteozy
of ADRB3 rs4994 with BMI, waist circumference, and percent body fat. While only
rs4994 reached significance after Bonferroni correction, the direction of eiismot
consistent with the majority of previous reports [8-10]. The failure to replicate wf
the SNP associations that have been reported previously may reflect enviadrandnt
genetic differences between the CLHNS cohort and previously studied populations,
limited statistical power, and/or false positive results in the litezat

We also observed evidence for association between the Trp64 allele of rs4994 and
increased weight, percent fat mass, AFA, AMA, and longitudinal BNMiwever, we did
not observe evidence for association with baseline BMI (measured at altiandew
women were overweight). In contrast to our study, two meta-analyses with over 35
subgroups each, one in Japanese and one in multiple populations, reported that Arg64
carriers exhibited significantly higher mean BMI than Trp64 homozygotes [18,19]. The
ADRB3 receptor is more abundant and active in visceral adipose tissue than subcutaneous
adipose [20]; however, we observed evidence for association between rs4994 and

measures of both visceral and subcutaneous fat. The observation of significant
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associations, but with opposite alleles associated with increased trag aafoes
studies, suggests that these results should be interpreted with caution.

TheFTO rs9939609 A-allele was also significantly associated with several
obesity-related traits including longitudinal BMI, which reflects atreély constant
genotype effect over 22 years and strengthens the evidence that this loemces BMI
in this population. We observed an effect even at younger ages among wolmen wit
smaller BMIs, consistent with previous reports in children [8,10]. We observed evidenc
for an association with waist circumference, but not an association with skinfold
thicknesses, a measurement of subcutaneous adiposity, consistent with varkafion i
influencing central adiposity to a greater extent than subcutaneous fat

The minor allele frequency (MAF) of the rs9939609 variant is .18 in the CLHNS
samples, less common than observed in European populations (MAF = .45-.48).
Recently, Liet al. [21] suggested that the lack of association of rs9939609 with obesity in
a population of Han Chinese may be due to a decreased allele frequency. This is not
consistent with our findings of significant association.

In summary, our results corroborate previous reports that a SNP within the first
intron of FTO is associated with BMI. THETO SNPs have the most consistent prior
evidence for association with obesity-related traits reported to date, andaur st
replicates this evidence, both in direction and approximate magnitude, in ad-ilipi

population, suggestingTO may be important in many genetic backgrounds.
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Table 3.1:Characteristics of 1,886 women in the Cebu Longitudinal Health and

Nutrition Survey

Mean (SD)

BMI (kg/m?)

Waist circumference (cm)
Percent body fat

BMI (baseline 1983-84) (kg/th
Arm fat area (mrf)

Arm fat mass (mn)

Fat mass (kg)

Suprailiac skinfold (mm)
Triceps skinfold (mm)
Weight (kg)

Average height (cm)

Age (years)

Total number of pregnancies
Menopausal status (yes/no)

24.3 (4.4)
81.1 (10.8)
36.6 (5.4)

20.6 (2.4)

9.6 (1.5)

60.0 (17.6)
20.6 (6.3)
28.8 (10.1)
23.8 (8.0)

55.1 (10.9)
150.4 (4.9)

48.4 (6.1)
6.5 (3.0)
1162/724

All traits are measured from 2005 survey except where indicated. For womenendio w
pregnant or missing data in 2005, measures from the 2002 survey were substitutede Basel

BMI was collected from postpartum surveys in 1983-1984 (see methods).
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Table 3.2:Results of SNPs assessed for association in the CLHNS
cohort with BMI, waist circumference, and percent body fat

Trait SNPrs# Gene SNP Alias '\p\/:;?)rr/ MAF "’\'A‘;?‘?(;Z?’geoltees Feterozygotes kh{lc?rﬁc:szlgl]ecfes va?llle
Allele Mean (95% CI) n| Mean (95% Chn | Mean (95% ClI) n

BMI  rs1042711 ADRB2 Cys19Arg C/T .147 (23.20‘%.:235.6) 423.8 (23.4,24.2)37 24.1(23.8,24.4) 1287 .38

(kg/n?) rs1042713 ADRB2 Glyl6Arg G/A .463 (23.253,'24.3) 3824.1 (23.8, 24.4857 24.0 (23.6,24.4) 518 .67
rs1042714 ADRB2 GIn27Glu ~ G/C  .144 (23.2()‘f.:235.6) 323.8 (23.4,24.234Q 24.1(23.8,24.4) 1291 .41
rs4994* ADRB3 Trp64Arg C/T .085 (19.292,'34.7) 11P3.3 (22.8, 23.9379 24.2 (23.9,24.4) 1476.0011
rs9939609 FTO  Intron 1 AIT 175 (23.27‘f.;5.7) 6/24.5 (24.1, 24.8508 23.9 (23.6,24.1) 1249.0072
rs6489738 GNB3 Ser275Ser C/T .37]7 (23.24‘%.24.5) 2424.0 (23.7, 24.3328 24.1 (23.7, 24.4) 667 .68
rs7566605INSG2 -10kb C/G C/G .45 (23.27‘?24.6) 3524.0 (23.7, 24.3372 23.9 (23.5, 24.3) 532 .29
rs1137100LEPR Lys109Arg A/G .224| 24.5(23.7,25.3) 983.6 (23.3, 24.0999 24.2 (23.9,24.5) 1073 .058
rs1137101 LEPR GIn223Arg A/G .143| 24.5(23.1, 25.8) 3B3.8 (23.4,24.2326 24.1(23.8,24.4) 1280 .34
rs3790419 LEPR Ser343Ser G/A .10B 24.9 (23.1, 26.7) 2P93.8 (23.4,24.333 24.1(23.8,24.4) 1339 .39
rs81791831EPR Lys656Asn C/G .029 22.9(17.2,28.6) 23.7 (22.9, 24.6)96 24.0 (23.8,24.3) 1624 .49
rs1805096 LEPR Pro1019Pro C/T .147| 24.6 (23.3,25.8) 423.7 (23.3,24.1332 24.1(23.9,24.4) 1287 .14
rs1801282PPARG Prol12Ala G/C .048 21.0(16.9, 25.0) 24.2 (23.6,24.9)67 24.1(23.8,24.3) 1657 .74
rs3856806 PPARG 1431 C/T T/IC .219 23.4(22.6,24.3) 1023.9 (23.5, 24.3370 24.1(23.9,24.4) 1091 .053
rs1799724TNF  -857 C/T T/IC 127 23.4(21.8,24.9) 2B4.2 (23.7,24.639¢ 24.0 (23.7,24.3) 1341 .81
rs1800629TNF  -308 G/A  A/G .040 26.1(20.4,31.8) 24.2 (23.5,24.9)37 24.0(23.8,24.3) 1612 .74
rs659366 UCP2 -866 G/A AIG .297 24.2(23.6,24.9) 1633.9 (23.5, 24.2J18 24.2 (23.8, 24.5) 815 5
rs660339 UCP2 Ala55Val T/IC .299 24.1(235,24.8) 1623.8(23.5,24.2J21 24.2 (23.9, 24.5) 876 .32
rs1800849 UCP3 -55 C/T T/IC .226 24.1(23.3,25.0) 924.1 (23.7, 24.4904 24.0 (23.7,24.3) 1050 .96

Waist rs1042711ADRB2 Cys19Arg C/T .147 80.7 (77.5, 83.9) 499.7 (78.7,80.8437 80.7 (80.1,81.4) 1286 .20

circ. rs1042713ADRB2 Glyl6Arg G/A .463 80.2(79.1, 81.3) 3880.5 (79.7, 81.3356 80.7 (79.7, 81.7) 518 .42

(cm)  rs1042714ADRB2 GIn27Glu  G/C .146 80.6 (77.3, 83.9) 389.8 (78.8,80.944(0 80.7 (80.1,81.4) 1290 .22
rs4994*  ADRB3 Trp64Arg C/T .085 75.2(69.1,81.5) 179.1 (77.8,80.3278 80.8(80.1,81.4) 1475.0026
rs9939609 FTO  Intron 1 AT .174 81.1(78.5,83.7) 41.7 (80.7, 82.7307 80.1(79.4,80.7) 1249.0094
rs6489738 GNB3 Ser275Ser C/T .37[7 80.3(79.0,81.7) 2480.7 (79.9, 81.5327 80.5(79.6, 81.4) 667 .87
rs7566605INSG2 -10kb C/G  C/G .450 80.6 (79.5, 81.8) 3580.5 (79.7, 81.3371 80.4 (79.5, 81.4) 532 .83
rs1137100LEPR Lys109Arg A/G .224| 81.3(79.2,83.4) 989.7 (78.8, 80.6398 80.9 (80.1,81.6) 1072 .20
rs1137101 LEPR GIn223Arg A/G .143| 81.3(77.9,84.7) 380.2 (79.1, 81.2326 80.5(79.8,81.2) 1279 .73
rs3790419LEPR Ser343Ser G/A .108 80.8 (76.3, 85.4) 280.0 (78.8,81.233q 80.7 (80.0,81.3) 1388 .36
rs81791831EPR Lys656Asn C/G .029 84.6(70.2,99.0) 20.1 (78.0, 82.2)9¢6 80.5(79.8,81.1) 1623 .83
rs1805096 LEPR Pro1019Pro C/T .148| 81.1(78.0, 84.2) 480.2 (79.1, 81.232 80.6 (79.9,81.3) 1286 .53
rs1801282PPARG Pro12Ala G/C .048 73.0(62.8,83.1) 80.7 (79.1, 82.3)67 80.6 (80.0,81.3) 1656 .92
rs3856806 PPARG 1431 C/T T/IC .219 78.8(76.7,80.8) 1080.3 (79.3,81.2%7(0 80.8(80.1,81.5) 1090 .059
rs1799724TNF  -857 C/T T/IC 127 77.3(73.3,81.3) 280.9 (79.8, 82.0399 80.4 (79.8,81.1) 1340 .88
rs1800629*TNF  -308 G/A A/G .04Q 85.0(70.6,99.4) 21.5 (79.7,83.3)37 80.5(79.8,81.1) 1611 .28
rs659366 UCP2 -866 G/A A/IG .297 80.7 (79.1, 82.3) 1630.5 (79.6, 81.3718 80.6 (79.8, 81.3) 874 .99
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rs660339 UCP2 Ala55Val  T/C
rs1800849 UCP3 -55 C/T T/IC
Percentrs1042711 ADRB2 Cys19Arg C/T
body fatrs1042713 ADRB2 Glyl6Arg  G/A
rs1042714 ADRB2 GIn27Glu  G/C
rs4994*  ADRB3 Trp64Arg CIT
rs9939609 FTO  Intron 1 AT
rs6489738 GNB3 Ser275Ser CIT
rs7566605INSG2 -10kb C/G  C/G
rs1137100LEPR Lys109Arg A/G
rs1137101LEPR GIn223Arg A/G
rs3790419LEPR Ser343Ser G/A
rs81791831LEPR Lys656Asn C/G
rs1805096 LEPR Pro1019Pro C/T
rs1801282PPARG Pro12Ala G/C
rs3856806 PPARG 1431 C/T  TI/C
rs1799724TNF  -857 C/T TIC
rs1800629TNF  -308 G/A AIG
rs659366 UCP2 -866 G/A  A/G
rs660339 UCP2 Ala55Val  T/C
rs1800849 UCP3 -55 C/T T/C

.299

463

175

224

.143

.029
147

.299

.226

.144

.144
.085

.37
.45

.10

.04
.22
127
.04
.298

.226
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Untransformed means are reported. Models were adjusted for age,
assets, number of pregnancies, income, and menopausal status. *All
tests were performed under the additive model except for SNPs with
fewer than 15 minor allele homozygotes, in which case a dominant
mode of inheritance assumption for the minor allele was used.
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Table 3.3:Association ofFTO and ADRB3 SNPs with obesity-related traits

FTO rs9939609 Additive Dominant ADRB3 rs4994 Dominant

TT TA AA p-value p-value TT TC/CC p-value
BMI (kg/m?) 23.9 (23.6, 24.1) 24.5 (24.1, 24.8) 24.7 (235072 .0072 .0080 24.2(23.9,24.4) 23.3 (22.8, 23.8) .0011
Waist circumference
(cm) 80.1 (79.4, 80.7) 81.7 (80.7, 82.7) 81.1 (78%&7) .0094 .0040 80.8(80.1, 81.4) 78.9 (77.7, 80.2) .0026
Percent body fat 36.3 (36.0, 36.6) 36.4 (35.9,36.9 36.8 (35.6, 38.0) 43 A7 36.4 (36.1, 36.7) 35.7 (35.1, 36.3) .0499
Baseline BMI (kg/rf) 20.5(20.3, 20.6) 20.9 (20.7,21.1) 21.0 (20.4621 .0015 .0013 20.6 (20.5, 20.8) 20.5 (20.3, 20.8) .55
Weight (kg) 54.2 (53.5, 54.8) 55.3 (54.3, 56.2) 9553.4, 58.4) .021 .024 54.8 (54.1, 55.4) 52.6 (51.4, 53.9) .0011
Fat mass (kg) 20.1 (19.7, 20.5) 20.6 (20.1,21.2) 0.9219.5,22.3) .055 .06 20.4 (20.0, 20.7) 19.3 (18.6, 20.0) .0036
Suprailiac skinfold
thickness (mm) 28.3 (27.6, 28.9) 28.8 (27.9, 29.7) 28.5(26.2, 30.9) .37 31 28.4 (27.8, 29.0) 27.4 (26.2, 28.5) .104
Triceps skinfold
thickness (mm) 23.5(23.0, 24.0) 23.6 (22.9, 24.3) 24.0 (22.2,25.8) .64 .87 23.6 (23.1, 24.0) 22.8 (21.9, 23.7) .0682
Arm fat area (mr) 9.5 (9.4, 9.6) 9.5(9.4,9.7) 9.6 (9.3, 10.0) .33 .45 9.5 (9.4, 9.6) 9.3(9.1,9.5) .0157
Arm muscle area (mfj 58.7 (57.6, 59.8) 60.2 (58.6, 61.7) 61.5 (575165 .084 A1 59.7 (58.6, 60.7) 56.1 (54.1, 58.1) .0008
Height (cm) 150.4 (150.1, 150.8) 150.2 (149.7, €50.150.4 (149.2, 151.6) A2 .32 150.4 (150.1, 150.7) 150.0 (149.4, 150.6) 21

