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Abstract 21 

The aggregation of Election Health Records (EHR) and personalized genetics leads to powerful 22 

discoveries relevant to population health. Here we perform genome-wide association studies (GWAS) 23 

and accompanying phenome-wide association studies (PheWAS) to validate phenotype-genotype 24 

associations of BMI, and to a greater extent, severe Class 2 obesity, using comprehensive diagnostic 25 

and clinical data from the EHR database of our cohort. Three GWASs of 500,000 variants on the 26 

Illumina platform of 6,645 Healthy Nevada participants identified several published and novel variants 27 

that affect BMI and obesity. Each GWAS was followed with two independent PheWASs to examine 28 

associations between extensive phenotypes (incidence of diagnoses, condition, or disease), significant 29 

SNPs, BMI, and incidence of extreme obesity. The first GWAS excludes DM2-diagnosed individuals 30 

and focuses on associations with BMI exclusively. The second GWAS examines the interplay between 31 

Type 2 Diabetes (DM2) and BMI. The intersection of significant variants of these two studies is 32 

surprising. The third complementary case-control GWAS, with cases defined as extremely obese (Class 33 

2 or 3 obesity), identifies strong associations with extreme obesity, including established variants in the 34 

FTO and NEGR1 genes, as well as loci not yet linked to obesity. The PheWASs validate published 35 

associations between BMI and extreme obesity and incidence of specific diagnoses and conditions, yet 36 

also highlight novel links. This study emphasizes the importance of our extensive longitudinal EHR 37 

database to validate known associations and identify putative novel links with BMI and obesity. 38 

 39 

Introduction 40 

The rate of obesity is growing at an alarming rate worldwide - fast enough to call it an epidemic. As 41 

obesity is a risk factor for developing typically related diseases such as Type 2 Diabetes Mellitus 42 

(DM2), cardiovascular disease and some cancers (Wang et al. 2011), the situation is becoming a public 43 

health concern. The percentage of obesity is rising nationwide, with current adult obesity rates at close 44 
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to 40%, up from 32% in 2004 (Ogden et al. 2006; TFAHRWJF 2018). In Nevada, the current adult 45 

obesity rate (BMI ≥ 30) is 27%, an increase from 21% in 2005 (TFAHRWJF 2018). Additionally, since 46 

2016, Nevada witnessed a significant increase in the percentage of adults who are overweight (the 47 

current rate is 66%) (TFAHRWJF 2018). Studies identified several genetic factors that influence the 48 

development of obesity with estimates on the heritability of the disease (40%-75%) (Stunkard et al. 49 

1986; 1990; Maes et al. 1997; Herrera and Lindgren 2010) and 65-80% (Malis et al. 2005).  50 

 51 

High body mass index (BMI) and DM2 are known from many sources to be strongly related both 52 

epidemiologically and genetically (Kopelman 2007; Bays et al. 2007; Grarup et al. 2014; Cronin et al. 53 

2014); however, these two conditions share very few known causative variants (Grarup et al. 2014; 54 

Karaderi et al. 2015). Although a number of large meta-analyses of multiple genome-wide association 55 

studies (GWASs) have detected possible causative single nucleotide polymorphisms (SNPs) of obesity 56 

and increased BMI (Scuteri et al. 2007; Frayling et al. 2007; Dina et al. 2007; Zeggini et al. 2007; 57 

Yanagiya et al. 2007; Hinney et al. 2007; Hunt et al. 2008; Price et al. 2008; Grant et al. 2008; Hotta et 58 

al. 2008; Loos et al. 2008; Tan et al. 2008; Villalobos-Comparán et al. 2008; Thorleifsson et al. 2008; 59 

Willer et al. 2009; Meyre et al. 2009; Wing et al. 2009; Liu et al. 2009; Shimaoka et al. 2010; Fawcett 60 

and Barroso 2010; Speliotes et al. 2010; Wang et al. 2011; Prakash et al. 2011; Okada et al. 2012; Cha 61 

et al. 2012; Berndt et al. 2013; Wheeler et al. 2013; Graff et al. 2013; Olza et al. 2013; Boender et al. 62 

2014; Qureshi et al. 2017; Huđek et al. 2018; Gonzalez-Herrera et al. 2018), none, to the best of our 63 

knowledge, have included comprehensive GWASs on the quantitative BMI metric and on extreme 64 

obesity case-control simultaneously, as well as investigated phenotypic associations with BMI, obesity, 65 

and significant loci identified by the GWAS.   66 

 67 

Our study begins with the Healthy Nevada Project (HNP), a project centered around a Northern Nevada 68 

cohort formed in 2016 and 2017 by Renown Health and the Desert Research Institute in Reno, NV to 69 
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investigate factors that may contribute to health outcomes in Northern Nevada. Its first phase provided 70 

10,000 individuals in Northern Nevada with genotyping using the 23andMe platform at no cost. 71 

Renown Health is the only tertiary care health system in the area, and 75% of these 10,000 individuals 72 

are cross-referenced in its extensive electronic health records (EHR) database. The Renown EHR 73 

database contains 86,610 BMI measurements for these 10,000 individuals over twelve years, along 74 

with comprehensive disease diagnoses, (e.g. diabetes or eating disorders) and other general conditions 75 

such as pregnancy, allowing for precise individual phenotypic classifications and thereby leading to 76 

more robust and meaningful phenotype-genotype associations. 77 

 78 

The focus of the comprehensive GWAS-PheWAS examinations of the Healthy Nevada Project (HNP) 79 

cohort and its EHR database is two-fold: the first is to establish infrastructure to perform large-scale 80 

genome-wide and phenome-wide association investigations in alliance with complex electronic health 81 

care records; the second is to validate well-known published variants and associations with BMI and 82 

obesity in this cohort, as well as to identify possibly novel genotypic and phenotypic associations with 83 

BMI and extreme obesity.  84 

 85 

The three GWASs identified several of the "usual suspects" for both BMI and obesity, such as FTO and 86 

NEGR1, that were shown to have a role in weight regulation (Scuteri et al. 2007; Frayling et al. 2007; 87 

Dina et al. 2007; Zeggini et al. 2007; Hinney et al. 2007; Hunt et al. 2008; Price et al. 2008; Grant et 88 

al. 2008; Hotta et al. 2008; Loos et al. 2008; Tan et al. 2008; Villalobos-Comparán et al. 2008; 89 

Thorleifsson et al. 2008; Willer et al. 2009; Meyre et al. 2009; Wing et al. 2009; Shimaoka et al. 2010; 90 

Fawcett and Barroso 2010; Speliotes et al. 2010; Herrera and Lindgren 2010; Wang et al. 2011; 91 

Prakash et al. 2011; Okada et al. 2012; Berndt et al. 2013; Wheeler et al. 2013; Graff et al. 2013; Olza 92 

et al. 2013; Boender et al. 2014; Qureshi et al. 2017; Gonzalez-Herrera et al. 2018). However, this 93 
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study also identified a number of novel BMI and obesity associations to genes which are differentially 94 

expressed in obese patients (Jiao et al. 2008; Pietiläinen et al. 2008; Nakajima et al. 2016).  95 

Additionally, using linked EHR, the PheWASs examined the pleiotropy of HNP BMI and obesity 96 

associated SNPs: whether these variants are linked with other endocrine or metabolic diagnoses or 97 

conditions of other nature. A second PheWAS identified many known phenotypes related to BMI and 98 

obesity, especially to DM2, abnormal glucose levels, hypertension, hyperlipidemia, sleep apnea, 99 

asthma and other less-studied BMI-related diagnoses.  100 

 101 
 102 

Materials and Methods 103 

The Renown EHR Database 104 

The Renown Health EHR system was instated in 2007 on the EPIC system (EPIC System Corporation, 105 

Verona, Wisconsin, USA), and currently contains lab results, diagnosis codes (ICD9 and ICD10) and 106 

demographics of more than one million patients seen in the hospital system since 2005.  107 

 108 

Sample Collection 109 

Saliva as a source of DNA was collected from 10,000 adults in Northern Nevada as the first phase of 110 

the Healthy Nevada Project to contribute to comprehensive population health studies in Nevada. The 111 

personal genetics company 23andMe, Inc. was used to genotype these individuals using the Oragene 112 

DX OGD-500.001 saliva kit [DNA Genotek, Ontario, Canada]. Genotypes are based on the Illumina 113 

Human OmniExpress-24 BeadChip platform [San Diego, CA, USA], that include approximately 114 

570,000 SNPs. 115 

 116 

IRB and ethics statement 117 
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The study was reviewed and approved by the University of Nevada, Reno Institutional Review Board 118 

(IRB, project 956068-12). Participants in the Healthy Nevada Project undergo written and informed 119 

consent to having genetic information associated with electronic health information in a deidentified 120 

manner. All participants were eighteen years of age or older. Neither researchers nor participants have 121 

access to the complete EHR data and cannot map participants to patient identifiers. Patient identifiers 122 

are not incorporated into the EHR; rather, EHR and genetic data are linked in a separate environment 123 

via a unique identifier as approved by the IRB. 124 

 125 

Processing of EHR data 126 

Most cohort participants had multiple BMI recordings across the thirteen years of EHR; the mean 127 

number of BMI records across the individuals was 12.2 records, with 215 the maximum number of 128 

records for the cohort. For the 5,811 individuals with more than one recorded BMI measure, a simple 129 

quality control step was first performed before computing the average BMI value. More specifically, 130 

the coefficient of variation (CV) across the multiple BMI records for each participant was computed; 131 

for those with CV in the 90th quantile, any outlying BMI measure more than 1.5 standard deviations 132 

away from the mean BMI measure was excluded. Only 10% of participants' computed coefficients of 133 

variation was less than 0.10, indicating little variation exists across multiple records in most 134 

individuals. The additional quality control step excluded one or more outlying BMI records in 106 135 

individuals; these 701 BMI records included values such as "2823.42" and values less than 10. 136 

Examples of outliers include 158.38 in an individual’s set of values with mean 25.3 and “2874” in an 137 

individual with mean BMI measure of 22.4. Additionally, this quality control step allowed the study to 138 

include pregnant women: of the 464 pregnant women with BMI recorded for pregnant and non-139 

pregnant phases, outlying pregnancy-related BMI records were easily identified and removed. The raw 140 

BMI values and quality-controlled average BMI values are presented in Supplementary Figure S1.  141 

 142 
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Genotyping and Quality Control 143 

Genotyping was performed by 23andMe using the Illumina Infimum DNA Human OmniExpress-24 144 

BeadChip V4 (Illumina, San Diego, CA). This genotyping platform consists of approximately 570,000 145 

SNPs. DNA extraction and genotyping were performed on saliva samples by the National Genetics 146 

Institute (NG1), a CLIA licensed clinical laboratory and a subsidiary of the Laboratory Corporation of 147 

America.  148 

 149 

Raw genotype data were processed through a standard quality control process (Anderson et al. 2010; 150 

Verma et al. 2016; Schlauch et al. 2016; Verma et al. 2018; Schlauch et al. 2018). SNPs with a minor 151 

allele frequency (MAF) less than 0.005 were removed. SNPs that were out of Hardy Weinberg 152 

equilibrium (p-value < 1x10-6) were also excluded. Any SNP with a call rate less than 95% was 153 

removed; any individual with a call rate less than 95% was also excluded from further study. There was 154 

an observable bias within the African American sub-cohort, thus 89 African American participants 155 

were excluded from this study. Additionally, 107 patients with Type I Diabetes were removed, as were 156 

29 participants with eating disorders recorded into their health record. After quality control, this left 157 

500,508 high-quality SNPs and 6,645 participants in the BMI cohort with mean autosomal 158 

heterozygosity of 0.318. The same process yielded 5,994 participants when all individuals with DM2 159 

diagnoses were removed.  Within the extreme obesity study, participants with BMI values between 160 

18.5 and 25 were considered as controls, while any participant with BMI at least 35 kg/m2 was 161 

considered a case subject. Again, any individual with Type I Diabetes and recorded eating disorders 162 

was removed.  This resulted in a cohort size of 2,994 participants with 984 extreme obese cases and 163 

2,012 lean controls with a mean autosomal heterozygosity of 0.316.  164 

 165 

A standard principal component analysis (PCA) was performed on the genotype data to identify 166 

principal components to correct for population substructure. Genotype data were pruned to exclude 167 
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SNPs with high linkage disequilibrium using PLINK v1.9 (Purcell et al. 2007) and standard pruning 168 

parameters of 50 SNPs per sliding window; window size of five SNPs; r2=0.5 (Anderson et al. 2010). 169 

Regression models were adjusted by the first four principal components, decreasing the genomic 170 

inflation factor of all obesity and BMI traits to λ ≤ 1.06. 171 

 172 

Genome-Wide Association Studies 173 

Using PLINK, we first performed a simple linear regression of BMI vs. genotype using the additive 174 

model (number of copies of the minor allele) including age, gender and the first four principal 175 

components as covariates to correct for any bias generated by these variables. In the first BMI study, 176 

participants with DM2 were excluded. The second BMI study included DM2-diagnosed participants 177 

and included DM2 as a covariate in the statistical model. To test associations between obesity and 178 

genotype, a standard case-control logistic regression was applied, adjusting for age, gender and the first 179 

four principal components. Total phenotypic variance explained by the SNPs was calculated by first 180 

producing a genetic relationship matrix of all SNPs on autosomal chromosomes in PLINK. 181 

Subsequently, a restricted maximum likelihood analysis was conducted using GTCA (Yang et al. 2011) 182 

on the relationship matrix to estimate the variance explained by the SNPs. 183 

 184 

Analysis of Variance 185 

The mean BMI values across genotypes presented in Supplementary Tables S1 and S2 correlate with 186 

negative and positive effect sizes: SNPs showing a negative effect size have a decrease in mean BMI 187 

values across the genotypes from left to right (homozygous in major allele, heterozygous, homozygous 188 

in minor allele). The 6,645 log-transformed quality-controlled and averaged BMI measures were nearly 189 

normally distributed. As one-way ANOVA computations are robust against even moderate deviations 190 

of normality (Blanca et al. 2017), parametric ANOVA methods were used to make comparisons across 191 

the genotypes. All ANOVA F-test p-values of the significant SNPs identified in the two BMI studies 192 
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are statistically significant at the alpha=0.05 level, even after a simple Bonferroni correction (.05/27 193 

=0.0019, and .05/20=0.0025, respectively). Supplementary Table S3 presents the proportion of obese 194 

cases across each genotype. A simple test of equal proportions (Pearson’s chi-square test) is performed 195 

across these proportions. All p-values associated with the test of equal proportions in Supplementary 196 

Table S3 are also statistically significant at the 0.05 significance level upon a conservative Bonferroni 197 

multiple testing adjustment (.05/34=-.0015).  198 

Power of GWAS 199 

The software program QUANTO (Gauderman 2002) was used to calculate sample sizes to detect effect 200 

sizes in the range [0.5,1] and odds ratios in [1,1.5] with at least 80% power under the additive model, at 201 

a two-sided Type I error level of 5%. Using the rate of extreme obesity (BMI ≥ 35 kg/m2) as 14.5% 202 

from Ogden et al. (Ogden et al. 2006), the case-control GWAS study of approximately 1,000 cases and 203 

2,000 controls has sufficient statistical power (≥ 80%) with MAFs of 16% or greater to detect odds 204 

ratios of 1.225 or greater. As the MAF increases, the power to detect smaller odds ratios increases: for 205 

example, with a MAF of 25%, our sample size was adequate to detect odds ratios of size 1.18 or 206 

higher. With a small MAF of 8%, the power was also at least 80% to detect effect sizes as small as 0.58 207 

in the BMI GWAS cohort of 6,645. With MAF of 17%, power was at least 80% to detect effect sizes as 208 

small as 0.425. Larger MAFs clearly can detect larger effect sizes with the same sample size. Specific 209 

effect sizes and MAFs can be seen in Table 2.  210 

 211 

Phenome-Wide Association Study  212 

The R package PheWAS (Carroll et al. 2014) was used to perform two independent PheWAS analyses 213 

for each of our studies. The first examined associations between statistically significant SNPs identified 214 

in the respective GWASs and EHR phenotypes based on ICD codes. The second PheWAS identified 215 

associations between BMI levels or incidence of obesity, respectively, and ICD-based diagnoses. ICD9 216 
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and ICD10 codes for each individual in the cohort recorded in the Renown EHR were aggregated via a 217 

mapping from the Center for Medicare and Medicaid services 218 

(https://www.cms.gov/Medicare/Coding/ICD10/2018-ICD-10-CM-and-GEMs.html). A total of 22,693 219 

individual diagnoses mapped to 4,769 documented ICD9 codes. ICD9 codes were aggregated and 220 

converted into 1,814 individual phenotype groups (“phecodes”) using the PheWAS package as 221 

described in Carroll and Denny (Denny et al. 2013; Carroll et al. 2014). Of these, only the phecodes 222 

that included at least 20 cases were used for downstream analyses, following Carroll’s protocol (Carroll 223 

et al. 2014).  Age and gender were standard covariates included in the PheWAS models. The first type 224 

of PheWAS detected associations between statistically significant SNPs (p<1x10-5) identified in each 225 

of the three GWASs above and case/control status of EHR phenotypes represented by ICD codes. 226 

Specifically, a logistic regression between the incidence (number of cases) of each phenotype group 227 

(phecode) and the additive genotypes of each statistically significant SNP was performed, including 228 

age and gender as covariates. Possible associations of the phecodes with at least 20 individuals with 229 

each previously detected SNP were assessed. Two levels of significance were computed: the first, on 230 

which the reported results are based, was generated by first calculating the adjusted p-values for the 231 

multiple hypothesis tests using the Benjamini-Hochberg false discovery rate (FDR) (Benjamini and 232 

Hochberg 1995) and selecting the raw p-value corresponding to the FDR = 0.1 significance level, 233 

following Denny’s protocol (Denny et al. 2013). This level is represented by a red line in PheWAS 234 

images. The second, more conservative, significance level was computed as a Bonferroni correction for 235 

all possible associations made in this analysis: p=0.05 / Nps, where Nps is the sum of the number of 236 

phecodes tested for each individual SNP, across all identified SNPs. This significance level is 237 

represented by a blue line in PheWAS images. 238 

 239 

A second PheWAS, as outlined in Carroll et al. (2014) (Carroll et al. 2014), was performed to examine 240 

associations between BMI, and secondarily, obesity, and the phecodes. Specifically, a linear regression 241 
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between the BMI measures and the case/control status of a phecode was performed (with age and 242 

gender as covariates) for each phecode including at least 20 individuals. Significance levels 243 

corresponded to the FDR value of 0.1 and are not shown in either figure due to space constraints. The 244 

Bonferroni corrections for the BMI study and obesity study were 3.3x10-5 and 3.7x10-5, respectively, 245 

notably less conservative than the 1x10-15 significance level represented in the images. 246 

 247 

Results 248 

Characteristics of cohort 249 

Our study consisted of 6,870 genotyped participants which had measures for age at consent, gender, 250 

ethnicity and BMI. From those genotyped individuals, we removed 107 participants who had Type I 251 

Diabetes, as well as 29 individuals who had any type of eating disorder. Preliminary quality control of 252 

the genotype data demonstrated a strong genetic bias within the African American subpopulation, and 253 

thus 89 African American participants were excluded prior to association analysis. Our final cohort 254 

characteristics of 6,645 individuals are described in Table 1, which illustrates the makeup of the cohort 255 

with respect to gender, age, ethnic origin, and standardized value of BMI after removal of outliers 256 

using a custom algorithm. For the extreme obesity (Class 2 and 3) case vs. control study, the normal 257 

(healthy) control range consisted of BMI values between 18.5 and 25 kg/m2, while the case obese 258 

values were any BMI ≥ 35 kg/m2 (Hruby and Hu 2014). The number of participants in each range is 259 

displayed in column two of Table 1.  260 

Table 1. Cohort Characteristics  261 

 Association with BMI Measures Association with Obesity  
Cohort Size 6,645 2,996 
Age (years) 50.91 ± 15.97 48.91 ± 15.96 
Male (%) 2145 (32.28) 747 (24.93) 
African American (%) 0 (0) 0 (0) 
Asian (%) 157 (2.36) 84 (2.80) 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 13, 2019. ; https://doi.org/10.1101/671123doi: bioRxiv preprint 

https://doi.org/10.1101/671123
http://creativecommons.org/licenses/by-nc-nd/4.0/


 12 

Caucasian (%) 5,945 (89.47) 2653 (88.55) 
Latino (%) 173 (2.60) 81 (2.70) 
Native American (%) 40 (0.60) 18 (0.60) 
Pacific Islander (%) 13 (0.20) 4 (0.13) 
Unknown (%) 317 (4.77) 156 (5.21) 
DM2 651 (9.8) 246 (8.2) 
   