Reported values are untransformed means (95% confidence interval). All datbbaxssdine BMI were collected in the 2005
survey. For women who were pregnant or missing data in 2005, measures from the 2002 sarselgsiituted. Baseline BMI
and covariates were collected from postpartum surveys in 1983-1984. Models wesdddjuatie, assets, total number of past

pregnancies, income, and menopausal status (except baseline BMI).
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Table 3.4:Association of FTO and ADRB3 SNPs with overweight and obesity status

FTO rs9939609 ADRB3 rs4994
p- Odds Ratio (95% Cl)p-value
Odds Ratio (95% CI) value
2005 overweight and obese (BMP5 kg/nf) 1.30 (1.09, 1.55) .0034 1.33 (1.07, 1.63) .0077
2005 obese (BMt 30 kg/nf) 1.31 (1.00, 1.72) 054 1.46 (1.05,2.02) .023
1983-84 overweight and obese (BMP5 kg/nf) 1.50 (1.06,2.12) .023 1.27 (1.01, 1.61) .044

1983-84 obese (BMI30 kg/m2) is not reported because only 2 people were observed witBBMdg/m2. Models
were adjusted for age, assets, total number of past pregnancies, income, and ralestapasigexcept 1983-84
model).



Figure 3.1: Longitudinal analysis of BMI using measurements across eight sureeys f
1983-84 to 2005 of AFTO rs9939609 (p-value .000029) andA)RB3 rs4994 (p-value
.016). BMI is reported as the least-squares means at each time point.
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CHAPTER IV. GENOME-WIDE ASSOCIATION STUDY OF LIPOPROTEIN
CHOLESTEROL AND TRIGLYCERIDES IN THE CEBU LONGITUDINAL
HEALTH AND NUTRITIONAL SURVEY (CLHNS) COHORT
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ABSTRACT

We performed a genome-wide association (GWA) study for HDL-cholegtédl-C),
triglycerides, LDL-cholesterol (LDL-C), and total cholesterol in a cbbbl1,780 adult
Filipino women from the Cebu Longitudinal Health and Nutrition Survey (CLHNS).
Among the ~2.1 million single nucleotide polymorphisms (SNPs) analyzed, the most
significant associations after adjusting for age?am¢al assets, income, number of
previous pregnancies, menopausal status, and principal components included rs5882 at
CETP with HDL-C (P = 4.01 x 18) and rs662799 s&POAL1 with triglycerides (P = 1.23

x 10%%). Evidence of association (P < .05) was observed at eleven loci previously
described in GWA studies of lipoprotein levels, and evidence for two independens signal
was detected &tlPC, CETP, andGCKR. Loci with suggestive evidence of association

(P < 10°) and not previously described include Collecting-C@I(EC12) associated

with total cholesterol and TankyrasENKS) associated with LDL-C. These two loci

have potential biological relevance to lipid metabolism. The results cofaneten in

a divergent population with limited power to detect association we can extend the
evidence of association of many previously reported loci. The suggestive evadenc
association of the two novel loci should be the basis for follow-up studies in subsequent

populations.
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INTRODUCTION

Plasma lipoprotein levels are associated with risk of coronary arteasdise
(CAD), one of the leading causes of death worldwide [1]. Low levels of high density
lipoprotein cholesterol (HDL-C) and high levels of triglycerides and low tdensi
lipoprotein cholesterol (LDL-C) are associated with increased risk of @A).[ While
diet, exercise, weight, alcohol consumption, and smoking affect levels of lipoproteins,
heritability estimates for lipoprotein concentrations are as high as 75%T&¢5]
influence of genetic variants on lipoprotein levels may differ across populations. For
these reasons, there has been considerable interest in understandingaytoegithft
contribute to inter individual variation.

Recent genome-wide association (GWA) studies in populations of primarily
European descent have identified many loci that are associated with blood plasma
lipoprotein leveld7-19]. Some identified loci correspond to previously known genes and
others suggest new pathways relevant to lipoprotein metabolism . Despitgé¢he lar
number of loci identified in these studies (>30), the associated single ndeleoti
polymorphisms (SNPs) only explain 5-8% of the variation in HDL-C, LDL-C, or
triglycerides, indicating that most of the heritability of these traitsains to be
explained [20].

Association studies of lipoprotein levels in Asian populations have replicated
some but not all loci from European GWA studies [21-23]. Some Asian populations are
undergoing socio-economic development and lifestyle changes that arsimgi@AD
burden [24]. The environmental differences and the potential differences in genetic

architecture between ethnic groups within and between European and Asian populations
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may modify the effect of genetic variants on lipoprotein levels.

In the current study, we performed a GWA analysis to investigateigémeors
influencing lipoprotein and triglyceride levels in mothers from the Cebu Longitudina
Health and Nutrition Survey (CLHNS), using data from 1,780 unrelated healthy women

from Cebu, Philippines.

MATERIALS AND METHODS

Study population and phenotypes

We initially evaluated 1,895 healthy Cebu Filipino female participants fnem
ongoing CLHNS, mothers of a 1983 to 1984 birth cohort [25]. Trained field staff
conducted in-home interviews and collected quantitative anthropometric meastgem
blood samples for DNA and biomarkers, and comprehensive environmental data
(available on-line at www.cpc.unc.edu/projects/cebu/).

Outcomes and covariates were measures were during the 2005 survey. Lipid
levels were collected from women who fasted overnight (>8 hours) and were ngt taki
statins. Details of the measurement of lipid profiles in this cohort have beeredeport
previously [26]. Total cholesterol was determined by enzymatic methods (Beckma
Diagnostics, Palo Alto, CA) on a CX5 chemistry analyzer, HDL-C wasméeted using
a homogenous assay (Genzyme, Exton, PA), and triglyceride (TG) concentratiens wer
measured with a glycerol blank as a 2-step reaction (Beckman Coulter Diegjnost
Fullerton, CA). LDL-C was determined using the Friedewald formula, excéf
exceeded 400 mg/dl then LDL-C was directly determined using a homogenous assa

(Genzyme, Exton, PA).
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Except for the correlation between LDL-C and total cholesterel 81), the four
traits show low pair-wise correlation with one anothex (1) (Table 4.1). Body mass
index (BMI) was calculated as weight/hefgtitg/nT).

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.

SNP _genotyping

Genome-wide SNP genotyping was performed with the commercialealétse
Affymetrix Genome-Wide Human SNP Array 5.0. Genotyping was carried cue at t
Vanderbilt Microarray Shared Resource at Vanderbilt University MedialeCe
Nashville, TN, using the standard protocol recommended by the manufacturer. Genotype
calling was performed using the Birdseed calling algorithm (version @hot@ping was
attempted on 1,895 unique CLHNS samples, 40 CLHNS duplicates, and 5 HapMap
CEPH trios (whose genotypes were downloaded from HapMap.org). After sample
quality control (QC) checks, ten CLHNS samples could not be genotyped because one
failed DNA fragmentation and nine failed an array quality control check (DM
algorithm). An additional four CLHNS samples were removed after genotypingdseca
their overall genotyping call rate was < 97%. The final Birdseed ¢albaoss 1,881
samples was 99.6%.

We applied SNP QC checks in PLINK v1.02 on the 1,881 CLHNS samples that
were successfully genotyped. Of the initial 424,670 SNPs, we discarded 16,564 SNPs

due to poor mapping, call rates < 90%, deviation from Hardy-Weinberg equilibrium (P <
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10°), inconsistent genotypes in duplicate samples and Mendelian inheritance errors
(combined> 3 discrepancies among 40 duplicate pairs and 5 CEPH trios), arl/or
genotype discrepancies with HapMap genotypes.

Based on identity-by-descent (IBD) and identity-by-state (IBSnests
calculated in PLINK in combination with prior knowledge of the CLHNS samples,
eighty-one samples were excluded from pairs or trios of likely firstegegelatives
(either mother/daughter or sisters). The final sample set consisted ofC1L,A8(5
women with available genotypes and phenotypes of lipoprotein levels and covariates
from the 2005 survey.

Additional genotyping of 2 SNPs at tAPOE locus (rs7412 Arg158Cys and
rs429358 Cys112Arg) was performed using a TagMan allelic discrimination assay
(Applied Biosystems, Foster City, CA). The genotype success rate for WBthvas

>98%, and no discrepancies were observed among 78 duplicate sample pairs per SNP.

SNPimputation

Using a Hidden Markov Model algorithm implemented in the MACH software
version 1.0 [27] (www.sph.umich.edu/csg/abecasis/mach/), genotype imputation was
conducted using 352,264 directly genotyped SNPs polymorphic in both the 60 HapMap
CEU founders and the 89 combined CHB+JPT samples. We pooled haplotypes from
phased chromosomes in these populations to better capture the linkage disequilibrium
(LD) structure in the CLHNS samples; we have shown previously that the CHBapapM
population is a reasonable proxy for the CLHNS cohort [28]. Imputation yielded

genotype data for 1,878,188 additional SNPs; the 352,264 directly genotyped SNPs were
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also assigned imputed genotypes in this process. Out of a now total 2,230,452 SNPs, we
discarded 150,177 low-quality imputations (Rs¢) and 30,351 SNPs with estimated

minor allele frequencies (MAR .01, retaining 2,049,924 imputed SNPs. For each

subject, the imputed genotype at each SNP was reported as a dosage value (a continuous
number between 0 and 2), reflecting the expected number of copies of the arbélary al

at that SNP conditional on the directly observed genotypes in both the subject and all
other CLHNS subjects and the phased haplotype assignments in the CEU and CHB+JPT
HapMap samples. Finally, discrete dosage values of 0, 1 or 2 were assigned for 23,750
directly genotyped SNPs non-polymorphic in either HapMap populations (and therefore
not imputed) but with MAF > .01 in the CLHNS samples. In total, 2,073,674 directly

genotypedrf = 23,750) and imputeah & 2,049,924) SNPs were tested for association.

Population substructure

We used two approaches to consider possible effects of population stratification.
First, we constructed principal components (PCs) using the software EIGENSO
[29,30] to identify population substructure among our CHLNS subjects. We used a set of
13,972 independent SNPs (estimated .005 between all pairs of SNPs within 1Mb)
with observed MAF > .05 and 1,571 CHLNS subjects with estimated pair-wise IBD < 0.1
to construct PCs. The PCs for the remaining 228 subjects were subsequeuldyezil
using these parameter values. The corresponding eigenvalues for the indivslual PC
were plotted and the “elbow” of the corresponding eigenvalues for the individual PCs
was used to select seven PCs to be included as covariates in our linear regression

genotype association analyses to account for genetic ancestry diffesiemasg study
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subjects. In addition, we tested for an association between each of thé Sk and
the four outcomes of interest to ensure that any important ancestry expld&@tmere
included in the analyses (Table 4.2).

Second, we used the genomic control method to examine systematic p-value
inflation due to cryptic relatedness between samples not accounted for by thie anal
adjustment for PCs in the regression analyses. The genomic controls vallg&8ar
1.01, 1.01, and 1.00 for HDL-C, LDL-C, triglycerides, and total cholesterol, respectively,

suggesting good control of the overall family-wise type | error rate.

GWA analysis

All phenotypes were natural log-transformed to satisfy the model assumption of
normally distributed residuals, conditional on the covariates. Covariate adjustagent w
made for 7 PCs of population structure, age? agéal assets, natural log-transformed
income, number of previous pregnancies (three categories: 0—4, 5-10, >10), and
menopausal status. Each of these predictors was significantly assdeiate@b) with at
least one trait in our sample (Table 4.2). Additional analysis adjusting foeBtuded
women who were pregnant at the time of the survey. Multivariable linear regressi
association analysis was performed using Array Studio version 3.1 (Omicsoft
Corporation, Research Triangle Park, NC). We assumed an additive mode of inheritance
and reporf coefficients representing the estimated change in mean transfoeited tr
value associated with each additional copy of an allele. A 1 degree-obifreed
likelihood ratio test was used to assess statistical significance. il@wprantile (Q-Q)

plots, mapping observed versus expectedo{Bgralues), and Manhattan plots were
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constructed to graphically display results across the genome and to helg@assegs
cumulative inflation or deflation of statistical significance estesatompared to
expectation under the null hypothesis. Conditional analysis was performed bing-te
all SNPs with a 2 Mb region centered on the SNP representing the strongest primary
signal using genotypes of the main effect SNP as an additional covariateineéne |

regression.

APOE haplotype analysis

Haplotypes were estimated using Haplo.Stats [31] (Version 1.4.3
http://mayoresearch.mayo.edu/mayo/research/schaid_lab/softwgrarafroorrespond
to the three common protein isoforms of apolipoproteiABE), encoded by the2,
€3, ande4 alleles of théAPOE gene. We used analysis of covariance (ANCOVA) models
to test whetheAPOE haplotype was associated with the lipoprotein phenotypes,
adjusting for the same covariates as the genome wide anASIE.haplotypes were
tested using 2 approaches: 1) collapsing into three categoriesc@fcthaiersg3/e3, and
theed carriers, excluding2/e4 individuals; and 2) the six estimated haplotypes. We used

2- and 5-degree of freedom F tests for these two approaches, respectively.

Selection of previously reported SNPs

To test evidence of association with previously reported loci, we selected one
SNP from each loci reported in GWA studies witk B x 10°. When multiple non-
independent SNPs were reported for a given locus we included the most strongly

associated one from the previous reports. If two signals were reportedéoisawe
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also chose a SNP to represent the second signal. If a previously reported SNP was not
present in our dataset, we sought to identify a proxy SNP in high’:D.8 in both CEU

and CHB+JPT, HapMap Release 22).

RESULTS

We tested 2,073,674 SNPs for association with plasma levels of HDL-C,
triglycerides, LDL-C, and total cholesterol in 1,780 Filipino women in the CLHNS.
Basic descriptive characteristics of the cohort are summarizedlia 8. GWA
analyses for all lipoprotein levels were adjusted for 7 PCs of population striagare
agé, total assets, natural log-transformed income, number of previous pregnancies, and
menopausal status is summarized in Figure 4.1. Q-Q plots, mapping observed versus
expected —log (P values), show little cumulative inflation or deflation of statistical
significance estimates compared to expectation under the null hypdtfigsie 4.2).

The CLHNS GWA results support ten loci previously described in GWA studies.
We chose a single previously reported SNP from each locus and defined positive
evidence for replication in CLHNS as P < .05 and an effect in the same direction as
observed in the original study (Table 4.A'he CLHNS study supports three previously
reported loci associated with HDL-CMMAB/MVK, LIPC, andCETP, six loci
associated with triglycerides ANGPTL3/DOCK7, GCKR, LPL, TRIB1, APOAL, and
LIPC, and two loci associated with LDL-C HMGCR andHNF1A. No loci previously
reported to be associated with total cholesterol were significant in th&lSLISeveral
of the loci previously reported for one trait also showed evidence of associataO%P

with other traits in the CLHNS (Table 4.4).
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For each of the ten previously reported loci with evidence of association in the
CLHNS, we performed conditional analyses to evaluate whether anjoadtlENPs
were associated with an outcome after accounting for the primary asg&inie
Evidence from these analyses suggests the presence of secondary@ssogmais with
HDL-C at bothLIPC andCETP, consistent with previous reports [12]. For thEeC
locus, we observed a P value of .0047 for rs10468017, the SNP representing the primary
previously reported signal, and a P value of 2.5 %fb® rs2070895, the SNP from the
previously reported secondary signal. When we adjusted for both of these SNPs, there
was still a strong association with rs2043085 in the location of the first signdl.@Px=
10°) and with rs8023503 in the second signal (P = 6.6 §.1These two SNPs are the
most highly associated in the CLHNS data for this locus. For the SNP repotted as
CETP first signal (rs173539), we did not have a genotyped or imputed proxy in high LD
(r* >.8). However, after correcting for the second signal (rs289714 for which we
observed a P value of 1.2 x90there was still an association with rs711752. This SNP
is in ¥ = .5 with rs173539 in the CEU HapMap population, and is the most significant
SNP for what we believe is a proxy, albeit not perfect, for the first s{§al5.6 x 10).
For theGCKR locus and association with triglycerides, the previously reported SNP
rs1260326 had a P value of .0019 in the CLHNS. After correcting for this SNP, we still
observed association with rs814295, which had a more significant association of P = 1.4
x 107 in the original analysis.

A representative SNP?(k .8) for the previously reported LDL-C association at
the APOE locus was not genotyped or imputed in the CLHNS. We independently

genotyped in 1656 CLHNS women the two SNPs (rs429358 and rs7412) that compose

78



the common ApoHaplotypesd2, €3, ande4) [32]. Estimated haplotype frequencies
were .11, .80, and .08 feR, €3, ande4, respectively. The overall genotype frequencies
were .01, .19, .02, .64, .13, and .01dBk2, 2/e3, e2/e4, e3/e3g3/e4, anded/e4,
respectively. The P value for association between the 3-category ApaEypapl

variable and LDL-C was strongly significant (P <.0001). In Bonferroni-ctedgpost

hoc pair-wise tests, th& carriers had significantly higher LDL-C levels than ¢Be
homozygotes aneR carriers (P <.0001 and P = .0068). tBdiomozygotes were
significantly higher than the2 carriers (P < .0001). Associations with total cholesterol
and HDL were also significant (P < .05), but not with triglycerides (Table 4.5enwhe
haplotypes were analyzed as six categories, associations with LDdreChighly
significant (P < .0001) and approximately linear when orde2é@, £2/¢3, €2/e4, £3/€3,
€3/e4, anded/e4 with the least-square adjusted mean log-LDL-C levels of 4.41 (+ .05),
459 (x.02), 4.70 (= .05), 4.76 (£ .01), 4.81 (£ .02), and 4.91 (x .07), respectively. The
least-square adjusted mean log-LDL-C level correspond to raw LDL-C a&l@&sl,
102.4, 114, 121.3, 127, and 140.4, respectively. As with the three-category haplotype
analysis, associations were also observed for triglycerides, HDL-C, ahdhotesterol
(Table 4.5). Together, these association results are consistent with what lmave bee
observed by others [32].

For each of the four lipoprotein traits, we observe suggestive evidence of
association® < 10°) at loci not described previously (Table 4.6). Most notably, SNPs in
intron 3 of tankyaraselNKS) are associated with LDL-C (P = 7.4 x%@nd SNPs in
intron 2 of collectin-12 COLEC12) are associated with total cholesterol (P = 5.3910

We performed conditional analyses on all the most significant main efsatiasons to
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evaluate whether any additional SNPs were associated with a given ouaifteme
accounting for the associated SNP. We found no evidence for a strong secondary signa
at these loci.

Finally, we tested whether genotype associations with lipoprotein leeels ar
mediated by BMI to further evaluate the characteristics of loci exigb#vidence of
association. However, adjusting for BMI did not considerably attenuate or ia¢heas
evidence of association with most variants, suggesting the changes in lipopratksin le
due to these variants and obesity are independent (data not shown). However, for the
locusANGPTL3-DOCK7 with triglycerides we observed a change in P value from .04
with a 3 of .038 +.018 to .006 with a 3 of .048 + .017 after adjusting for BMI. However,

this change in P value may be the result of stochastic variation.

DISCUSSION

We performed the first GWA study for lipoprotein levels in a cohort from the
Philippines, a country undergoing socio-economic and nutrition transition. The stronges
main effect association in the CLHNS was observed foAB@A1-APOC3-APOA4-
APOC?2 locus for triglycerides (rs66279B,= 1.2 x 10", one of the most commonly
replicated triglyceride signals. Additionally, these results support asewocof other
loci: MMAB/MVK, LIPC, andCETP with HDL-C; ANGPTL3/DOCK7, GCKR, LPL,
TRIB1, APOAL, andLIPC with triglycerides; andHMGCR, HNF1A, andAPOE with
LDL-C. Many of these genes were initially identified in candidate geneestiaaid have
shown evidence of association across many populations. Together, all of the previously

reported SNPs for each trait explain 4.2%, 5.5%, 1%, .5% of the variation for HDL-C,
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triglycerides, LDL-C, and total cholesterol, respectively, leaviogtrof the heritability

to be explained. Despite a lack of significant statistical association, gotiatir of
association was consistent with previous reports for many of the other phgvious
reported loci. Many of the SNPs that show association with the original repaitester
also associated with another trait, consistent with the correlations beta#®nltack of

trait association in our study for some SNPs that have been previously repaited li
primarily reflects a smaller sample size but may also be due to diftdDelétween
analyzed SNPs and the underlying functional variant. Using our replicatiena;rthe

study had > 80% power to detect SNPs that explained .44% of the total variation in our
lipoprotein traits after adjustment for covariates.

Compared to Western populations, CLHNS participants have relatively HDL-C
values. HDL-C levels have been previously reported to be lower in Asians compared t
European populations, even though Asians are less obese [33]. Low HDL-C is defined as
< 50 mg/dL, and the mean level in the CLHNS women was 40.9 mg/dL, similar to that
reported in another study of Filipino women [34]. Despite differing HDL-C lanelse
CLHNS population compared to the previous European populations studied, we have
replicated several previously reported loci associated with plasma ¢té\¢i3L-C. For
the CETP, LIPC, andMMAB/MVK loci, the CLHNS samples have slightly higher allele
frequencies for the HDL-C lowering alleles. These may contributetlslitp a decrease
the population mean HDL-C because the risk alleles are affecting more reshtiee
population. We further examined individuals in the CLHNS with isolated low HDL-C
and observed similar results (data not shown). These results suggest thmltooesall

seem important even in a different environmental/genetic background.
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Some of the associations described first in European populations have also been
replicated in other Asian populations. Hietal. conducted a GWA study for HDL-C in
900 Japanese individuals and observed evidence of associatidBEwR) but not with
other previously identified loci [22]. Tat al. examined the association with LDL-C,
HDL-C and total cholesterol for four polymorphisms identified in previous GWA study
of lipoproteins in 2932 Malay participants from Singapore [21]. The authors observed
evidence of association féRIB1 with total cholesterol and LDL-C, but not HDL-C and
CILP2/PBX4 with HDL-C, a trait not previously reported to be associated with this locus.
Of these two sets of findings, only the associatio8BTrP with HDL-C is consistent
with our results.

Among the loci with suggestive evidence of association (Pt signals are
located within genes that that have potential biological relevance to metabolism,
Collectin-12 COLEC12) and Tankyrasel(NKS). SNPs within intron 2 o€OLEC12 are
associated with total cholesterol and LDL-C leveIOLEC12 mediates the recognition,
internalization and degradation of oxidatively modified LDL by vascular enddthella
[35]. SNPs within intron 3 ofNKS are associated with LDL-C and total cholesterol.
TNKS-deficient mice exhibit an increase in energy expenditure, faitlyeaxedation, and
insulin-stimulated glucose utilization, and adiposity is substantiallyedsed even with
excessive food intake [36]. While these genes seem biologically plausible,dbacavi
of association needs to be confirmed in additional populations. Each of these loci account
to ~1% of the estimated proportion of variance in the CLHNS.

Our results show that multiple genetic risk factors identified in othedworl

populations are also associated with lipid traits in Filipinos. These observédiouid s
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form the basis of understanding the mechanistic roles of these loci and identifying

functional or causative variants.
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Table 4.1 Spearman’scorrelations between traits measured in 1780 CLHNS women

Total
TG LDL-C Cholestero
HDL-C 0.038 0.016 0.082
TG - 0.00058 0.100
LDL-C - - 0.811
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Table 4.2.Effect of potential covariates on lipoprotein outcomes for 1798 CLNS
women

Covariates P-value for effect
included in Log Total
tests of effect Log HDL-C Log TG  Log LDL-C Chalesterol
Age - .0040 <.0001 <.0001 <.0001
Age’ Age 40 .00020 <.0001 <.0001
Assets Age, Ade <.0001 <.0001 <.0001 <.0001
Log income Age, Age .0019 <.0001 <.0001 <.0001
#Pregnancies Age. Agé <.0001 .076 .00030 <.0001
(3 categories) 9e. Ag
Menopause Age, Ade .016 A1 27 .16
PC1 Age, Agé, All .0001 .60 .0679 .0070
other PCs
PC2 Age, Agé, All .0028 15 .1001 .88
other PCs
Age, Agé, All 041 19 77 .996
PC3 other PCs
Age, Agé, All .34 22 .34 81
PC4 other PCs
Age, Agé, All 31 .28 .54 59
PC5 other PCs
PCE Age, Agé, All 27 .65 .0085 014
other PCs
PC7 Age, Agé, All 0277 .84 44 .18
other PCs
Age, Agé, All 61 79 24 19
PC8 other PCs
Age, Agé, All 27 44 .999 .98
PC9 other PCs
Age, Agé€, All 74 15 .39 31
PC10 other PCs

All factors and outcomes correspond to the 2005 survey. P-valbedidenote P < .05.
PC1-PC10 are the Eigenstrat principal components; PC1-PC7 were included in SNP
association analyses.
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Table 4.3. Descriptive characteristics of CLHNS women

Trait N Mean + SD
LDL-cholesterol (mg/dL) 1780 119.6 £33.7
HDL-cholesterol (mg/dL) 1780 40.9 +£10.37
Triglycerides (mg/dL) 1780 130.8 £83.5
Total cholesterol (mg/dL) 1780 186.8 £ 39.3
Age (years) 1780 484 +6.1
Total number of pregnancies 1780 6.5+3.0
Body mass index (kg/fjr 1768 243+4.4