Quality-Controlled BMI Range 28.58 ± 6.41 22.57 ± 1.64 (Control) 
  40.15 ± 4.99 (Cases) 

Table of cohort characteristics. Continuous variables are presented as mean ± SD; categorical variables 262 
are presented as counts and percentages. All values were standardized to using a custom algorithm to 263 
remove outliers. BMI has the units of kg/m2. 264 
 265 

GWAS of BMI in the Healthy Nevada Cohort 266 

Using quality-controlled BMI values, two separate GWASs were performed to find genotypic 267 

associations with BMI using PLINK. In the first association study, all individuals diagnosed with Type 268 

2 Diabetes (DM2) were excluded to focus on the association between the genotype and BMI under the 269 

additive model with adjustments for gender, age and the first four principal components (PC1-PC4). 270 

The second association analysis included all DM2-diagnosed individuals and added DM2 as a covariate 271 

to the model, again using the additive model with adjustments for gender, age, diabetes status, and 272 

PC1-PC4. Genomic inflation coefficients (lambda) were computed for the two separate cohorts: 1.06 273 

for the association without DM as a covariate, and 1.06 for the association where DM is a covariate. 274 

Any SNP with association p-value of p < 1x10-5 was considered a statistically significant association, 275 

based on the standard of the NHGRI-EBI Catalog of published genome-wide association studies 276 

[https://www.ebi.ac.uk/gwas/docs/methods/criteria], as well as obesity studies performed by Frayling et 277 

al. (Frayling et al. 2007). Genetic variance in the BMI study with DM2 cases removed was 15.78%; 278 

genetic variance was 17.49% in the BMI study with DM2 cases included. 279 

The first GWAS was performed on 5,994 total participants without DM2 and identified 20 SNPs across 280 

seven chromosomes at statistical significance defined by p<1x10-5 (Table 2). The majority of these 281 
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mapped to the FTO gene on chromosome 16, while two SNPs mapped to TDH on chromosome 8 282 

(Supplementary Figure S2). Of the 20 SNPs, 15 were shown to be associated with BMI in previous 283 

publications (Scuteri et al. 2007; Frayling et al. 2007; Dina et al. 2007; Zeggini et al. 2007; Yanagiya 284 

et al. 2007; Hinney et al. 2007; Hunt et al. 2008; Price et al. 2008; Grant et al. 2008; Hotta et al. 2008; 285 

Loos et al. 2008; Tan et al. 2008; Villalobos-Comparán et al. 2008; Thorleifsson et al. 2008; Willer et 286 

al. 2009; Meyre et al. 2009; Wing et al. 2009; Liu et al. 2009; Shimaoka et al. 2010; Fawcett and 287 

Barroso 2010; Speliotes et al. 2010; Wang et al. 2011; Prakash et al. 2011; Okada et al. 2012; Cha et 288 

al. 2012; Berndt et al. 2013; Wheeler et al. 2013; Graff et al. 2013; Olza et al. 2013; Boender et al. 289 

2014; Qureshi et al. 2017; Huđek et al. 2018; Gonzalez-Herrera et al. 2018). A large majority of the 290 

SNPs (17/20) lie within noncoding regions of genes and are intronic in nature. It is interesting to note 291 

that our strongest associations lie within the FTO gene (p < 3.5x10-6). Results are presented in Table 2: 292 

BMI without DM2 lists the significant associations of our cohort that exclude all DM2 diagnoses. 293 

BMI with DM2 presents significant associations with BMI in the cohort that includes participants with 294 

a DM2 diagnosis. Effect sizes (and their standard deviations) are presented as change in BMI per each 295 

copy of the minor allele. Raw per-SNP p-values are presented. 296 
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Table 2. Statistically Significant BMI GWAS SNPs   297 

rsID Chrom Cyto 
Region 

Associated 
Gene 

Minor 
Allele 

MAF β (SE) GWAS     
p-value 

Mutation 
Classification 

BMI without DM2 
rs1620977 chr1 p31.1 NEGR1 A 27.29 0.5819 0.125 3.30x10-6 intron 

rs871122 chr5 p15.32 ADAMTS16 T 16.61 0.6837 0.1528 7.78x10-6 intron 

rs4839813 chr6 q16.1 FUT9 T 9.69 0.8755 0.1876 3.13x10-6 intron 

rs11774673 chr8 p23.1 NA C 48.21 0.5083 0.1119 5.69x10-6 unknown 

rs2060457 chr8 p23.1 TDH T 48.58 0.5584 0.1119 6.24x10-7 intron 

rs2293859 chr8 p23.1 TDH G 48.73 0.5506 0.1119 8.80x10-7 ncRNA 

rs10733990 chr10 p12.1 NA A 30.53 0.5857 0.1199 1.06x10-6 unknown 

rs10875969 chr12 q13.12 NCKAP5L A 42.38 0.505 0.1133 8.41x10-6 intron 

rs9937053 chr16 q12.2 FTO A 40.76 0.5193 0.1133 4.69x10-6 intron 

rs9930333 chr16 q12.2 FTO G 40.78 0.5161 0.113 5.08x10-6 intron 

rs9940128 chr16 q12.2 FTO A 40.75 0.5272 0.1131 3.19x10-6 intron 

rs1421085 chr16 q12.2 FTO C 38.43 0.5999 0.1147 1.75x10-7 intron 
rs1558902 chr16 q12.2 FTO A 38.46 0.6007 0.1147 1.67x10-7 intron 

rs1121980 chr16 q12.2 FTO A 40.85 0.5272 0.1128 3.03x10-6 intron 

rs17817449 chr16 q12.2 FTO G 37.93 0.5562 0.1143 1.17x10-6 intron 

rs8043757 chr16 q12.2 FTO T 37.98 0.5612 0.1143 9.29x10-7 intron 

rs8050136 chr16 q12.2 FTO A 37.94 0.5636 0.1143 8.34x10-7 intron 

rs3751812 chr16 q12.2 FTO T 37.52 0.548 0.1149 1.90x10-6 intron 

rs9939609 chr16 q12.2 FTO A 38.06 0.5504 0.1143 1.50x10-6 intron 

rs12149832 chr16 q12.2 FTO A 39.1 0.534 0.1142 3.01x10-6 intron 

BMI with DM2 
rs1776012 chr1 p31.1 NEGR1 G 47.74 -0.4848 0.1092 9.13x10-6 intron 

rs11774673 chr8 p23.1 NA C 48.21 0.5149 0.1086 2.14x10-6 unknown 

rs1435277 chr8 p23.1 NA C 44.39 -0.4944 0.1112 8.90x10-6 near-gene-5 

rs11250129 chr8 p23.1 TDH A 48.12 0.5115 0.1089 2.67x10-6 intron 

rs2060457 chr8 p23.1 TDH T 48.58 0.5802 0.1085 9.30x10-8 intron 

rs2293859 chr8 p23.1 TDH G 48.73 0.5722 0.1085 1.37x10-7 ncRNA 

rs2246606 chr8 p23.1 TDH G 42.95 -0.539 0.1115 1.37x10-6 intron 

rs2736280 chr8 p23.1 TDH C 48.22 -0.5308 0.1098 1.36x10-6 intron 

rs2572386 chr8 p23.1 FAM167A G 42.27 -0.5308 0.1115 1.96x10-6 intron 

rs2948300 chr8 p23.1 NA T 49.03 0.5034 0.1099 4.70x10-6 unknown 

rs12412241 chr10 p14 NA A 29.62 -0.5474 0.1171 3.01x10-6 unknown 

rs11041833 chr11 p15.4 LMO1 A 41.01 -0.4841 0.1082 7.77x10-6 intron 

rs9937053 chr16 q12.2 FTO A 40.76 0.5002 0.1105 6.04x10-6 intron 

rs9930333 chr16 q12.2 FTO G 40.78 0.4989 0.1102 6.10x10-6 intron 

rs9940128 chr16 q12.2 FTO A 40.75 0.5078 0.1102 4.18x10-6 intron 
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This table represents statistically significant associations with BMI in our cohort.  298 

 299 

Statistical analysis with PLINK demonstrated that DM2 is a significant predictor of BMI, with the p-300 

value of its coefficient consistently less than p < 2x10-16 in each per-SNP linear regression. The entire 301 

cohort includes 6,645 participants: of those, 651 have a diagnosis of DM2 in their twelve-year medical 302 

history. A GWAS applied to this larger cohort identified 27 statistically significant SNPs across seven 303 

chromosomes associated with BMI at p<1x10-5 (Figure 1). In comparison to the original GWAS 304 

(without DM2 individuals), 75% of the SNPs (15/20) were also found to be associated with BMI in this 305 

association. Furthermore, 77% of the SNPs in this second GWAS (21/27) were previously associated 306 

with BMI in previous research studies (Scuteri et al. 2007; Frayling et al. 2007; Dina et al. 2007; 307 

Zeggini et al. 2007; Yanagiya et al. 2007; Hinney et al. 2007; Hunt et al. 2008; Price et al. 2008; Grant 308 

et al. 2008; Hotta et al. 2008; Loos et al. 2008; Tan et al. 2008; Villalobos-Comparán et al. 2008; 309 

Thorleifsson et al. 2008; Willer et al. 2009; Meyre et al. 2009; Wing et al. 2009; Liu et al. 2009; 310 

Shimaoka et al. 2010; Fawcett and Barroso 2010; Speliotes et al. 2010; Wang et al. 2011; Prakash et 311 

al. 2011; Okada et al. 2012; Cha et al. 2012; Berndt et al. 2013; Wheeler et al. 2013; Graff et al. 2013; 312 

Olza et al. 2013; Boender et al. 2014; Christensen et al. 2015; Nakajima et al. 2016; Thomsen et al. 313 

2016; Qureshi et al. 2017; Huđek et al. 2018; Gonzalez-Herrera et al. 2018). With the addition of DM2 314 

rs1421085 chr16 q12.2 FTO C 38.43 0.5616 0.1117 5.04x10-7 intron 

rs1558902 chr16 q12.2 FTO A 38.46 0.5625 0.1116 4.80x10-7 intron 

rs1121980 chr16 q12.2 FTO A 40.85 0.5063 0.11 4.27x10-6 intron 

rs17817449 chr16 q12.2 FTO G 37.93 0.5206 0.1113 2.94x10-6 intron 

rs8043757 chr16 q12.2 FTO T 37.98 0.525 0.1112 2.41x10-6 intron 

rs8050136 chr16 q12.2 FTO A 37.94 0.5244 0.1112 2.47x10-6 intron 

rs3751812 chr16 q12.2 FTO T 37.52 0.5119 0.1118 4.74x10-6 intron 

rs9939609 chr16 q12.2 FTO A 38.06 0.513 0.1112 4.06x10-6 intron 

rs12149832 chr16 q12.2 FTO A 39.1 0.5034 0.1111 5.98x10-6 intron 

rs11651343 chr17 p13.3 RTN4RL1 T 8.17 0.9039 0.1974 4.75x10-6 intron 

rs750456 chr19 q13.33 CABP5 C 26.19 -0.5486 0.1221 7.15x10-6 intron 

rs8105198 chr19 q13.33 CABP5 G 17.18 -0.6466 0.1417 5.14x10-6 coding-synon 
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as a covariate, the GWAS identified several additional SNPs on chromosome 8, as well as SNPs on 315 

chromosomes 17 and 19. These additional SNPs were previously linked to BMI and obesity in other 316 

studies (Christensen et al. 2015; Nakajima et al. 2016; Thomsen et al. 2016). Manhattan plots for the 317 

two BMI GWAS studies are presented in Figure 1 and Supplementary Figure S2, with the linear 318 

associations results presented in Table 2.  319 

The SNP on chromosome 17 is of particular interest, as it has the largest effect of any SNP identified in 320 

our study (β=0.90). It is also the rarest SNP tested in our cohort with minor allele frequency (MAF) 321 

8.17%. The median MAF across the strongest associative SNPs in both studies is 40%, which 322 

demonstrates that most of the SNPs are common and thus result in relatively moderate individual effect 323 

sizes. Most of the SNPs lie within noncoding intronic regions. While these SNPs would not alter the 324 

amino acid coding sequence of the translated protein, several previous studies articulated that 325 

polymorphisms within introns can affect intron splicing as well as transcriptional and translational 326 

efficiency, and therefore may be linked to disease (Lalonde et al. 2011).  327 

 328 

Case-Control GWAS of Extreme Obesity in the Healthy Nevada Cohort 329 

A complementary GWAS was performed to identify genotype-phenotype links in extreme obesity 330 

(BMI ≥ 35) versus non-obese (BMI between 18.5 and 25 kg/m2) in our cohort. This study incorporated 331 

2996 participants (984 extreme obese cases, 2012 non-obese controls), and under the log-additive 332 

model with adjustments for gender, age and the first four principal components, identified 26 SNPs 333 

across six chromosomes that were associated with obesity at p < 1x10-5, with approximately 70% 334 

associated with obesity and BMI in prior studies (Figure 2). The percentage of phenotypic variance 335 

attributed to genetic variation was 15.7%. The genomic inflation coefficient (lambda) for the obesity 336 

cohort was computed as 1.05. We also include eight SNPs found slightly above the significance 337 

threshold in the FTO gene that are reported in several studies as obesity-related (Ehrlich and 338 

Friedenberg 2016; West et al. 2018). In comparison to the two quantitative-trait BMI GWASs, this 339 
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study identified several more associations around the NEGR1 gene on chromosome 1. We also 340 

identified SNPs in two genes, PFKFB3 and CABP5, which are associated with obesity in other studies 341 

(Scuteri et al. 2007; Jiao et al. 2008; Nakajima et al. 2016). Note that all the mutations in the FTO gene 342 

increase the odds of obesity risk. Table 3 lists the strongest SNPs associated in our extreme obese vs. 343 

non-obese GWAS. Effect sizes and their standard deviations are presented as odds ratios. Raw p-values 344 

generated by the GWAS are also presented. 345 

Table 3. Statistically Significant Obesity GWAS SNPs   346 
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 347 

 348 

 349 

rsID Chrom Cyto 
Region 

Associated 
Gene 

Minor 
Allele 

MAF Odds 
Ratio 

(SE) GWAS     
p-value 

Mutation 
Classification 

rs1776012 chr1 p31.1 NEGR1 G 47.36 0.7365 0.05775 1.19x10-7 intron 

rs9424977 chr1 p31.1 NEGR1 C 47.09 0.7411 0.05745 1.83x10-7 intron 

rs1620977 chr1 p31.1 NEGR1 A 27.31 1.369 0.06213 4.21x10-7 intron 

rs1870676 chr1 p31.1 NEGR1 T 46.97 0.7403 0.05773 1.90x10-7 intron 

rs3101336 chr1 p31.1 NA T 35.93 0.7678 0.0597 9.60x10-6 unknown 

rs2568958 chr1 p31.1 NA G 35.94 0.767 0.05967 8.79x10-6 unknown 

rs2815752 chr1 p31.1 NA G 35.94 0.767 0.05967 8.79x10-6 unknown 

rs2173676 chr5 q14.1 NA C 26.52 0.7433 0.0647 4.56x10-6 unknown 

rs11774673 chr8 p23.1 NA C 48.25 1.304 0.05778 4.25x10-6 unknown 

rs1435277 chr8 p23.1 NA C 44.28 0.7419 0.05898 4.15x10-7 near-gene-5 

rs11250129 chr8 p23.1 TDH A 48.26 1.314 0.05796 2.49x10-6 intron 

rs2060457 chr8 p23.1 TDH T 48.76 1.379 0.05797 2.88x10-8 intron 
rs2293859 chr8 p23.1 TDH G 48.81 1.375 0.05798 4.06x10-8 ncRNA 

rs2246606 chr8 p23.1 TDH G 42.76 0.7357 0.05905 2.01x10-7 intron 

rs2736280 chr8 p23.1 TDH C 48.23 0.727 0.05863 5.41x10-8 intron 

rs2572386 chr8 p23.1 FAM167A G 41.91 0.7378 0.05941 3.07x10-7 intron 

rs1435282 chr8 p23.1 FAM167A A 45.57 0.7631 0.05786 2.95x10-6 intron 

rs2948300 chr8 p23.1 NA T 49.06 1.325 0.05809 1.30x10-6 unknown 

rs2953802 chr8 p23.1 NA A 42 1.318 0.05734 1.47x10-6 unknown 

rs435581 chr8 p23.1 NA A 45.19 0.7609 0.05802 2.50x10-6 unknown 

rs680951 chr10 p15.1 PFKFB3 G 33.83 0.7614 0.06116 8.26x10-6 intron 

rs666595 chr10 p15.1 PFKFB3 A 31.47 0.7537 0.06256 6.22x10-6 intron 

rs2058426 chr12 p13.31 NA A 49.67 0.7798 0.05614 9.40x10-6 near-gene-3 

rs2241005 chr12 p13.31 KLRB1 C 49.98 0.7768 0.05608 6.65x10-6 intron 

rs1421085 chr16 q12.2 FTO C 38.18 1.28 0.05766 1.90x10-5 intron 

rs1558902 chr16 q12.2 FTO A 38.21 1.281 0.0576 1.72x10-5 intron 

rs17817449 chr16 q12.2 FTO G 37.63 1.261 0.05732 5.15x10-5 intron 

rs8043757 chr16 q12.2 FTO T 37.66 1.264 0.05733 4.42x10-5 intron 

rs8050136 chr16 q12.2 FTO A 37.66 1.263 0.05733 4.72x10-5 intron 

rs3751812 chr16 q12.2 FTO T 37.27 1.26 0.05764 6.13x10-5 intron 

rs9939609 chr16 q12.2 FTO A 37.83 1.254 0.05737 7.79x10-5 intron 

rs2267770 chr16 p13.2 GRIN2A T 41.01 0.7859 0.0575 2.79x10-5 intron 

rs750456 chr19 q13.33 CABP5 C 26.1 0.7405 0.06615 5.58x10-6 intron 

rs8105198 chr19 q13.33 CABP5 G 16.77 0.7026 0.07836 6.67x10-6 coding-synon 
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This table presents statistically significant associations with extreme obesity in the case-control study.   350 

From our three separate GWASs, we identified fifteen different chromosomal cytoband regions across 351 

ten chromosomes associated with at least one BMI or obesity-related trait. All but three of those 352 

cytoband regions contained a gene, while the remaining cytoband hits were in noncoding regions of the 353 

genome. Approximately 70% of the SNPs identified in this study were linked to BMI and obesity in 354 

prior studies (Tables 2 and 3), validating our methods (Scuteri et al. 2007; Frayling et al. 2007; Dina et 355 

al. 2007; Yanagiya et al. 2007; Hinney et al. 2007; Jiao et al. 2008; Pietiläinen et al. 2008; Grant et al. 356 

2008; Hotta et al. 2008; Thorleifsson et al. 2008; Joe et al. 2009; Nakajima et al. 2016; Thomsen et al. 357 

2016; Justice et al. 2017). The functions of the genes which lie within the cytoband regions are outlined 358 

in Table 4.  359 

Table 4. Table Presenting Gene Functions 360 

Gene Gene Description Region Trait Function Reference 
NEGR1 Neuronal Growth Regulator 1 

 
p31.1 BMI No 

DM2 
BMI w DM2 
obesity 

Cell-adhesion molecule 
and regulator of cellular 
processes as neurite 
outgrowth and synapse 
formation  

(Hashimoto et al. 
2008; Boender et al. 
2014) 

ADAMTS16 ADAM Metallopeptidase 
with Thrombospondin Type 1 
Motif 16 

p15.32 BMI No 
DM2 
 

May be a secreted 
proteinase 

(Surridge et al. 2009) 

FUT9 Fucosyltransferase 9 
 

q16.1 BMI No 
DM2 
 

Plays a role in the 
biosynthesis of Lewis X 
(LeX) antigen precursor 
polysaccharides 

(Gouveia et al. 2012) 