Values correspond to the 2005 survey.
*BMI reported only for women who were not pregnant.
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Table 4.4. Evidence of association in CLHNS women at previously reported GWA loc

Freq Triglycerides LDL-C Total
SNP Gene Chr Pos Allele I*  Allele2  Allele 1 P value B £s.e.m) P value f £s.e.m.) P value f+s.em.) P value
HDL-C
rs4846914 GALNT2 1 228362314 A G 0.29 0.36 .008 (.009) 0.34 -.017 (.017) 0.75 .003 (.01) 0.92
1s675429°  APOB 2 2105968 G T 0.6¢ 0.6¢ -005 (010  0.1¢ 024 (018 0.2C -014 (011  0.42
rs1050366 LPL 8 19891971 A C 0.0t 0.9C .002 (.020  0.02: -.088 (.039 0.08¢ -.039 (.023  0.03:
rs1883025 ABCA1l 9 106704122 C T 0.58 0.35 .009 (.009) 0.045 .036 (.018) 0.17 -.015 (.011) 0.83
rs471364 TTC39B 9 15279578 T C 0.97 0.24 .032 (.027) 0.46 .039 (.052) 0.51 .02 (.031) .220
rs739566°  MADD-FOLH1-NRIH3 11 48475460 G A 0.21 0.8¢ -003 (010 0.9z .002(.020 0.7¢ -004 (012 0.7
rs174547 FADSL-FADS2-FADS3 11 61327359 T C 0.07 0.25 -.020 (.017) 0.23 .039 (.033) 0.21 -.024 (.019) 0.41
rs964184 APOA1-APOC3-APOA4-APOAS 11 116154127 C G 0.76 0.053 .019 (0.01) 2.0E-13 -.14 (.019).53 .007 (.011) 0.12
rs10892044  APOA1-APOC3-APOA4-APOAS* 11 116272109 C T 0.02 0.80 .007 (.027) 0.033 -.112 (.052) 57 0. -.018 (.031) 0.26
rs2338104 MMAB-MVK 12 108379551 G C 0.39 0.02 .021 (.009) 0.88 -.003 (.017) 0.015 .024 (.010) 0.0069
rs10468017 LIPC 15 56465804 T C 0.21 0.0047 .031 (.011) 0.0076 .057 (.021) 0.029 .027 (.013) 7.8E-04
rs2070895  LIPC* 15 56511231 A G 0.37 2.5E-05 .046 (.011) 0.028 047 (021)  0.44 01(.013) 0.014
rs289714 CETP* 16 55564952 A G 0.80 1.2E-06 .083(.017) 0.49 -.023(.033) 0.11 .031 (.020) 0.015
rs2271293 LCAT-CTCF-PRMT8 16 66459571 A G 0.04 0.12 .034 (.022) 0.98 -.001 (.043) 0.86 .005 (.025) 0.39
rs4939883 LIPG 18 45421212 C T 0.86 0.072 .022 (.012) 0.73 .008 (.023) 0.97 .0004 (.014) 0.46
rs2967605 ANGPTL4 19 8375738 C T 0.42 0.064 .021 (.011) 0.085 -.037(.022) 404 .010 (.013) 0.59
1s7679 PLTP 20 44009909 T C 0.97 0.091 -.044 (.026) 0.75 -.016 (.050)039. .062 (.03) 0.53
rs173539 CETP N/A
rs1800961 HNF4A N/A
Triglycerides

rs116799" ANGPTL3-DOCK?7 1 6270422 A C 0.71 0.11 -.015(.009 0.03¢ .038 (.018 0.7¢ .003 (.011 0.4t
rs484691° GALNT2 1 22836231 A G 0.2¢ 0.3€ .008 (.009 0.3 -.017 (.017 0.7% .003 (.01 0.9z
rs7557067 APOB 2 21061717 A G 0.30 0.58 .005 (.009) 0.17 -.025(.018) 0.19 014 (.011) 0.42
rs1260326 GCKR 2 27584444 T C 0.42 0.67 .003 (.009)0.0019 .055 (.018) 0.86 .002 (.011) 0.18
rs714052 MLXIPL 7 72502805 A G 0.89 0.79 .0038 (.014) 0.19 .035(.027) 0.42 013 (.016) 0.25
rs7819412 XKR6-AMAC1L2 8 11082571 A G 0.10 0.084 -.0253 (.0146) 0.042 -.057 (.028).71 -.006 (.017) 0.24
rs12678919 LPL 8 19888502 A G 0.95 0.87 -.003 (.020) 0.019 .091 (.039) 0.081 .04 (.023) 0.027
rs2954029 TRIB1 8 126560154 A T 0.44 0.81 -.002 (.008) 0.030 .035 (.016) 0.39 .008 (.010) 0.15
rs174547 FADSI-FADS2-FADS3 11 61327359 C T 0.93 0.25 .020 (.017) 0.23 -.039 (.033) 0.21 .024 (.019) 0.41
rs964184 APOA1-AOC3-APOA4-APOAS 11 116154127 G C 0.24 0.053 -.019 (.0102.0E-13 .14 (.019) 0.53 -.007 (.011) 0.12
rs477504¢ LIPC 15 5646198 C G 0.1¢ 0.00% .030 (.011  0.008: .054 (.021 0.021 .028 (.012 5.5E-0¢
rs17216525 NCAN-CILP2-PBX4 19 19523220 C T 0.93 0.96 .001 (.016) 0.94 .002 (.031) 0.20 .024-(.019) 0.45
rs7679 PLTP 20 44009909 C T 0.03 0.091 .044 (.026) 0.75 .016 (.050) 9D.03 -.062 (.030) 0.53
rs15758° CEACAM16-TOMM40 N/A
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LDL-C

rs11206510  PCSK9 1 55268627
rs12740374  CELSR2-PSRCI1-SORT1 1 109619113
1s484461° CRIL 1 20594179
rs515135 APOB 2 21139562
rs3846663  HMGCR 5 74691482
rs1501908  TIMD4-HAVCRL 5 156330747
rs1267079°  DNAH11 7 2157387
rs17457° FADS3-FADS? 11 6135378
rs2650000  HNF1A 12 119873345
rs10401969  NCAN-CILP2-PBX4 19 19268718
rs1040227°  BCAM 19 5002105
rs6102059  MAFB 20 38662198
rs6544713  ABCG8 N/A

rs4420638  LDLR N/A

1s207565' TOMM40 N/A

rs6511720  APOE-APOC1-APOC4-APOC2  NJ/A

rs480375' BCL3 N/A

Total Cholesterol

rs1090312°  TMEMS57 1 2564152.
rs1088935°  DOCK7 1 6289078
1s64677° SARS-CELSR2-MYBPHL 1 10962005
rs69° APOB 2 2108570
r$384666° GCNT4-HMGCR-POLK 5 74686841
1s698770°" TRIB1-FAM84B 8 12657390
rs17457F FADS3-FADS2 11 6135378
1s230412° NCAN-ZNF104 19 1960715
1$675662" ABCG5 N/A

1s222867" LDLR N/A

Chromosomal positions are NCBI Build 36. SNPsaaranged in ascending chromosomal order.
SNPs previously reported to be associated wittplipzin levels in GWA studies (P < 0are included.

0 4x2°% 5407 0+

70070049 40

4 4 4> 0 00 >

0.94
0.95

0.2:
0.92
0.54
0.65

0.5¢€

0.1¢€
0.42
0.95

0.17
0.58

0.1€
0.7¢€
0.9t
0.0¢
0.5¢
0.64
0.1¢€
0.9¢

0.087
0.24

0.4¢
0.18
0.63
0.85

0.1t

0.9€
0.71
0.34

0.8z
0.83

0.6z
0.24
0.2t
0.14
0.6C
0.1¢
0.9¢
0.6€

represents SNPs with a P value < .05 and diredfi@ffect consistent with previous reports.

*Asterisks represent second signals reported imikeganet al. 2009.

a Allele associated with increased trait valueriorreport
b Aulchenkoet al. 2009

¢ Sabattit al. 2009

d Willer et al. 2008

e Kathiresaret al. 2008

f Sandhuet al. 2008

.032 (.018)
-.026 (.022)

.009 (.013

.022 (.016)
-.004 (.008)
.002 (.009)

018 (.012
-.001 (.014

.003 (.009)
-.029 (.031)

.003 (.011

-.002 (.009)

-.006 (.012
-012 (.010
-.025 (.022
.024 (.016
-.004 (.008
.014 (.011
-.001 (.014
.015 (.035

0.51 .024 (.035) 0.61 011 (.021) 0.43
0.15 .06 (.042) 0.062  .046(025) 0.10
0.9¢ .001(.025 0.9¢ -002 (015  0.6¢

0.38 -.026 (.030) 0.70 007 (.018)  0.74
0.51 .011 (.016).034 .020 (.010) 0.036
2.6E-04 .063 (.017)57 0. .006 (.010)  0.059
0.77 007 (.024  0.67 .006 (014 0.3
0.1 04 (027 0.22 -020 (016  0.6¢
0.96 .001 (.017).014 .025 (.010) 0.023
0.21 074 (059) 059  -019(.035) 0.82
0.2 .025(.021  0.04( -026 (013  0.1¢
0.20 -022 (.017) 30.6 -005 (.010)  0.61
0.4¢ -015(.022 0.97 -001 (013 0.8
0.051 036 (.019  0.8¢ -003 (011  0.7¢
0.1€ .059 (.041  0.06¢ 045 (025 0.1C
0.4z .025(.030 0.5¢ 011 (018  0.21
0.51 011 (.016 0.07¢ .017 (010 0.06¢
0.2 -024 (020 0.31 012 (012  0.5€
0.1¢ 04 (027 0.22 -02 (016  0.6¢
0.51 043 (067 0.8¢ -.006 (040  0.6(

SNPs are from Kathiresanat al92filess otherwise indicategiold



Table 4.5.APOE haplotype association analysis in CLHNS

halLAE)FI’;)t:/Epe f?:;l?g]gs HDL-C  Triglycerides LDL-C
3 categories
€2 carriers 20 3.71(0.01)  4.76 (0.03) 4.57 (0.02)
€3/ €3 64 3.67(0.01)  4.72(0.02) 4.76 (0.01)
&4 carriers 14 3.66 (0.02)  4.73(0.03) 4.82 (0.02)
P value .019 .53 <.0001
6 categories
€2/ €2 01 3.78 (0.05) 5.11 (0.1) 4.41 (0.06)
2/ €3 19 3.71(0.02)  4.73(0.03) 4.59 (0.02)
2/ el 02 3.67 (0.05)  114.01 (5.78) 4.7 (0.05)
3/ €3 64 3.67(0.01)  4.72(0.02) 4.76 (0.01)
3/ ¢4 13 3.65(0.02)  4.73(0.03) 4.81 (0.02)
Al 4 01 3.75(0.06)  4.81(0.12) 4.91 (0.07)
P value .035 .0008 <.0001

Least-square means (SE) are shown.
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Table 4.6. SNPs with suggestive evidence of association with lipoprotein |sviel
CLHNS (P < 10°

Freq HDL TG LDL Total Cholesterol
SNP Gene  Chr Pos Allelel Allele2 Allelel P value g(xs.e.m.) Pvalue f+s.e.m.) Pvalue f+s.e.m.) Pvalue f+s.e.m.)
TG
rs1702368 CNTN4 3 2978279 T G 0.72  0.87-0.002 (0.01: 4.1E-060.114 (0.02¢ 0.50 -0.010 (0.01% 0.0088-0.027 (0.01C
1s7644509Chr3g26.1 3 1.68E+08 C G 0.85 0.21 0.015(0.012) 6.3E604 (0.02: 0.88 0.002 (0.014) 0.22:0.012 (0.01C
1s2453464 PCXK5 9 78109296 A G 0.16  0.11-0.020 (0.01z 5.5E-06 0.107 (0.024) 0.450.011 (0.01¢ 0.38 0.009 (0.010)
rs1893838ZBTB7C 18 44132146 T C 0.65  0.290.010 (0.00¢ 5.0E-060.078 (0.017 0.16 -0.014 (0.01C 7.1E-040.024 (0.007
HDL
rs1754835 BIRC6 2 32510121 G A 0.99 8.5E-06 0.174 (0.039) 0.93.007 (0.07¢ 0.80 0.011(0.045) 0.28 0.034 (0.032)
rs15448579.C4A10 2 1.62E+08 G C 0.83 1.6E-06 0.056 (0.012) 0.88003 (0.02z 0.56 0.008 (0.013) 0.13 0.014 (0.009)
rs3739440 PAX5 9 37021074 C T 0.84 5.4E-06 0.059 (0.013) 0.79 0.007 (0.02®53 -0.029 (0.01¢ 0.71 -0.004 (0.011
rs112276411q131 11 66516071 G C 0.78 7.7E-@B055 (0.01z 0.27 0.026 (0.024) 0.38-0.012 (0.01¢ 0.18 -0.013 (0.01C
rs138779 TOM1 22 34042177 T C 0.59 1.9E-07 0.046 (0.009) 0.6B008 (0.017 0.72 0.004 (0.010) 0.12 0.011 (0.007)
LDL
rs4570159 TNKS 8 9568712 G A 0.69 0.17 0.012(0.009) 0.16.025 (0.017 7.4E-06 0.046 (0.010) 9.4E-05 0.029 (0.007)
rs4787103 A2BP1 16 7982718 G A 0.64  0.66-0.005 (0.01z 0.45 0.017 (0.023) 6.5E-06.061 (0.014 5.6E-040.033 (0.01C
TC
rs1414513 HLX 1 219E+08 A G 0.90  0.0970.024 (0.01¢ 0.080 -0.049 (0.02¢ 6.1E-040.057 (0.017 7.5E-060.053 (0.01Z
rs551314 TBA3C 13 18620448 A C 0.98 0.32 0.038(0.039) 0.11 0.118 (0.072§-D5 0.193 (0.044) 4.7E-06 0.142 (0.031)
rs2032158 COLEC12 18 349196 C T 0.94  0.23-0.022 (0.01¢ 0.019 -0.080 (0.03< 2.9E-040.074 (0.02( 5.3E-060.065 (0.01£
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Figure 4.1. Genome-wide evidence of association with lipoproteinn 1,780 CLHNS
women A HDL-C, B. triglycerides, C. LDL-C, and D. total cholestdmlels. Each plot
represents 2,073,674 SNPs that were tested for association adjustgd,fage number
of previous pregnancies, menopause status, and 7 PCs for population substructure.
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Figure 4.2. Quantile-Quantile plots for tests of association withpoproteins in 1,780
CLHNS womenA. HDL-C, B. triglycerides, C. LDL-C, and D. total cholester@lotted
lines indicate 95% confidence intervals
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CHAPTER V. TRANSCRIPTIONAL ACTIVITY OF SNPS AT THE GALNT2
LOCUS ASSOCIATED WITH HUMAN HIGH DENSITY LIPOPROTEIN
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ABSTRACT