TDH L-Threonine Dehydrogenase 
 

p23.1 BMI No 
DM2 
BMI w DM2 
obesity 

Likely pseudogene that 
cannot produce functional 
protein 

(Yanagiya et al. 
2007) 

NCKAP5L NCK Associated Protein 5 
Like 

q13.12 BMI No 
DM2 
 

Regulates microtubule 
organization and 
stabilization 

(Mori et al. 2015) 

FTO Fat Mass and Obesity 
Associated 

q12.2 BMI No 
DM2 
BMI w DM2 
obesity 

Mediates oxidative 
demethylation of different 
RNA species. Acts as a 
regulator of fat and energy 
homeostasis 
 

(Frayling et al. 2007; 
Jia et al. 2011; Wei 
et al. 2018) 

FAM167A Family with Sequence 
Similarity 167 Member A 

p23.1 BMI w DM2 
obesity 

Unknown function. May 
have a role in autoimmune 
diseases 

(Chen et al. 2015) 

LMO1 LIM domain only 1 p15.4 BMI w DM2 
 

Transcriptional regulator 
through binding of 
transcription factors 

(Wang et al. 2010) 
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This table presents functions of genes associated to all SNPs found significantly associated to one or 361 
more BMI and obesity traits in the GWASs. 362 
 363 

Analysis of Variance  364 

The mean BMI values across genotypes presented in Supplementary Tables S1 and S2 correlate with 365 

negative and positive effect sizes: SNPs showing a negative effect size have a decrease in mean BMI 366 

values across the genotypes from left to right (homozygous in major allele, heterozygous, homozygous 367 

in minor allele). Note that BMI levels increase with the increase of the number of minor alleles, which 368 

is typical of variants in FTO (Frayling et al. 2007). All ANOVA F-test p-values of the significant SNPs 369 

identified in the two BMI studies are statistically significant at the alpha=0.05 level, even after a simple 370 

Bonferroni correction (.05/27 =0.0019, and .05/20=0.0025, respectively).  Supplementary Table S3 371 

presents the proportion of extremely obese cases across each genotype. A box and whisker figure of 372 

ANOVA results for one of the strongest associations (rs9939609) is shown in Supplementary Figure 373 

S3.  374 

 375 

PheWAS of BMI and Obesity 376 

Beyond the GWASs, we present here two comprehensive PheWAS studies that follow each GWAS.  377 

The first examines pleiotropy, i.e., whether additional phenotypic associations exist between the 378 

statistically significant SNPs associated with BMI or obesity in our cohort. The second investigates 379 

RTN4RL1 Reticulon 4 Receptor Like 1 p13.3 BMI w DM2 
 

Cell surface receptor (Pignot et al. 2003) 

CABP5 Calcium Binding Protein 5 q13.33 BMI w DM2 
obesity 

Plays a role in calcium 
mediated cellular signal 
transduction 

(Haeseleer et al. 
2002) 

PFKFB3 6-Phosphofructo-2-
kinase/Fructose-2,6-
biphosphatase 3 

p15.1 obesity Potent regulator of 
glycolysis 

(Nelson and Cox 
2005; De Bock et al. 
2013) 

KLRB1 Killer Cell Lectin-like 
Receptor Subfamily B, 
Member 1 

p13.31 obesity Possible regular of natural 
killer cells 

(Rother et al. 2015) 

GRIN2A Glutamate Ionotropic 
Receptor NMDA Type 
Subunit 2A 

p13.2 obesity Possibly has a role in 
learning and long-term 
memory  

(Micu et al. 2006) 
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which EHR phenotype groups are associated with BMI; more specifically, the analysis identifies 380 

whether the number of individuals in an EHR phenotype group is a predictor of BMI and/or extreme 381 

obesity.    382 

A PheWAS tested the 20 statistically significant SNPs identified in the first BMI GWAS (the sub-383 

cohort with no DM2-diagnoses) for association with 562 EHR phenotypes and resulted in no 384 

statistically significant associations at the false discovery rate of 0.1 (data not shown). The top two 385 

associations showed that a locus on FUT9 (rs4839813) associated with obesity, and rs1620977 on 386 

NEGR1 associated with morbid obesity with raw p-values p=2.3x10-5 and 2.8x10-5, respectively. The 387 

second PheWAS identified 179 EHR (phenotypic) associations of BMI (DM2-diagnosed participants 388 

excluded) with p<2x10-2, that associates to an adjusted p-value of 0.1 (see Materials and Methods). 389 

Included in the strongest phenotypic associations are obesity, morbid obesity, and overweight (p<1x10-390 

80), sleep apnea (p<1x10-45), hypertension (p<1x10-40), abnormal glucose (p<1x10-25), hyperlipidemia, 391 

asthma, GERD, osteoporosis, and others. (Data not shown). 392 

 393 

The PheWAS of the second BMI GWAS (DM2-diagnosed individuals included) examined whether 394 

633 EHR phenotype groups containing at least 20 participants are dependent on the genotypes of the 27 395 

statistically significant SNPs associated with BMI in our cohort (Figure 3). Results of this PheWAS 396 

indicate that TDH and FAMA167-AS1 are strongly associated with DM2. Variants in the FTO gene 397 

associate with obesity and overweight phenotypes. An association with hypertension and essential 398 

hypertension and the locus rs12412241 on chromosome 10 was detected (p<1x10-4). Several strong 399 

associations with FTO loci and the prostate-specific antigen (PSA) were also found. Variants in the 400 

FTO gene also associated with obesity at the p=3x10-4 level, and with hypercholesterolemia with 401 

p=1x10-3 level. Significant associations (p<1.02x10-4, associated to an adjusted p-value of 0.1, see 402 

Materials and Methods) are included in Table 5 and illustrated in Figure 3, where the blue line 403 

represents the Bonferroni correction of p=3x10-6. The second PheWAS examined links between BMI 404 
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and the 1,523 EHR phenotype groups containing at least 20 individuals in this cohort and showed that 405 

301 such clinical phenotypes groups associated with significance p<1.96x10-2.  (This significance level 406 

is associated to an adjusted p-value of 0.1, as described in the Materials and Methods) These are shown 407 

in Figure 4. Included in the highest associations are obesity, morbid obesity, and overweight (p<1x10-408 

100), DM2 (p<1x10-87), hypertension ((p<1x10-82), sleep apnea (p<1x10-80), abnormal glucose (p<1x10-409 

53), hyperlipidemia, asthma and other respiratory disorders, GERD, edema, liver disease, mood 410 

disorders, polycystic ovaries, and others. Significant associations are presented in Supplementary Table 411 

S4 and Figure 4. Only associations at p<1x10-15 are annotated in the image for ease of viewing. Note 412 

that a single-SNP Bonferroni correction results in a significance level of 3.3x10-5. 413 

 414 

We performed the same two PheWASs on the case-control GWAS. The first PheWAS identified 415 

possible associations between 34 SNPs and 372 phenotype groups with at least 20 individuals (Figure 416 

5). The significance level corresponding to an FDR of 0.1 was p=3.85x10-4, resulting in 50 significant 417 

associations. The Bonferroni correction p-value is 4x10-6 and shown in blue (see Materials and 418 

Methods). The strongest associations occurred between the NEGR1 and KLRB1 gene and obesity and 419 

morbid obesity and the NEGR1 gene and abnormal glucose. The NEGR1 gene, along with TDH and 420 

FAM167A-AS1, also associated with impaired fasting glucose and diabetes, respectively, at a slightly 421 

lower, yet still significant p-values. The locus rs2948300 on chromosome 8 associated with essential 422 

hypertension. The SNP rs1620977 on NEGR1 is linked with incidence of bronchitis. Additionally, 423 

several strong associations of irritable bowel syndrome (IBS) and digestive disorders with loci in 424 

CABP5 are shown. Results are pictured in Figure 5 and included in Table 6. 425 

The second PheWAS in this case-control study identified possible links between 1,362 EHR phenotype 426 

groups with at least 20 individuals and the incidence of extreme obesity (Figure 6). The significant 427 

threshold of p=1.4x10-2 enabled an FDR of 0.1. At this significance level, 191 significant associations 428 

were identified, including obesity (p<1x10-134), hypertension (p<1x10-65), sleep apnea (p < 1x10-43), 429 
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abnormal glucose (p<1x10-40), hyperlipidemia, asthma, and GERD. The high level of association with 430 

obesity validates our methods. These associations are shown in Figure 6, with phenotypes annotated 431 

above a significance level of 1x10-15 for ease of viewing. A line is drawn at the significance level 1x10-432 

15 as guidance. Results are included in Supplementary Table S5. Note that a single-SNP Bonferroni 433 

correction results in a significance level of 3.7x10-5. 434 

Table 5. Statistically Significant BMI with DM2 PheWAS SNPs 435 
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Phenotype Description SNP Gene β (SE) 
Odds 

Ratio 

PheWAS 

p-value 
N Cases Controls 

250.2 Type 2 Diabetes rs2246606 TDH -0.331 0.073 0.718 6.32x10-6 5566 459 5107 

796 
Elevated prostate 

specific antigen [PSA] 
rs9937053 FTO 0.882 0.197 2.416 7.76x10-6 6293 71 6222 

796 
Elevated prostate 

specific antigen [PSA] 
rs9930333 FTO 0.881 0.197 2.413 7.88x10-6 6297 71 6226 

796 
Elevated prostate 

specific antigen [PSA] 
rs9940128 FTO 0.875 0.197 2.398 8.66x10-6 6297 71 6226 

796 
Elevated prostate 

specific antigen [PSA] 
rs1121980 FTO 0.872 0.197 2.391 9.60x10-6 6298 71 6227 

250 Diabetes Mellitus rs2246606 TDH -0.318 0.072 0.728 1.14x10-5 5577 470 5107 

796 
Elevated prostate 

specific antigen [PSA] 
rs1421085 FTO 0.855 0.197 2.351 1.41x10-5 6298 71 6227 

796 
Elevated prostate 

specific antigen [PSA] 
rs1558902 FTO 0.854 0.197 2.350 1.43x10-5 6298 71 6227 

278.1 Obesity rs2948300 N/A 0.199 0.047 1.221 1.90x10-5 5805 1172 4633 

796 
Elevated prostate 

specific antigen [PSA] 
rs17817449 FTO 0.823 0.196 2.277 2.75x10-5 6298 71 6227 

796 
Elevated prostate 

specific antigen [PSA] 
rs8043757 FTO 0.822 0.196 2.275 2.82x10-5 6298 71 6227 

250.2 Type 2 Diabetes rs2572386 FAM167A -0.303 0.073 0.739 3.57x10-5 5564 459 5105 

278 Obesity, Overweight rs2948300 N/A 0.182 0.044 1.200 3.71x10-5 5980 1347 4633 

796 
Elevated prostate 

specific antigen [PSA] 
rs8050136 FTO 0.788 0.195 2.198 5.55x10-5 6298 71 6227 

796 
Elevated prostate 

specific antigen [PSA] 
rs9939609 FTO 0.787 0.196 2.197 5.71x10-5 6298 71 6227 

250.2 Type 2 Diabetes rs1435277 N/A -0.292 0.073 0.747 5.94x10-5 5554 458 5096 
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 436 
Table 6. Statistically Significant Obesity PheWAS SNPs 437 