Recent genome-wide association studies have identified several novel rigk [asma
lipoprotein levels. One of these IoOBALNTZ2, contains single nucleotide polymorphisms
(SNPs) in intron one associated with high density lipoprotein cholesterol (HIR-C»

x 10%). Our goal is to identify functional variant(s) at this locus responsible for the
association signal. Because no other genes are located close to theebSidtPs, we
hypothesize that a functional variant(s) act$s@.NT2 or a putative novel intronic
transcript. We identified a total of 24 SNPs that are in at least modefkatgdin
disequilibrium (LD) (f >.5) with an HDL-C associated SNP. Additionally, we
determined that a 21 bp deletion, rs6143660, was in strong’£B&) with an

associated SNP and had a minor allele frequency of .36. Of these 25 variants, five
(rs2144300, rs4846913, rs6143660, rs17315646, rs4846914) are located within a 1 kb
region that overlaps experimental functional annotation of open chromatin (DNase
hypersensitivity and FAIRE) and histone modifications (H3K4me3) in a human
hepatocellular carcinoma cell line (HepG2), suggesting regulatoryidancto test the
effects of the haplotypes on transcriptional activity, the 1 kb segment wasddivide

two separate regions. Each region was cloned in both the forward and reversearienta
into a luciferase reporter vector and transfected into HepG2 cells. Reg&#144300,
rs4846913, rs6143660) demonstrated an approximate two-fold increase in transcriptional
activity for one haplotype containing the deletion of rs6143660, the T allele of
rs2144300, and the A allele of rs4846913, which have been associated with increased
HDL-C levels. The effect was consistent in both a promoterless and a minimalt@rom

vector in both the forward and reverse orienta(®r .02). Region 2 did not show any
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allelic differences in transcriptional activitl? (> .05) in either the forward and reverse
orientation in a minimal promoter luciferase reporter vector. These reagliest that
the 21 bp deletion, rs4849913, and/or rs2144300 may act to increase the transcriptional

activity of GALNT2 or an unknown novel intronic transcript to increase HDL-C.
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INTRODUCTION

Coronary artery disease (CAD) is the leading cause of death in the Unitesl Stat
in both men and women [1]. Low levels of high density lipoprotein cholesterol (HDL-C)
are associated with increased risk of CAD, thus understanding the basis-of inte
individual variation in HDL-C is essential to understanding CAD [2]. Many factors
influence HDL-C, including diet, physical activity, and genetics [3]. However, ofost
the heritability of HDL-C is left to be explained [4].

In recent genome-wide association (GWA) studies of Caucasian populations
[5,6], a novel locus in intron one GALNT2 was identified to be strongly associatéd (
< 9.4 x 10¢°) with HDL-C levels as well as triglyceride levels. Additionally, an
unpublished meta-analysis of approximately 100,000 Caucasian individuals confirms the
association with HDL-C levels with values as significant as 2.97 x*@or rs4846914
(Teslovichet al., Abstract American Society for Human Genetics 2009). For each
additional A allele of the single nucleotide polymorphism (SNP) rs4846914, individuals
have an ~1.15 mg/dL increase of HDL-C [5]. However, in the GWA study of the
CLHNS women (Chapter IVIGALNT2 SNPs were not associatdelX .05) with HDL-C
or triglycerides (index SNP rs48469 R~ .36 for HDL-C in the direction of effect
previously reported anid = .34 for triglycerides in the opposite direction of effect
previously reported).

The genomic region around the association signal contains few genes upon which
these associated SNPs may be acting (Figure 5.1A). The signal is withmang of
GALNTZ2, N-acetylgalactosaminyltransferase 2. Other genes are refdaveaway from

the associated region. The nearest geneBGEB®OS5 andKIAA0133. PGBD5, piggyBac
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transposable element derived 5, is 148 kb downstream of the association SIGEBD5
appears to have been derived from the piggyBac transposons and has no known function.
KIAA0133, which encodes hypothetical protein LOC9816, is ~407 kb upstream of the 5’
untranslated region (UTR) GALNT2. Alternatively, the HDL-C-associated variants
may affect an unidentified or more distant transcript.

The association signal spans a moderately small region of at least 15 kilobases
(kb) and contains relatively few variants. Of the reported SNPs WHALINT2, eight
are highly associated with HDL-C leveR ¢ 1 x10") and are in strong linkage
disequilibrium (f >.8) with each other [7,8;
http://www.sph.umich.edu/csg/abecasis/public/lipids2008/]. These charactamske
this region a prime candidate for identifying the functional variant(s).

There are many potential molecular mechanisms for a functional vayiaimt(s
the simplest scenario, a SNP allele can alter a key amino acid reatligedtitical to
protein function and activity. However, like many of the recent associatiorissigna
identified in GWA studies, the associated SNPGALNT2 are located in non-coding
sequence, suggesting that non-coding variation plays an important role in common
disease. These non-coding SNPs may influence biological processes by reducing
transcription factor binding affinity or modifying RNA splicing.

Most DNA is wound around a histone core, forming nucleosomes. When DNA is
in this state it is inaccessible to transcription factors, RNA polymerasangr
regulatory factors. DNA segments that are actively regulatingdrgption are
characterized by depletion of nucleosomes from the chromatin. The distribution of

nucleosomes along DNA can be mapped using DNase | hypersensitivity [9] and
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Formaldehyde-Assisted Isolation of Regulatory Elements (FAIRE) Mdiitionally, in
eukaryotes modifications of histone tails such as histone H3 trimethylatigsires #
(H3K4me3) are associated with active chromatin and gene expression [11¢. Thes
modifications can differ between tissues, making it valuable to study théspssue in
which a gene may act.

To identify additional HDL-C-associated variant(s) that may be resporisible
the association signal, we used LD data generated in our laboratory from nesagjue
the association region as well as data from the 1000 Genomes project
(http://browser.1000genomes.org). We then used computational and experimental data of
open chromatin and histone modifications in the human hepatocellular carcinoma cell
line (HepG2) to identify regions that are highly suggestive of regulatmctibn. We
tested variants in the identified regions using a luciferase repostey tsidentify effects
on transcription. One or more variants may act to increase or decreas@sbeyition

of GALNTZ2 or an unknown transcript.

MATERIALS AND METHODS

Resequencin@ALNT2 exon 2

Forty-eight unrelated individuals from the Finland-United States Invéistgaf
NIDDM Genetics (FUSION) [12] were resequenced for 538 bp including exon 2, 291 bp
upstream and 153 bp downstream. Primers were selected using Primer3 daftyare
http://www.genome.wi.mit.edu/genome_software/other/primer3.html]: Forvear
CCCTGGGAGTTTTTGGAGTA-3' and Reverse: 5-ACTGCTTTGCCAACTTET

3. Sequencing was performed at the University of North Carolina, Chapel Hill
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automated DNA sequencing facility on an ABI Prism 3730 (Applied Biosystemsy Foste
City, CA, USA) using the Big Dye Terminator Kit. Sequences were compairegl us
Sequencher 4.2.2 (Gene Codes Corporation, Ann Arbor, Ml, USA).

Additional sequencing of th@ALNT2 exons and the ~15 kb associated region
defined by recombination hotspots was performed on 188 individuals at the J. Craig
Venter Institute as part of the NHLBI genotyping and re-sequencing pnograe 188
individuals were selected from the extremes of the HDL-C distribution amds¢m

individuals without type 2 diabetes and not taking lipid-lowering medications.

Construction of luciferase reporter plasmids

Four individuals from the FUSION samples who were homozygous for the alleles
of the desired haplotypes were used as templates for PCR. Primers eetexiagding
Primer3 software. The PCR primers were as follows: Region 1 Forward: 5’
GGCTCTGGCAAAGTGTCTTG-3 Reverse: 5-TGAATTTCTCCGGTTGAGE3,,
Region 2 Forward: 5-TTAGTTGAGGATCAGATGTGTCA-3 Reverse: 5'-
TCAGTGAGCAGAAACTAAGGACA-3'. The primers were tailored to incorptea
Kpn I site and an Xho | site at the end of the amplified regions. Fragmentsaented
in both the forward and reverse orientation into the vector.

The amplified regions were purified with the Promega Wizard SV Gel and PCR
CleanUp System (Promega Corporation, Madison, WI, USA ), digested with Xho | and
Kpn I restriction endonucleases (New England Biolabs, Ipswich, MA, USA ), and
subcloned into the Kpn | and Xho I sites of firefly luciferase-expressingtp@ttors

(Promega Corporation). Region 1 was subcloned into the basic pGL4.10 and the minimal
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promoter pGL4.23 vectors. Region 2 was subcloned into the minimal promoter pGL4.23
vector. All constructs were sequenced to verify nucleotides at variant posiithts a

identify any additional variant nucleotides in the region.

Cell cultures, transfections, and luciferase assays

Human HepG2 cells were grown in Dulbecco’s modified Eagle medium with
10% fetal bovine serum, and 1% sodium pyruvate at 37°C and 5% C#lls were
seeded at 8 x o 10 x 1Gcells per well in a 24-well collagen-coated plate and allowed
to grow undisturbed for 24 hours prior to transfection. Transient transfections were
performed with FUGENEG6 (Roche Applied Science, Indianapolis, IN, USA) diogpto
the manufacturer’s protocol. Specifically, 720 ng of the luciferase reportdruxingas
cotransfected with 80 ng of Renilla luciferase (Promega Corporation) toicfamtr
variation in transfection efficiency. Each clone and the corresponding emply wece
transfected in duplicate.

After 48 hours, the transfected cells were lysed with 90 ul of 1x lysis buffer for 45
minutes by gently rocking at room temperature. Fifteen microliterslbolysate was
harvested and luciferase activity was measured with Dual-Lucifeegzarter Assay

System (Promega Corporation) using a 96-well microplate luminometer.

Statistical analysis

Relative luciferase activity is reported as luciferase divided byllReglative to
empty vector. Results are represented at + standard deviation of the 2 to 7 independent

clones. For Region 1, differences between haplotypes in the luciferase dasagrea
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analyzed by ANOVA and a Tukey post hoc pairwise analysis between haploBgres.
Region 2, luciferase assay data were assessed by a two-sided Studsht’&\R < .05

was considered statistically significant.

Genotyping rs6143660 insertion-deletion variant

Eighty-seven random FUSION samples were chosen for genotyping. Primers
for amplification were selected using Primer3 software: Forward: 5’-
CTCATCTTTGCACACGAAGG-3’ Reverse: 5'-GAGACCCTGAGTGTGAGGAE3'.
The products for chromosomes with and without the deletion were 91 bp and 112 bp,
respectively. The products were run on a 3% low melting point agarose gel, and two

researchers scored genotypes independently.

RESULTS

Identifying possible functional variants

To identify the full set of possible functional SNPs in @&_.NT2 HDL-C
association region (chr1:228,360,704-228,375,798) (Figure 5.1B), we used four
approaches to perform resequencing and evaluate LD compared to the known HDL-C
associated SNPs (Table 5.1). First, to identify novel coding or splice saatgati
performed targeted resequencing#L.NT2 exon 2 located downstream of the 15 kb
region of HDL-C associated SNPs. No sequence variations were found in the exon. By
using 48 FUSION samples, | had 99% probability of detecting a variant with a minor
allele frequency >.05. Second, additional resequencing of the association region was

performed in 188 individuals. Eighty percent of the region was successfully resedue
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and successful amplicons are pictured in Figure 5.1B. Nine SNPs were identifiad to be
moderate LD @>.5) with one of the eight original associated SNPs. Of these nine, one
had been previously tested for association in the Kathietshn2009 GWA study and

had aP of 3.1 x 10°. Third, further examination of HapMap (http://www.hapmap.org)
CEU variants in strong LD {= 1) with one of the eight original associated SNPs
identified two additional SNPs. These two SNPs were not analyzed in the Kaitieire

al. 2009 GWA study because they failed quality control and were not identified by
resequencing because they were located in an amplicon that failed. Fkisizigy,
preliminary data from the 1000 Genomes Project (May 2009;
http://browser.1000genomes.org) we identified five SNPs that were in modBrate
(r>>.5) with the best SNP reported by Kathiresaal. 2009, rs4846914. In total, 24
SNPs were identified through resequencing and LD analysis to be potentiadriahcti

SNPs [7]. Detailed descriptions of this set are described in Table 5.1.