401 Hypertension rs12412241 N/A -0.221 0.055 0.802 6.49x10-5 6057 1385 4672 

796 
Elevated prostate 

specific antigen [PSA] 
rs3751812 FTO 0.772 0.195 2.163 7.87x10-5 6297 71 6226 

250 Diabetes Mellitus rs2572386 FAM167 -0.284 0.072 0.753 8.44x10-5 5575 470 5105 

401.1 
Essential 

Hypertension 
rs12412241 N/A -0.216 0.056 0.806 1.02x10-4 6037 1365 4672 
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Phenotype Description SNP Gene β (SE) 
Odds 

Ratio 

PheWAS 

p-value 
N Cases Controls 

278 Overweight, Obesity rs1620977 NEGR1 0.409 0.070 1.506 4.09x10-9 2819 640 2179 

278.1 Obesity rs1620977 NEGR1 0.405 0.071 1.499 1.45x10-8 2779 600 2179 

278.11 Morbid Obesity rs1620977 NEGR1 0.432 0.080 1.541 5.96x10-8 2624 445 2179 

278.1 Obesity rs1776012 NEGR1 -0.326 0.067 0.722 1.18x10-6 2762 594 2168 

278.1 Obesity rs1870676 NEGR1 -0.324 0.067 0.723 1.40x10-6 2757 593 2164 

278.1 Obesity rs9424977 NEGR1 -0.321 0.067 0.725 1.46x10-6 2776 599 2177 

278 Overweight, Obesity rs1776012 NEGR1 -0.308 0.065 0.735 2.23x10-6 2802 634 2168 

278 Overweight, Obesity rs1870676 NEGR1 -0.305 0.065 0.737 2.84x10-6 2797 633 2164 

278 Overweight, Obesity rs9424977 NEGR1 -0.303 0.065 0.739 2.87x10-6 2816 639 2177 

250.4 Abnormal glucose rs1776012 NEGR1 -0.444 0.095 0.642 3.20x10-6 2664 272 2392 

250.4 Abnormal glucose rs1870676 NEGR1 -0.444 0.096 0.642 3.58x10-6 2655 270 2385 

250.4 Abnormal glucose rs9424977 NEGR1 -0.424 0.095 0.655 7.81x10-6 2674 273 2401 

564 
Functional digestive 

disorders 
rs750456 CABP5 0.989 0.229 2.689 1.55x10-5 2518 40 2478 

278.11 Morbid Obesity rs2241005 KLRB1 -0.321 0.075 0.725 1.64x10-5 2625 445 2180 

278.11 Morbid Obesity rs2058426 N/A -0.322 0.075 0.725 1.66x10-5 2621 445 2176 

278.1 Obesity rs2568958 N/A -0.294 0.070 0.745 2.89x10-5 2781 601 2180 

278.1 Obesity rs2815752 N/A -0.294 0.070 0.745 2.89x10-5 2781 601 2180 

564.1 
Irritable Bowel 

Syndrome 
rs750456 CABP5 0.992 0.238 2.697 2.98x10-5 2515 37 2478 

278.11 Morbid Obesity rs1870676 NEGR1 -0.315 0.075 0.730 3.06x10-5 2605 441 2164 

278.1 Obesity rs3101336 N/A -0.293 0.070 0.746 3.08x10-5 2781 601 2180 

278.11 Morbid Obesity rs1776012 NEGR1 -0.315 0.076 0.730 3.14x10-5 2606 438 2168 

250.2 Type 2 Diabetes rs2246606 TDH -0.468 0.115 0.626 4.98x10-5 2591 187 2404 

278.1 Obesity rs2953802 N/A 0.266 0.066 1.305 5.13x10-5 2781 601 2180 
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278.11 Morbid Obesity rs9424977 NEGR1 -0.304 0.075 0.738 5.21x10-5 2620 443 2177 

278 Overweight, Obesity rs2568958 N/A -0.274 0.068 0.760 5.88x10-5 2821 641 2180 

278 Overweight, Obesity rs2815752 N/A -0.274 0.068 0.760 5.88x10-5 2821 641 2180 

278 Overweight, Obesity rs3101336 N/A -0.273 0.068 0.761 6.27x10-5 2821 641 2180 

250.2 Type 2 Diabetes rs2736280 TDH -0.452 0.114 0.636 7.48x10-5 2588 187 2401 

250 Diabetes Mellitus rs2246606 TDH -0.447 0.114 0.639 8.11x10-5 2596 192 2404 

250.2 Type 2 Diabetes rs2953802 N/A 0.431 0.110 1.539 8.90x10-5 2591 187 2404 

250.4 Abnormal glucose rs2568958 N/A -0.389 0.100 0.678 1.08x10-4 2678 274 2404 

250.4 Abnormal glucose rs2815752 N/A -0.389 0.100 0.678 1.08x10-4 2678 274 2404 

278 Overweight, Obesity rs2241005 KLRB1 -0.247 0.064 0.781 1.11x10-4 2821 641 2180 

250.4 Abnormal glucose rs3101336 N/A -0.388 0.101 0.678 1.12x10-4 2678 274 2404 

278.1 Obesity rs2241005 KLRB1 -0.253 0.066 0.776 1.14x10-4 2781 601 2180 

278.1 Obesity rs2058426 N/A -0.250 0.066 0.779 1.43x10-4 2777 601 2176 

278 Overweight, Obesity rs2058426 N/A -0.243 0.064 0.784 1.46x10-4 2817 641 2176 

250 Diabetes Mellitus rs2736280 TDH -0.426 0.112 0.653 1.48x10-4 2593 192 2401 

250.41 
Impaired fasting 

glucose 
rs1870676 NEGR1 -0.471 0.125 0.625 1.59x10-4 2535 150 2385 

278.11 Morbid Obesity rs2953802 N/A 0.278 0.074 1.321 1.76x10-4 2625 445 2180 

250 Diabetes Mellitus rs2953802 N/A 0.407 0.109 1.502 1.77x10-4 2596 192 2404 

250.41 
Impaired fasting 

glucose 
rs1776012 NEGR1 -0.464 0.124 0.629 1.80x10-4 2543 151 2392 

401.1 
Essential 

Hypertension 
rs2948300 N/A 0.282 0.078 1.326 3.02x10-4 2737 521 2216 

278 Overweight, Obesity rs2953802 N/A 0.231 0.064 1.260 3.06x10-4 2821 641 2180 

250.2 Type 2 Diabetes rs2572386 FAM167A -0.415 0.115 0.660 3.15x10-4 2590 187 2403 

497 Bronchitis rs1620977 NEGR1 0.673 0.188 1.960 3.47x10-4 2118 60 2058 

250.41 
Impaired fasting 

glucose 
rs9424977 NEGR1 -0.441 0.124 0.644 3.60x10-4 2552 151 2401 
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 438 

 Discussion 439 

GWAS of Healthy Nevada BMI and Obesity 440 

Here we present three GWASs on participants in the Healthy Nevada Project. The first investigates 441 

associations with BMI on subjects that do not have DM2 diagnoses. The second identifies associations 442 

with BMI in which participants with DM2 are included as a comorbidity. The third GWAS is a case-443 

control study of extreme obesity that complements outcomes of the first two quantitative trait studies. 444 

Each GWAS is followed with two independent PheWASs to examine pleiotropy and additional 445 

phenotypic associations with quantitative BMI levels and incidence of obesity. 446 

 447 

The first GWAS tested the association between genotype and BMI without DM2, to remove DM2 448 

effects on BMI. As expected, the majority of the resulting associations were found in SNPs that lie 449 

within the FTO gene. This gene has been associated to BMI and obesity in several studies and is a 450 

major focal point in obesity-related research (Scuteri et al. 2007; Frayling et al. 2007; Dina et al. 2007; 451 

Zeggini et al. 2007; Hinney et al. 2007; Hunt et al. 2008; Price et al. 2008; Grant et al. 2008; Hotta et 452 

al. 2008; Loos et al. 2008; Tan et al. 2008; Villalobos-Comparán et al. 2008; Thorleifsson et al. 2008; 453 

Willer et al. 2009; Meyre et al. 2009; Wing et al. 2009; Shimaoka et al. 2010; Fawcett and Barroso 454 

2010; Wang et al. 2011; Prakash et al. 2011; Okada et al. 2012; Berndt et al. 2013; Wheeler et al. 455 

2013; Graff et al. 2013; Olza et al. 2013; Qureshi et al. 2017; Gonzalez-Herrera et al. 2018). Moreover, 456 

the two strongest associations in the GWAS were from SNPs in FTO (rs1558902/ rs1421085, p = 457 

1.67x10-7/1.75x10-7), highlighting the overall importance of this gene in relation to obesity. Frayling 458 

suggests that the association of FTO SNPs with DM2 is mediated through BMI (Frayling et al. 2007). 459 

278.11 Morbid Obesity rs2568958 N/A -0.283 0.079 0.753 3.66x10-4 2625 445 2180 

278.11 Morbid Obesity rs2815752 N/A -0.283 0.079 0.753 3.66x10-4 2625 445 2180 

278.11 Morbid Obesity rs3101336 N/A -0.282 0.080 0.754 3.85x10-4 2625 445 2180 
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The exact mechanism by which the FTO gene affects BMI is not understood; however, it has been 460 

discovered that the gene product of FTO mediates oxidative demethylation of several different RNA 461 

species, such as mRNA, snRNA and tRNA (Jia et al. 2011; Wei et al. 2018). This indicates that protein 462 

produced from FTO likely operates as a RNA regulatory molecule, which can affect both gene 463 

expression as well as translation initiation and elongation (Wei et al. 2018).  464 