Selection of regions with potential requlatory function

Of the 24 SNPs identified in the association region, four SNPs are located in
genomic regions that are highly suggestive of regulatory function (rs2144380694.3,
rs17315646, and rs4846914). These SNPs are located on the furthest upstream side of
the association region, within 1 kb (976bp) of one another, and overlap many functional
annotations including that of open chromatin (DNase HS, FAIRE), histone modification
(H3K4me3), and chromatin immunoprecipitation (ChIP) with regulatory proteies|St
regulatory element-binding protein-1A and RNA polymerase I, in HepGg2 @eture

5.1B and 5.1C). These SNPs thus represent the best candidates at this locus.
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This 976 bp section was divided based on the functional annotations into two
regions to test in the luciferase expression reporter assay (Figure 54@§ion R is 780
bp and includes seven variants, five of which are common (minor allele frequency > .05).
Region two is 565 bp and includes five variants, three of which are common. Fifty base
pairs of Region 1 was predicted to fall within a possible promoter by Berkeley
Drosophila Genome Project Eukaryote Promoter Prediction
(http://www.fruitfly.org/seq_tools/promoter.html). Therefore, this regi@s vested in
both pGL4.10, a promoterless vector, and pGL4.23, a minimal promoter vector. Three
and two haplotypes were tested for functional activity in Region 1 and 2, reslyective

(Table 5.2 and 5.3).

Analyzing the 21 nucleotide deletion - rs6143660

During the resequencing of the reporter constructs, a 21 nucleotide deletion,
rs6143660, was found to be common. To further evaluate this variant, we genotyped the
deletion in 87 individuals with known genotypes at HDL-C-associated variants. We
found that the MAF was .36 and tfewith the HDL-C-associated SNP rs4846914 was
.88. While we did not directly test the deletion for association with HDL-C lewels, t
correlation of it with the strongest associated SNP suggests that thisrdelaly also be

associated with HDL-C levels.

Allele-specific effect of Haplotype 1 on transcriptional activity in iRadl

The genomic fragments from Region 1 with alleles specific to the haplotypes

described in Table 5.2 were inserted into the firefly luciferase expressing 10 basic
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promoterless vector or pGL4.23 minimal promoter vector. The activity of the gotsstr
was assessed by transiently transfecting HepG2 cells.

The luciferase activity of Haplotype 1 was 1.6 to 3-fold higher than that of the
other haplotypes in the basic vector, in both the forward and reverse orientations (
overall < .0001P overall = .0009; Figure 5.2A). We performed a Tukey post-hoc test to
access the differences between individual haplotype$ ta¢ues for the forward
orientation werd® < .0001,P < .0001, andP = .0009 for Haplotype 1to 2, 1 to 3, and 2
to 3, respectively. For the reverse orientation Rivalues werd> = .02,P = .0007, andP
= .2 for Haplotype 1 to 2, 1 to 3, and 2 to 3, respectively.

In the minimal promoter vector, the luciferase activity of Haplotype 1 vgas al
1.8 to 3-fold higher than that of the other haplotypes, in both the forward and reverse
orientations P overall < .0001P = .0001; Figure 5.2B). The values for the forward
orientation werd® < .0001,P < .0001, and® = .03 for Haplotype 1to 2, 1to 3, and 2 to
3, respectively. For the reverse orientation,Rhalues werd> = .0008,P = .0002, andP

= .6 for Haplotype 1 to 2, 1 to 3, and 2 to 3, respectively.

No allele-specific effects in Region 2

The genomic fragments from Region 2 with alleles specific to the haplotypes
described in Table 5.3 were also tested for luciferase activity in the miprorabter,
pGL4.23, vector. The luciferase activity demonstrated no difference betwe®rothe

haplotypes in either the forward or reverse orientafion (06,P = .1; Figure 5.3).
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DISCUSSION

HDL-C is a complex trait that can be affected by multiple genetic and
environmental factors [3]. In the present study, we explored the functionaliglobént
some of the alleles that may be underlying the HDL-C association sigiiia@GALNT2
locus by investigating the transcriptional effects of two genomic regMfesshow that
the SNPs in Haplotype 1 of Region 1 consistently cause a significant increase
transcription compared to Haplotype 2 and Haplotype 3 in both a minimal promoter
vector and a basic vector in the forward and reverse orientation. The resuliteindic
increased transcriptional activity of Haplotype 1 containing the 21 bp deletion of
rs6143660, the T allele of rs2144300, and the A allele of rs4846913. These alleles have
been associated with increased HDL-C levels and may be the potential funciosuals
causing Haplotype 1 to have an increase in transcriptional activity. Hapbslhpevs a
significant increase in transcription compared to Haplotype 3 in the forwaatialiref
both vectors but does not show an increase in the reverse direction. These results suggest
that the A allele of rs1555290, which differentiates Haplotype 2 from Haplotype 3, may
also be a potentially functional variant with a modest effect.

This study is the first known attempt to pinpoint the functional variant(s)
contributing to the HDL-C association at IBALNT2 locus. Based on these results, one
or more of the alleles in Region 1 appear to increase transcripti@sLMT2 or another
transcript. The luciferase activity for Region 1 is consistently higharttteaempty
vector, with relative luciferase activity as high as 48-fold in the mihgramoter vector
in the forward direction and activity nearly as high in the promoterless vector. The

luciferase data as well as the open chromatin data suggest that Regioodntaayan
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enhancer or promoter. If the potentially functional variants act directyAuNT2 then
increased GALNT2 may lead to increased HDL-C. On the other hand, these variants
may also or instead increase transcription of an unknown transcript that leadsdeedc
HDL-C.

Our results should be interpreted cautiously in light of a recent abstract by
Edmondsoret al. (Abstract American Society of Human Genetics 2009), which
contradicts the direction of our results. Edmondson overexpressed mouse and human
GALNT2 in mouse hepatocytes, which led to a significant decrease in HDL-C by
approximately 20% at 28 days. Additionally, the knockdown endogeBalut? lead to
a 37% increase in HDL-C. These results suggest@ABNT?2 is the casual gene at this
locus and that changes in hep&@LNT2 expression are associated with inverse
changes in HDL-C levels.

While there are no established connections between the functi@®LdfT2 and
HDL-C levels, the localized association signal sugg8sisNT2 may be the most likely
gene affecting levels of HDL-CGALNT2 codes for a widely expressed N-
actetylgalactosaminyltransferase, which is involved in O-linked glyatisg of proteins.
GALNTZ2 is located on the trans side of the golgi stack, and is known to transfer N-
acetylgalactosamine to serine or threonine residues [14]. Because Ogliyd@slylation
can regulate protein function, change&#BLNT2 expression may indirectly affect HDL-
C levels through glycosylating and modifying a lipoprotein or receptor involved in
metabolism. Potential target candidates may include LCAT, apoClll, VLDLRDBbR
because these have been reported to be O-glycosylated with N-acetykzatane

residues [15-18].
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The luciferase assay experimental approach has several limitatimiferase
reporter assays are an artifigialvitro system that may not represent fully all the
interacting nuances in the human body. WGIEL.NT2 is expressed in liver tissue [14]
and liver is very critical to HDL-C metabolism, GALNT2 may not have its functiona
effects on HDL-C within the liver. Additionally, we are using HepG2 cdla proxy for
invivo liver tissues, and these cells may not contain all of the regulatory proteins
biologically relevant to human HDL-C metabolism.

While Regions 1 and 2 of the association region seem to be the most obvious for a
predicted regulatory element, they do not contain all possible functional alleleseand w
may have not identified the full set of possible functional alleles. Throughrgfeedeale
resequencing and data from the 1000 Genomes Project, we identified 16 other SNPs and
one deletion. The likelihood that we have identified the full set of possible functional
alleles depends on the unknown frequency of the underlying functional variant(s).

The functional activity of the variants in Region 1 can be analyzed in future
experiments. The variants could be tested in other biological relevant celklicbsas
primary liver cells or muscle-derived cell lines. In addition, the threentaran
Haplotype 1 in Region 1 could be isolated to determine if a single variant affects
transcriptional activity. Because these SNPs are in high linkage disagmijlonly very
rare individuals would have the needed haplotypes.; we could perform site-directed
mutagenesis to separate the alleles. Region 1 might also be testedersssinakgions
to isolate the SNP effects.

In addition to the luciferase assays, there are other methods to determinalpotenti

functional alleles. One method is an electrophoretic mobility shift askeés/miethod
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allows for the study of protein-DNA interactions to identify if one alleleed#htially
binds a specific protein or any protein from cell lystates. The future direaticinslé
testing other variants in the association signal that are highly assomidteat fall within
in a predicated regulatory region. We have the potential to test raretyavitnn
GALNT2 that are specific to high or low HDL-C individuals and test to see if these
variants perturb function. Additionally, it would be helpful to investigate potential
proteins that may be modified by GALNT2 and identify the pathway thattefi¢DL-C
metabolism.

In summary, we found that constructs containing the 21 bp deletion of rs6143660,
the T allele of rs2144300, and the A allele of rs4846913 increased transcriptiong activi
compared to the alternative alleles. Nonetheless, additional resedriol witjuired to
better define the functional significance of these variants and to diagifypechanism of
GALNT2 with HDL-C. Ultimately, by identifying the causative variant(sjras$ locus,

we may aid in the discovery of therapeutic targets for altering HDlv€lde
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Table 5.1: Candidate functional SNPs with annotation in theGALNT2 HDL-C
associated locus.

r? with an
P value for | original HDL-
HDL-C C associated Potential regulatory Tested
SNP Source associatiort SNP functional annotation Region
- . HepG2 DNase HS,
rs2144300 gﬂ%‘l”a' HDL-C associated 1.03E-07 FAIRE, Polll, 1
SREBP1A, H3K4me3
Original HDL-C associated ) HepG2 DNase HS,
rs17315646 SNP 7.24E-08 H3Kame3 2
Original HDL-C associated HepG2 FAIRE,
rs4846914 SNP 3.91E-08 H3Kame3 2
rs10127775 el HPL-C associated 1 6 gep o 2
12281719 g[r\:%llnal HDL-C associated 1.02E-07
rs10779835 gﬂ%‘l”a' HDL-C associated 5.25E-08 HepG2 H3K4me3
1510480615 192! HDL-C associated 1 g 40e o
11321257 Original HDL-C associated 8.23E-08
SNP
rs2281721 | 188 individual re-sequending 1
rs10864727| 188 individual re-sequenéing 1
rs10864728| 188 individual re-sequenéing 1
rs11122456| 188 individual re-sequenéing 1
rs4846921 | 188 individual re-sequending .989
rs2281718 | 188 individual re-sequending .966
rs4846922 | 188 individual re-sequending 915 Most conserved mamma
and vertebrate
rs609526 188 individual re-sequendingl  3.10E-05 729
rs4846923 | 188 individual re-sequending .616
rs11122450 HapMd&p 1
HepG2 DNase HS,
s4846913 | HapMép 1 FAIRE, Polll, SREBP1A|
rs34996149| 1000 Genomes Prdfect .9604
rs11122454| 1000 Genomes Prdfect .9604
rs1546954 | 1000 Genomes Profect .6079
rs11122453| 1000 Genomes Prdfect .6766
rs10864726| 1000 Genomes Prdfect .6079

1. Definition andP values from Kathiresagt al. 2009
2. Linkage disequilbrium (LD) was obtained from K. Gaukbal. unpublished
3. LD determined by HapMap CEU population

4. LD with rs4846914 determined by data from May 2009 of 1000 Genomes Project data
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Table 5.2: Haplotypes tested in Region 1

Haplotype 1:
Haplotype 2:
Haplotype 3:

rs4846913* rs2144300* rs1555290 rs6143660* Associatiohalleles
A T A - Increase HDL-C
C C A + Decrease HDL-C
C C C + Decrease HDL-C

* Direction of association was based upon these SNPs.
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Table 5.3: Haplotypes tested in Region 2

rs17315646 rs4846914 rs10127775 Association of alleles
Haplotype 1: C G A Decreases HDL
Haplotype 2: G A T Increases HDL
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Figure 5.1: Evidence for association with HDL-C and potential regwtory regions at
the GALNT2 locus

A. Evidence for association with high density lipoprotein cholesterol @@plat the
GALNT2 locus. Evidence for association is shown for evaluated single ndeleot
polymorphisms (SNPs) in 19,794 GWA samples [7]. The top panel depidisctiamns

of genes.