 465 

Two SNPs within TDH were found to be strongly associated to BMI. This gene codes for a 466 

nonfunctional L-threonine dehydrogenase, lacking most of the C-terminus found in other species, and 467 

is thus characterized as a putative pseudogene. Previous research has identified this gene as a possible 468 

susceptibility gene for obesity (Yanagiya et al. 2007); however, relatively little is known about any 469 

functional consequences of SNPs within this pseudogene. We also observed a strongly associated locus 470 

in NEGR1, one of the first genes shown to have variants associated to BMI (Thorleifsson et al. 2008; 471 

Willer et al. 2009; Speliotes et al. 2010; Boender et al. 2014). This gene codes for a cell	adhesion 472 

molecule, although its function in relation to BMI is still unknown. Previous research in mice 473 

determined that deletions of NEGR1 cause a decrease in weight and a change in the regulation of 474 

energy balance, implying that NEGR1 most likely functions to control the regulation of energy balance 475 

(Lee et al. 2012; Boender et al. 2014).    476 

 477 

We hypothesized that including DM2 participants (and thus DM2 as a covariate in the genetic model) 478 

would produce a more parsimonious fit, as many studies show a relationship between diabetes and 479 

BMI. We discovered that diabetes was indeed an important predictor of BMI for all 500,000 480 

regressions performed (p < 2x10-16 for every SNP), regardless of age, gender or genotype. Furthermore, 481 

adding DM2 as a predictor in the additive model increases the significance of associations between 482 

SNPs in the TDH gene and BMI; five out the top eight most significant associations fall within this 483 

gene (Table 2). It is clear that incidence of DM2 in our cohort affects the genetic association of BMI. 484 
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Specifically, when DM2 patients are excluded in our cohort, there are two associations within TDH. 485 

When DM2 participants are included, we observe five associations with the TDH gene. This indicates, 486 

along with the BMI PheWAS results, that not only does TDH influence BMI measurements, it also has 487 

an association with DM2.  488 

 489 

It is rare for SNPs to be effectors of two separate diseases, even those as intertwined as BMI and DM2 490 

(Grarup et al. 2014). A possible explanation why TDH  has not been previously associated with DM2 is 491 

due to a lack of statistical power to observe the small risk increases TDH may impose on DM2 (Grarup 492 

et al. 2014). Nonetheless, the increased rate of DM2 diagnosis worldwide makes this an interesting 493 

candidate gene. How the SNPs in the TDH pseudogene may influence either BMI or DM2 is unknown, 494 

as evidence supporting the association between TDH and BMI/DM2 is scant; however, previous 495 

research has discovered that not all pseudogenes are "junk" DNA. Some of these genes can be actively 496 

transcribed to produce short interfering RNAs (siRNAs), which can regulate gene expression (Pink et 497 

al. 2011). In certain cases, they can even competitively bind micro-RNAs (miRNAs), which can 498 

attenuate repression of cellular mRNA (An et al. 2016). Additionally, the expression of pseudogene 499 

transcripts tends to be tissue-specific. Given that the greatest expression of TDH transcripts is found in 500 

the pancreas (Fagerberg et al. 2014), one might speculate that TDH affects the production of insulin 501 

and/or digestive enzymes. If true, this may account for our observation where TDH influences BMI 502 

measurements, and is associated with DM2. Given the strong associations between TDH SNPs and 503 

DM2, as well as potential regulatory functions of pseudogenes, we believe it is essential that future 504 

studies focus on determining the function of the TDH pseudogene in a tissue-specific context. Although 505 

studies using genetically modified mice with a TDH polymorphism and proteomics analysis of their 506 

pancreatic tissue would be straight-forward, to the best of our knowledge, no such studies have been 507 

reported. We see this as a possible future direction. 508 

         509 
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Adding DM2 as a covariate into the statistical model also identified two additional genes that may 510 

influence BMI: RTN4RL1 and CABP5. RTN4RL1 is a gene that codes for a cell surface receptor and 511 

was previously found to be upregulated approximately 2-fold when exposed to bone morophogenetic 512 

protein 4 (BMP4), a protein that is increased in diabetic animals and may reduce insulin secretion 513 

(Christensen et al. 2015). This implies that the effects of RTN4RL1 on BMI may be secondary to its 514 

main effect on diabetes. Moreover, this gene has also been listed as a potential candidate gene for DM2 515 

in previous GWAS (Thomsen et al. 2016). The gene CABP5, which codes for a calcium binding 516 

protein that has role in calcium mediated cellular signal transduction (Haeseleer et al. 2002) may have 517 

a more direct effect on BMI. It was previously discovered as part of a group of several genes that were 518 

upregulated in obese individuals, although its exact function relative to obesity is still unknown 519 

(Nakajima et al. 2016).    520 

 521 

A case-control association study examining the effects between genetics and the risk of extreme obesity 522 

(BMI ≥ 35 kg/m2) was the final GWAS we conducted. It has been determined by the World Health 523 

Organization (WHO) that more than 1.9 billion adults are overweight and over 650 million are obese. 524 

Moreover, obesity is associated with several other chronic diseases, such as cardiovascular disease, 525 

DM2 and cancer, all of which could lead to premature death (Kopelman 2007). Overall, our obesity 526 

results consist of many of the same SNPs and genes found to be associated with BMI. However, the 527 

obesity results did demonstrate an increase in the genetic associations at the significance level of 528 

p<1x10-5 in and very close to the NEGR1 gene compared to previous BMI associations.  Previous 529 

studies using genetically modified mice with NEGR1 deficiency or NEGR1-loss-of-function support a 530 

role for NEGR1 in the control of body weight; however, the mechanism of its involvement is not clear 531 

(Lee et al. 2012). Contradictory with anticipated results, these mutant mice display a small but steady 532 

reduction of body mass. Notwithstanding, these studies do suggest that loss of NEGR1 function in the 533 

mouse models has a negative effect on body mass as well as lean mass, supporting the possibility that 534 
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NEGR1 may contribute to a change body mass. It is also important to note that animal models are a 535 

representation of human physiology but not necessarily a precise depiction.  536 

 537 

Our extreme obesity vs. non-obese study also identified two new genes, PFKFB3 and KLRB1, that are 538 

not yet found to be significantly associated to BMI. The odds ratios associated with all SNPs found in 539 

these genes were less than one, indicating that they decreased the odds of extreme obesity risk. These 540 

results are potentially supported by work conducted by Huo et al., who reported that mice 541 

transgenically modified to selectively overexpress PFKFB3 in adipocytes show increases fat deposition 542 

in their adipose tissue (Huo et al. 2012). In contrast, an earlier study reported that transgenic mice with 543 

reduced PFKFB3 expression show exacerbated diet-induced insulin resistance (Huo et al. 2010). 544 

Moreover, a recent study of hypertrophic white adipose tissue morphology, Kerr and coworkers 545 

showed that inhibition of PFKFB3 mRNA impairs basal and insulin stimulated lipogenesis and 546 

furtherer proposed that gene knockdown may of PFKFB3 inhibit adipocyte lipid storage (Kerr et al. 547 

2019). These studies support a hypothesis whereby polymorphisms that lead to a decrease in PFKFB3 548 

may be protective from the development of obesity; however, tissue-specific transcriptional studies in 549 

humans would be required to fully support this assertion.  550 

 551 

We also observed polymorphisms in KLRB1 to associate with a decrease of odds in extreme obesity 552 

risk. KLRB1 expression produces a type II transmembrane glycoprotein also known as CD161; a 553 

member of the C-type lectin superfamily. CD161 is expressed on the surface of most natural killer 554 

(NK) cells and natural killer T (NKT) but also on subsets of peripheral T cells and CD3+ thymocytes. 555 

While the biological function of CD161 is not firmly established, it was suggested that it serves either 556 

as a stimulatory receptor or to inhibit NK cell-mediated cytotoxicity and cytokine production (Lanier et 557 

al. 1994). Indeed, NK cells were shown to be upregulated in the fat of obese twins (Pietiläinen et al. 558 

2008); moreover, BMI and KLRB1 expression may be correlated in that KLRB1 transcription has been 559 
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reported to increase as BMI increases (Rai et al. 2014). Additionally, CD161bright CD8+ mucosal 560 

associated invariant T (MAIT) cells play a central role in maintaining mucosal immunity and therefore, 561 

changes in CD161 expression on these cells may lead to alterations in mucosal immunity and gut 562 

microbiota homeostasis. These changes may in turn manifest as alterations of dietary metabolism. It is 563 

noteworthy that increases in MAIT cells are associated with Juvenile Type 1 Diabetes  and 564 

polymorphisms in KLRB1 have been associated with ischemic heart disease (Makeeva et al. 2015), and 565 

differential transcription of KLRB1 has been reported in DM2 and coronary artery disease (Gong et al. 566 

2017). Furthermore, another gene, GRIN2A, is a gene that is part of the family of genes {GRIN1, 567 

GRIN2A, GRIN2B, GRIN2C, GRIN2D, GRIN3A, and GRIN3B}, which encode proteins that form a 568 

receptor in charge of sending chemical messages between neurons in the brain. The gene GRIN2B was 569 

found to be associated to obesity in adult women defined as metabolically healthy in Schlauch et. al 570 

(p=1.7x10-5). (Schlauch et al. 2019). 571 

 572 

Associations between FTO and obesity were just under genome-wide significance levels. This is a 573 

possible indication that FTO polymorphisms cause small changes in BMI, rather than the wide range 574 

differences observed between extreme obese cases and controls. Nonetheless, previous research has 575 

demonstrated that a combination of several FTO mutations will increase the likelihood of a participant 576 

being classified as obese (Li et al. 2009). Speakman et al. stated that Frayling showed the FTO was 577 

significantly associated with diabetes only through its association with BMI (Speakman et al. 2018).  578 

 579 

The comprehensive series of GWASs presented here validates associations of obesity and BMI found 580 

in previous studies, such as the FTO and NEGR1 loci (Willer et al. 2009; Speliotes et al. 2010; Okada 581 

et al. 2012; Locke et al. 2015). Many larger studies identify associative loci in MC4R (Willer et al. 582 