B. Zoom (chrl: 228,360,704-228,375,798) on the region of association in intron one
with experimental and computationally predicted evidence of regylaegions. The
first track indicates single nucleotide polymorphisms (SNP)imvithe region. The red
ovals indicate SNPs evaluated for association Rith1.02 x 10 [7]. Predicted regions
of open chromatin are indicated by DNase hypersensitivity amdafdehyde-assisted
identification of regulatory elements using the human hepatogeltalrcinoma HepG2
cell line. Additional potential regulatory predictors include kees of histone
modification (H3K4me3), chromatin immunoprecipitation (ChIP) with utatpry
proteins, and conservation regions. The bottom track indicates thesut@mplicons
of the 188 individual re-sequencing.

C. Zoom on Region 1 and Region 2 with experimental and computationallyctecbdi
evidence of regulatory regions.
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Figure 5.2: Allelic differences in transcriptional activity between haplotypes of
Region 1 in the human hepatocellular carcinoma HepG2 cell lineRelative luciferase
activity (firefly luciferase/Renilla luciferase) wastdemined and fold luciferase activity
is presented as compared to vector without insert. Error hdrsaied + standard
deviation of N independent biological replicate clorfesLuciferase activity was tested
in the basic, pGL4.10, vectoB. Luciferase activity was tested in the minimal promoter,
pGL4.23, vector.
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Figure 5.3: Allelic differences in transcriptional activity between haplotypes of

Region 2 in the human hepatocellular carcinoma HepG2 cell lineRelative luciferase

activity (firefly luciferase/Renilla luciferase) wastdemined and fold luciferase activity
is presented as compared to vector without insert. Error hdrsaied + standard
deviation of N independent biological replicate clones. Luciferasetaavas tested in

the minimal promoter, pGL4.23, vector.
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CHAPTER VI. CONCLUSIONS



OVERVIEW OF FINDINGS AND SYNTHESIS

This dissertation identifies variants that are associated with obésitge ¢raits
and lipoprotein levels in the Cebu Longitudinal Health and Nutrition Study (CLHNS), a
cohort of adult women from the Philippines. One of the loci identified to influence the
interindividual variation of high density lipoprotein cholesterol (HDL-C) washéirt
investigated to detect the functional variant(s) that are contributing togbeiatson.
Together, these findings represent important contributions to the field of humalkcgenet
and will serve as building blocks for future studies. While each chapter of this
dissertation can be seen as a standalone paper, the analyses and findiredbdit tmg
form a cohesive picture of genetic risk factors for cardiovascular diges§®. This
discussion highlights key points from and relationships between each chapter, the
significance of the research, and explores future endeavors, which may proveidenef

in expanding the understanding of complex traits.

Chapter II: Comparison of ENCODE region SNPs between Cebu Filipio and
Asian HapMap samples

Prior to beginning this study, limited genetic data was available on Filipirtwes. T
detailed population study describeddhapter Il was motivated by our plan to select
genetic polymorphisms representing common variation across the genomer®r fut
CLHNS studies. We, therefore, set out to assess the effectiveness of usiagep
data to guide single nucleotide polymorphism (SNP) selection for the Cebud-ilipi

CLHNS samples.
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In order to determine whether a large number of unknown variants would be
identified, we resequenced a portion of each of the ten ENCODE regions [1] revealing
only one SNP (minor allele frequency, MAF > .05) unique to the CLHNS sample and
not present in doSNP or HapMap suggesting that SNPs ascertained from the ENCOD
regions are representative of common variation in Cebu Filipinos. From this vesult
concluded that no further resequencing would be needed for typical candidate gene
studies of common (MAF > .05) variants. Nonetheles€hapter V, we resequenced
exon 2 ofGALNTZ in order to identify all potential variants that could be contributing to
the association signal.

We were also interested in identifying which of four HapMap populations (CEU,
CHB, JPT, YRI) [2] would be most closely related to the CLHNS. The identified
population could be used for imputation to infer genotypes of un-genotyped SNPs in the
genome wide association (GWA) study conducte@hapter IV. Consistent with major
population migration patterns, mitochondrial DNA, and Y haplotype patterns, CHB, JPT,
and CHB+JPT HapMap samples were more similar with respect to afigleehcy than
the CEU and YRI samples. Based on estimates of pairfviselrhaplotype frequencies
of the Asian HapMap samples, the CHB and CHB+JPT panels were used as ant efficie
proxy when choosing haplotype tagging SNPs for CLHNS samples. DespitelSpanis
presence in the Philippines from the lat& t8ntury to late 19century, these analyses
did not detect a significant genetic contribution from the Spanish in the individuals
examined from Cebu. The individuals were most similar to the other Asian samples.

Because the ENCODE regions represent a range of measures of linkage

disequilibrium (LD), gene density, and haplotype blocks, the results gleanechfsen t
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ten regions may apply, on average, across the genome. These data are coithisitent w
likelihood that Filipinos from Cebu would not show dramatically different LD compared
to individuals from China and Japan, suggesting that SNP selection based on CHB and
JPT HapMap samples is satisfactory. These findings were useful for itpe died

analysis of genetic studies in the Cebu Filipino population, as preser@adpter IV .

Chapter Ill: Association of FTO with obesity-related traits in the Cebu
Longitudinal Health and Nutrition Survey (CLHNS) cohort

Leading up to the work for this chapter, the underlying genetic components of
obesity-related traits were not well understood, and there was limited evideswggport
genetic association shared across multiple studies, populations, and environmental
contexts. During this time GWA studies were just beginning, and most of the prior focus
was on candidate gene studies. As of 2005, the Human Obesity Gene Map reported 426
statistically significant associations between obesity-relatedgtyyges and a DNA
variant in 127 candidate genes. Of these genes, 22 were supported by positatoreplic
in at least five studies [3]. However, additional reports existed for thesbdvevéere
inconsistent with preliminary data. Using the well-characterized CiHamples from
an understudied population provided us with a unique data set to analyze association of
variants with previous evidence of association with an obesity-related gtramtitait in
other populations. The longitudinal anthropometry, diet, and physical activity measure
provided an outstanding resource to analyze cross-sectional endpoint and longitudinal

traits and test for interaction effects between SNPs and diet and physiggt.ac
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We selected and genotyped 19 single nucleotide polymorphisms in ten genes
(ADRB2, ADRB3, FTO, GNB3, INS G2, LEPR, PPARG, TNF, UCP2, andUCP3) that
had the strongest prior evidence (at the time) of being associated with ag-cédated
guantitative trait in other populations. Two of the variants were chosen based on GWA
studies: thé=TO variant rs9939609 and th&S G2 variant rs7566605. The other
variants were identified from candidate gene association studies.
Of the SNPs tested, only the A alleleFafO variant rs9939609 showed
significant association in the same direction as seen in other previousigdepor
populations. We observed evidence of association with body mass index (BMI), waist
circumference (measurement of central adiposity), and weight, but not with skinfold
thicknesses (measurements of subcutaneous adiposity). These data suggastnia
in FTO influence central adiposity to a greater extent than subcutaneous fatdNe als
observed evidence for association with longitudinal BMI, which reflects tvedia
constant genotype effect over 22 years and strengthens the evidence that this locus
influences BMI in this population. We observed an effect even with baseline BMI when
the women were young and had with smaller BMIs, consistent with an effect owie a wi
age range, which is further supported by previous reports lef@reffect in children
[4,5]. There was no evidence for interaction between genotype and either the 2005
dietary intake (total calories, estimated percent diet from fat, and &sdip@rcent diet
from carbohydrates) or physical activity measures. This study agithis evidence in
a Filipino population suggestirfgfO may be important in many genetic backgrounds.
Additionally, we observed evidence of association with the Trp64 allele of rs4994

in ADRB3 with increased weight, percent fat mass, arm fat area (AFA), arcierarsea
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(AMA), and longitudinal BMI, but not with baseline BMI. However, the direction of
effect was not consistent with the majority of previous reports suggestingebat t
results should be interpreted with caution.

There have been many GWA studies published subsequent to this paper that have
examined obesity-related traits [6-14], and to date, of the 19 tested variaRssirsNO
have the most consistent and strongest evidence for association with obegty-relat
traits; the variant rs9939609 withiHTO has been identified to be associated with
obesity-related traits in these GWA studies at a genome wide signditamesholdR <
10®). Variants withinFTO have evidence of association with many measures of obesity
in both adults and children and across diverse populations. One of the reasons for the
consistent association may be that variantsTi® have one of the strongest effect-sizes
observed for obesity-related traits. The common associated variants in intrbiQ of
have an effect of ~3 kilograms for the homozygotes of the risk allele compahed to t
homozygotes of the non-risk allele.

FTO encodes a 2-oxoglutarate—dependent nucleic acid demethylase [15] and may
play a role in DNA or RNA repair [16]. FTO is expressed in several tisaakgling
adipose, pancreatic islets, skeletal muscle, and hypothalamus suggesteip a
regulation of appetite [4,5,15,17]. Recently a study found that Fto-deficientiaree
growth retardation and reduced adipose and lean body mass caused by incregged ener
expenditure. This study suggeBiEO may play a role in energy homeostatis by
regulating energy expenditure [18]. However, the exact variant(s) liinas well as
the exact pathway through whi€fTO is influencing obesity have yet to be identified.

This uncertainty is true for many loci identified to be associated with ghetated
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traits and lipoproteins. | have attempted to identify which variant(s) is invekit@in
the HDL-C association signal @hapter V when investigating variants within GALNT2
that are associated with HDL-C levels.

The inability of our study and recent GWA studies to corroborate associations of
the other 18 SNPs identified in previous genetic studies of obesity-related traits
demonstrates the difficultly of identifying genes using a candidate agpemal suggests
that there may be variable effects across populations. While variants im#dsefigenm
candidate gene studies have not reached the stringent GWA threshold of Bixeident
GWA studies, these genes may have less significant associations withirtlless and
may still be contributing to obesity-related traits. As more consortiven®aned and
GWA studies become larger, these genes may be identified. However, it is tizdable
some genes involved in lipoprotein levelhépter IV) were successfully identified in
candidate gene studies and have consistent evidence of association in rec&wWHypi
studies. These genes includ®OB, PCSK9, ABCA1, ANGPTL4, HMGCR, LDLR,

APOA, CETP, LIPC, LIPG, LPL, GCKR, andAPOE [19]. These genes and many others
were examined for association@iapter IV .

The differing association patterns of variant$Nil G2 between studies illustrate
that SNPs may have variable effects in different populations. The initeadiassn was
identified in a GWA study and has been replicated [20-24] in some but not all cohorts
[25-37]. Recently, | was involved in a GWA study of obesity-related traitsein t
CLHNS lead by D.C. Croteau-Chonka [38]. This study has replicated several, buit not al
of the findings from current GWA studies for both BMI and weight WHDAR and

FTO; and for BMI withBDNF. The differing evidence of associations between

131



populations may be a result of ascertainment or study design, population substructure,
genotype call rates, and the degree of LD between the variant beincprastie true
causative variant. Subsequently, there may be heterogeneity between populatitms, due
underlying and unknown genetic or environmental factors, that can account for the

differences in associations.

Chapter IV: Genome-wide association study of lipoprotein cholestet and
triglycerides in the Cebu Longitudinal Health and Nutrition Survey (CLHNS)
cohort

The goal of this study was to utilize the CLHNS to capture additional genetic
diversity and identify important variants that are involved in lipoprotein metabthiaim
might not have been identified in previous studies. Prior to this research, theynudjori
studies identifying genes for complex diseases were dominated by s&mpies
European populations. However, in order to have a greater understanding of the
interindividual variation of disease, genetic studies need to include populations with a
wide range of geographic origins, environmental conditions, and disease burden as it is
not yet possible to make generalizations about associations of markess acros
populations.

Although a targeted effort was madedhapter Il to address the genetic
structure among the CLHNS women, the GWA study described in this chapter allowed
for a more thorough analysis of all the samples to identify population admixture and
unknown relatedness. Using a set of independent SKIRsQ®5), we constructed

principal components to be included as covariates in the association analysesitd acc
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for genetic ancestry differences among study subjects. Additionallgetgemined the
genomic control values from association scans to examine systematigsepnflation
due to cryptic relatedness between samples. A genomic control value of 1 was
determined for HDL-C, low density lipoprotein cholesterol (LDL-C), trighydes, and
total cholesterol, suggesting good control of the overall family-wise typerl rate.
Finally, based on identity-by-descent (IBD) and identity-by-stat& Y Estimates, we
excluded 81 samples that were likely first-degree relatives with anatheidual in our
sample.

We employed the knowledge gleaned frGhmpter Il to decide how to conduct
genotype imputation, an analytic approach that is based on more comprehensively
genotyped Hapmap data and LD patterns. Imputation allowed us to evaluate theeevidenc
of association at SNPs that were not directly genotyped. Our data suggestieel tisat
of the CHB+JPT as a reference population was appropriate. Additionally, antievalua
had been done to determine “optimal” mixtures of HapMap panels to maximize
imputation accuracy [39]. Huamjal. recommends using a combination of two or more
HapMap panels for most populations. An independent analysis done by Yun Li (data not
shown) retrospectively on our GWA imputation concluded that using the CEU population
along with the CHB+JPT population from HapMap gave better imputation results than
just CHB+JPT alone. The increase in sample size allowed for a beteseefation of
the CLHNS haplotypes across the genome.

Our study observed evidence of association with many well-known loci
implicated in lipid metabolism in previous GWA studi88AB/MVK, LIPC (two

association signals), at@ETP (two association signals) with HDL-@POA1-APOCS3-
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APOA4-APOC2, ANGPTL3/DOCK7, GCKR, LPL, TRIB1, andLIPC with triglycerides;
andAPOE, HMGCR andHNF1A with LDL-C. As stated above, many of these genes

were initially identified in candidate gene studies and have shown evidence@atss
across many populations. Many of these SNPs show an association with more than one
trait, consistent with the correlations between traits. Together, all of¢lmpsly

reported SNPs for each trait explain 4.2%, 5.5%, 1%, and .5% of the variation for HDL—
C, triglycerides, LDL-C, and total cholesterol, respectively, leaviogtraf the

heritability to be explained. One possibility is that other genes are playaig ia the

CLHNS population that have not previously been identified in GWA studies, each loci
has immeasurable contribution.

We observed two loci with suggestive evidence of association (F)<al@enes
that have implications in lipid metabolism: TankyraRKS) and Collectin-12
(COLEC12). Each of these loci account for 1% of the variation in the CLHNKS
deficient mice exhibit increase in energy expenditure, fatty-acid teigand insulin-
stimulated glucose utilization. In these mice, adiposity is substantiaitgated even
with excessive food intake [40[COLEC12 mediates the recognition, internalization and
degradation of oxidatively modified LDL-C by vascular endothelial cells. [84th of
these loci are unique to our study and have not been identified in other GWA studies.
Because of their biological likelihood, these genes should be studied in additional
samples for replication in both populations of European and Asian descent.

Furthermore, we tested whether genotype associations with lipoprotemdesel
mediated by BMI. Obesity is largely responsible for antherogenic dystipade

characterized by low levels of HDL-C, increased triglycerides, andased LDL-C
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[42]. However, adjusting for BMI did not considerably attenuate or increase the evidenc
of association with most variants, suggesting the changes in lipoprotein levess due t
these variants and obesity are independent. However, for theANGKIL3-DOCK?7
with triglycerides we observed a change in P value from .04 with a 3 of .038 +.018 to
.006 with a 3 of .048 = .017 after adjusting for BMI. However, this change in P value
may be the result of stochastic variation. WAINGPTL3 or DOCK7 are unlikely
functional candidates, this locus may also be negatively confounded by BMI. Howeve
this locus has not been identified in other genetic studies of obesity-related tra

Due to the many challenges in understanding the joint effect of genes and
environment, we did not analyze these interactions within this study. There angadhli
possible exposures that may be relevant to disease, each of which are thfficedtsure
in detailed repeatable fashion. These environmental contributions can reduce the power
to detect a signal and make it hard to distinguish between real heterogeddayae to
replicate. Additionally, when performing gene by environment interactions, ose m
assume that the environmental variable has no genetic component; however, dietary
preference and inclination for physical activity may have a significardtgecomponent
thus skewing the results. A targeted approach examining genes that have bieatednpl
to have a biological significance or are in known pathways that may influena® diet
physical activity may be a more productive method of performing genesby di
interactions. Future studies in other populations should aim to include environmental
data to allow for better characterization of the populations.

This study explored variants associated with lipoprotein levels; despite the

success of identifying susceptibility loci there is still much to benezhabout each of the
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loci implicated. In many cases, it is unclear which gene(s) are afewged by the
associated variants (examp®AB/MVK locus). In addition, we do not know the role
of many associated genes in disease biology due to their unknown function or un-linked

pathway to lipoprotein biology (examp®ALNT2 Chapter V).

Chapter V: Transcriptional activity of SNPS at the GALNT2 locus associated with
human high-density lipoprotein cholesterol levels.

The main goal of this study was to identify the functional SNP(s) that ascfaunt
the HDL-C association signal at tB&ALNT2 locus. While the functional SNPs at most
of the loci associated with lipoprotein levels have yet to be identified;AMNT2 locus
was of particular interest because of its relatively localized asieocggnal in intron
one of GALNT2 (~ 15 kb), the small number of variants within that signal, and the limited
number of genes located near the signal. SNPs WBALNT2 have strong evidence of
association with HDL-C and triglycerides in several GWA studies [19 HBjvever,
there is no evidence of association in the CLHNS population. Although this locus was
chosen independently of the lipoprotein association stu@papter IV, the methods
utilized in this study can be used to investigate the functional SNPs within other
associated loci.

In order to identify the functional variant, we first needed to ensure thatave
the most inclusive set of SNPs within the association signal. Performingeeseng of
exon 2 and dense resequencing of the association region and exons allowed us to identify
most of the common variants in this region. However, some of the amplicons for the

dense resequencing failed, thus, we were limited to ~80% coverage. Unfortuhately
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failed regions were within some of the most interesting predicted functiomgdtyrtant
regions. We further supplemented the resequencing results with data from thegHapM
and the 1000 genomes project (http://browser.1000genomes.org), which at the time of
analysis had thoroughly resequenced ~45 individuals. We are confident that we have
identified most of the common variants at this locus. However, we will be abléd¢o be
access the entire common genetic variation when more data becomeseafraiatihe

1000 genomes project.

We used computational and experimental data of open chromatin and histone
modifications [44,45] in the human hepatocellular carcinoma cell line (HejeG2)
identify regions that are highly suggestive of regulatory function to pr@@NPs for
testing. These methods have evolved over the last two years to include large genome
wide scale analyses of multiple tissue types. We identified two setsR¥ @dresenting
the best priori regulatory candidates at this locus. We tested haplotypes in two distinct
genomic regions (Region 1: 780 bp, Region 2: 565 bp) for ability to drive or enhance
luciferase transcription in HepG2 cells.

We show that the SNPs in Haplotype 1 containing alleles associated with
increased HDL-C levels, the 21 bp deletion of rs6143660, the T allele of rs2144300, and
the A allele of rs4846913 of Region 1 consistently cause a significant increase in
transcription compared to Haplotype 2 and Haplotype 3 in both a minimal promoter
vector and a basic vector in the forward and reverse orientation. Thesegeftodings
suggest that one or all three of these variants are strong functional dritressr@gion.
Haplotype 2 of Region 1 with the A allele of rs1555290 shows an increase in

transcription compared to Haplotype 3 that contains the C allele of rs1555290 in the
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forward direction of both vectors, but does not show an increase in the reverse direction
suggesting that this SNP may have a modest effect. However, the ali¢les th
differentiate Haplotype 1 are consistent in both orientations and in both vectors and they
are strongly associated with HDL-C levels. rs1555290 hasan22 with the index
association SNP (rs4846914). Additionally rs1555290 was not specifically tested for
association but is irf of .88 with a SNP that was tested, rs2296065, which has a P value
of 7.1 x 10° [46]. In unpublished data from Tesloviehal. (Abstract American Society
of Human Genetics 2009) of a meta-analysis of 100,000 individuals, rs2296065 is no
longer among the most significantly associated SNPs and is sifted out imotbe”
These reasons provide strong support that one of these three variants are likely the
functional variants in th&ALNT2 association signal and that rs1555290 may only be
moderately contributing if at all. We did not observe allele-specifictsfiaf
transcription for Region 2 suggesting the variants contained in this region do nat have
role in regulation. The luciferase data as well as the open chromatin datatdhg
Region 1 may contain an enhancer or promoter.

Functional experimental approaches are very problematic in that the aleisal
that are being identified in the association signals are likely to haveuwstty and
potentially immeasurable molecular and cellular effects. Within the human thedg
alleles may have long-term effects that cannot be identified in attgeitngs.
Additionally, the effects shown in this chapter do not by themselves prove a e sal
increased HDL-C. However, we can speculate that one or all four alleles ayay nolle

in regulating transcription.
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Notably data fronEdmondsoret al. (Abstract American Society of Human
Genetics 2009), contradicts the direction of our results. Edmondson overexpressed
mouse and humaBALNTZ2 in mouse hepatocytes, which led to a significant decrease in
HDL-C by approximately 20% at 28 days. Additionally the knockdown endogenous
Galnt2 lead to a 37% increase in HDL-C. These results suggessAhMT? is the
casual gene at this locus and that changes in h€paltisT2 expression are associated
with inverse changes in HDL-C levels. One hypothesis that could explain this
inconsistency is that the variants identified in Region 1 are acting in some daym
regulate expression of GALNTZ2. This possibility could occur if the variants aaing
on a non-coding RNA that in turn regulat8ALNT2 transcription or were competing for
regulatory proteins with the promoter@ALNTZ2 causing a decrease in transcription. As
we move into the future we may be able to elucidate these irregularitiexctional data

and pinpoint the exact variant(s) that is responsible for the association signal.

SIGNIFICANCE AND FUTURE DIRECTIONS

These studies presented in this dissertation show how the field of human genetics
has evolved over the past five years. Predictably it will continue to evolve; the
appearance of methods that allow for increased genetic coverage and the accmmpany
data will allow for more detailed exploration, but also present new challégasalysis

and interpretation.

Public health significance and personalized medicine
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Identifying genetic variants that influence susceptibility to riskoiecof CVD
such as obesity-related traits and lipoproteins and understanding how thesatgeaets i
with modifiable environmental factors has important public health signific&uwzh
information can produce additional targeting criteria for disease intesnesutid
prevention.

CVD is an increasing public health burden. By 2030, an estimated 23.6 million
people worldwide will die from CVDs, with the largest increase in the number dfdeat
occurring in the South-East Asia Region. Increasingly, low to middle income iesuntr
are becoming disproportionally affected by CVDs with ~80% of all CVD deakinsgt
place in these countries. CVDs are a multidimensional problem caused bplaxcom
relationship of environmental, social, economic, and behavioral factors, acting on a
background of genetic susceptibility. In order to make strides in reducemgdisve
must focus on a wide range of research including genetic, molecular, envirahment
clinical, and epidemiologic studies.

Ultimately, researchers should seek to translate the results of GWAsstndie
predict an individual’s risks of disease based upon his or her genetic and environmental
information. Doctors have long focused on modifiable environmental factors such as
diet, exercise, and smoking, but the use of genetic information to guide medicalindecis
is on the horizon. Promises of personalized medicine have been touted over the last few
years; however, we must first fully understand the biological mechanismssefeseli

before the reality of this can occur.

Future directions
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We are now in a new era of human genetics. We are moving away from
traditional linkage and candidate gene studies; we are in the prime of GW/Asstndie
are progressing towards re-sequencing to identify variants assosithedisease.

The goal of GWA studies is to identify novel loci across the genome that are
associated with disease. In the past few years, these studies havieddeuatitireds of
variants associated with quantitative traits and common complex diseasg.nétan
genes are now implicated which were not previously known to be involved in disease
such asGALNT?2 leading researchers to learn more about the pathophysiology of disease.
There is still much work to be done in clarifying the role of these geneg wieer
function is not yet known.

Currently, many population studies are focusing on samples with European
descent. As observed @hapter Il andChapter IV, certain genes identified in the
European populations are replicated in the CLHNS samples. However, not all of the
results from studies in European populations can be generalized to global populations.
Non-European populations, specifically those of African and Asian ancestry, have
different genetic structures, disease incidence, and cultural and envirahment
characteristics and must be independently studied in order to be fully understood. Non-
European populations may be useful in identifying variants that may be important in
other populations because of ancestry-related differences present in thieea)ledacies
and the pattern of LD [47,48].

The field of human genetics is progressing towards using larger and larges studi
such as a meta-analysis, which can examine multiple data sets and ovidseome

limitations of power that can compromise single studies. An example of anatge
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analysis is the Global Lipids Genetics Consortium which includes >100,000 individuals
of European ancestry (Teslovietal., Abstract American Society of Human Genetics
2009). It is valuable to consider including a wider range of ethnic groups to support the
discovery of additional susceptibility variants. Additionally, we must conatentn
creating studies that include specific definitions of traits and environmenstto be
eliminate heterogeneity that may cloud the results. Many of the lotifidd and that
will be identified in GWA studies will only explain a small proportion of the individual
differences in disease predisposition underscoring the complexity of thigse tr
One reason for the relatively limited proportion of phenotypic variationbestri
is because current GWA studies have only explored part of the genome variation
represented by common SNPs. This method does not comprehensively evaluate
structural variants such as copy number polymorphisms and rare alleles. Soon
technological and analytical advances will allow us to more thoroughly anhigze
variations. These types of genetic variation can be identified through deep nesagjue
the identification of these variants is likely to increase the heritalibttydan be
explained as we potentially identify more than one independent causal variantust a loc
However, even after we scour all the variation in the genome the entirety of the
genetic variants that contribute to the interindividual variation of a diseastat will
probably never be identified. There are almost certainly hundreds or thousands of
variants within each of us that may be modulated by environment and interactions wi
other variants that contribute minutely to disease. These variants will be &iadde

harder to identify as human geneticists classify the majority of variathtshe strongest
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genetic effects and begin probing to variants that may affect fewer indisidnd have a
minor effect.

In order to understand the true contribution of a locus we must progress towards a
biological understanding of its mechanisms. The main output of the currentheisear
association signals, which can rarely pinpoint a causal variant(s) or evenishé ca
gene(s). This is the next roadblock to translating research to application.wéival
glean from these experimental advancements will drive new treatmentsykérs) and

prevention.
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