2009; Speliotes et al. 2010; Okada et al. 2012). While our studies did not detect SNPs in MC4R with 583 

genome-wide significance, they did identify associations at p=1x10-4 and p=1.7x10-4 of  SNPs 584 
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rs17782313 and rs571312 (Willer et al. 2009; Speliotes et al. 2010). A number of obesity case-control 585 

studies have found variations in the MC4R gene (Xi et al. 2012; Evans et al. 2014). Our case-control 586 

study does reveal that rs17782313 in MC4R associates with obesity at p=3x10-4. Our cohort is a 587 

controlled, regional population. The next two stages of the Healthy Nevada Project will add between 588 

40,000 (2019) and 150,000 (late 2020) more Nevadans to the current cohort. With these much larger 589 

cohort sizes, it is our hope that a stronger associate link with MC4R will be identified.  590 

 591 

PheWAS of Healthy Nevada BMI and Obesity 592 

 To the best of our knowledge, this is the first dual-PheWAS targeted at BMI and obesity. Cronin et al. 593 

present a comprehensive PheWAS targeted at FTO variants, which also show strong associations with 594 

overweight and obesity phenotypes, hypertension and hyperlipidemia (Cronin et al. 2014). Milliard et 595 

al. perform a large PheWAS study to examine phenotypic associations with BMI that focus on the 596 

nervousness phenotypes: the study identified known associations such as diabetes and hypertension 597 

(Millard et al. 2019). 598 

The PheWAS performed on the SNP associations in this study's BMI cohort identified strong 599 

associations of elevated PSA levels with variants in FTO, and indicates that the number of minor 600 

alleles of these variants is predictive of elevated PSA. This finding is in contradiction to the reports 601 

(Bañez et al. 2007; Oh et al. 2013; Zhang et al. 2016; Bonn et al. 2016) indicating an inverse 602 

relationship between PSA levels and BMI. However, serum levels of PSA may be elevated due to 603 

reasons other than prostatic malignancy. Benign prostatic hyperplasia (BPH), prostatitis (Nadler et al. 604 

1995), ejaculation (Herschman et al. 1997), or manipulation of the prostate gland (Chybowski et al. 605 

1992; Crawford et al. 1992; Tarhan et al. 2005) may cause elevated levels of serum PSA. Our study did 606 

not control for such parameters. Our sample includes only 71 individuals with ICD codes indicating 607 

high PSA levels, of which a number are morbidly obese. Increased BMI is often associated with 608 

increased age and our study population was significantly older than the general median age of the U.S. 609 
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population. Thus, it is possible that older age contributed to increased likelihood of BPH and, 610 

subsequently, elevated serum PSA, negating the reported inverse effect of BMI on PSA levels and 611 

possibly exposing a novel association with variants in FTO. 612 

Many of the clinical associations observed in the PheWASs of the HNP in relation to various degrees 613 

of increased BMI and the presence of obesity are recognizable of the cluster of clinical conditions 614 

associated with metabolic syndrome (Alberti et al. 2009). Obesity is a risk factor for respiratory 615 

conditions such as chronic obstructive pulmonary disease (COPD), asthma, obstructive sleep apnea and 616 

obesity hypoventilation syndrome, and may influence the development and presentation of these 617 

diseases (Poulain et al. 2006). Accumulation of fat tissue impairs ventilatory function in adults 618 

(Lazarus et al. 1997) and increased BMI is associated with a reduction in forced expiratory volume in 619 

one second (FEV1), forced vital capacity (FVC), total lung capacity, functional residual capacity and 620 

expiratory reserve volume (Rubinstein et al. 1990; Chinn et al. 1996; Lazarus et al. 1997; Biring et al. 621 

1999). Peripheral edema has long been recognized as associated with extreme obesity (Alexander et al. 622 

1962). In the U.K. Community Nursing Services study, obesity was found as an independent risk factor 623 

for chronic edema (Moffatt et al. 2019).  624 

 625 

 626 

Data Availability Statement  627 

EHR Data 628 

EHR data for the Healthy Nevada cohort are subject to HIPAA and other privacy and compliance 629 

restrictions. Mean quality-controlled BMI values for the 6,645 component values for each individual 630 

are available in Supplementary Table S6.  631 

 632 

GWAS Results 633 
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To reduce the possibility of a privacy breach, 23andMe requires that the statistics for only 10,000 SNPs 634 

be made publicly available. This is the amount of data considered by 23andMe to be insufficient to 635 

enable a reidentification attack. The statistical summary results of the top 10,000 SNPs for the 636 

23andMe data are available here: www.dri.edu/HealthyNVProjectGenetics. All column definitions are 637 

listed in Table 7.  638 

 639 

 Table 7. Column Identifiers for GWAS Results. 640 

Column name Definition 

CHR Chromosome 

SNP Individual SNP identifier 

BP Location of SNP on relative chromosome 

A1 Alternative Allele 

TEST Selected statistical test – ADD represents the additive effect 

NMISS Indicates the number of observations – non-missing genotypes 

BETA The effect size for this variant, defined per copy of the A1 allele 

SE The standard error of the effect size 

LE Lower end of the 95% confidence interval for the effect size 

UE Upper end of the 95% confidence interval for the effect size 

STAT The value of the test statistic 

P The p-value for the association test 

Table describing the column headers for the results file of our genome wide associations. This 641 
summary results file only lists the top 10,000 SNPs in order to prevent a re-identification attack. 642 
 643 

PheWAS Results 644 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 13, 2019. ; https://doi.org/10.1101/671123doi: bioRxiv preprint 

https://doi.org/10.1101/671123
http://creativecommons.org/licenses/by-nc-nd/4.0/


 37 

Summarized counts of each ICD classification (ICD-9 and ICD-10) and phenotype group (phecode) are 645 

presented in Supplementary Table S7.  646 

 647 

Funding statement and role of funders 648 

Research support was provided by the Governor’s Office of Economic Development Knowledge Fund. 649 

Support for the Healthy Nevada Project and personal genetics was provided by the Renown Health and 650 

the Renown Health Foundation. 23andMe provided support of salaries for members of the 23andMe 651 

Research Team, who are employees of 23andMe, Inc. None of the funders had any role in the study 652 

design, data collection and analysis, decision to publish, or preparation of the manuscript. The specific 653 

roles of these authors are articulated in the Author Contributions section.  654 

 655 

Competing interest 656 

Members of the 23andMe Research Team are employees of 23andMe and hold stock or stock options 657 

in 23andMe. 23andMe provided support in the form of salaries for members of the 23andMe Research 658 

Team. Affiliation with 23andMe does not alter our adherence to Genetics’ policies on sharing data and 659 

materials. Please see the Data availability section above.  660 

 661 

Acknowledgements  662 

We thank Michele Henderson, Toni Curreri and all the ambassadors of the Healthy Nevada Project. We 663 

thank Renown Health and DRI marketing and all the folks at 23andMe who helped launch the project. 664 

Research support was provided by the Governor’s Office of Economic Development Knowledge Fund. 665 

Support for the Healthy Nevada Project and personal genetics was provided by the Renown Health 666 

Foundation.  667 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 13, 2019. ; https://doi.org/10.1101/671123doi: bioRxiv preprint 

https://doi.org/10.1101/671123
http://creativecommons.org/licenses/by-nc-nd/4.0/


 38 

Members of the 23andMe Research Team are: Michelle Agee, Adam Auton, Robert K. Bell, Robert 668 

Borkowski, Katarzyna Bryc, Sarah L. Elson, Pierre Fontanillas, Nicholas A. Furlotte, David A. Hinds, 669 

Karen E. Huber, Aaron Kleinman, Nadia K. Litterman, Matthew H. McIntyre, Joanna L. Mountain, 670 

Elizabeth S. Noblin, Carrie A.M. Northover, Steven J. Pitts, J. Fah Sathirapongsasuti, Olga V. 671 

Sazonova, Janie F. Shelton, Suyash Shringarpure, Chao Tian, Joyce Y. Tung, Vladimir Vacic, and 672 

Catherine H. Wilson. 673 

 674 

References 675 

Alberti K. G. M. M., Eckel R. H., Grundy S. M., Zimmet P. Z., Cleeman J. I., Donato K. A., Fruchart 676 
J.-C., James W. P. T., Loria C. M., Smith S. C., International Diabetes Federation Task Force on 677 
Epidemiology and Prevention, Hational Heart, Lung, and Blood Institute, American Heart 678 
Association, World Heart Federation, International Atherosclerosis Society, International 679 
Association for the Study of Obesity, 2009 Harmonizing the metabolic syndrome: a joint interim 680 
statement of the International Diabetes Federation Task Force on Epidemiology and Prevention; 681 
National Heart, Lung, and Blood Institute; American Heart Association; World Heart Federation; 682 
International Atherosclerosis Society; and International Association for the Study of Obesity. In:, 683 
pp. 1640–1645. 684 

Alexander J. K., Amad K. H., Cole V. W., 1962 Observations on some clinical features of extreme 685 
obesity, with particular reference to cardiorespiratory effects. Am J Med 32: 512–524. 686 

An Y., Furber K. L., Ji S., 2016 Pseudogenes regulate parental gene expression viaceRNA network. J. 687 
Cell. Mol. Med. 21: 185–192. 688 

Anderson C. A., Pettersson F. H., Clarke G. M., Cardon L. R., Morris A. P., Zondervan K. T., 2010 689 
Data quality control in genetic case-control association studies. Nature Protocols 5: 1564–1573. 690 

Bañez L. L., Hamilton R. J., Partin A. W., Vollmer R. T., Sun L., Rodriguez C., Wang Y., Terris M. 691 
K., Aronson W. J., Presti J. C., Kane C. J., Amling C. L., Moul J. W., Freedland S. J., 2007 692 
Obesity-Related Plasma Hemodilution and PSA Concentration Among Men With Prostate Cancer. 693 
JAMA 298: 2275–2280. 694 

Bays H. E., Chapman R. H., Grandy S., SHIELD Investigators' Group, 2007 The relationship of body 695 
mass index to diabetes mellitus, hypertension and dyslipidaemia: comparison of data from two 696 
national surveys. Int. J. Clin. Pract. 61: 737–747. 697 

Benjamini Y., Hochberg Y., 1995 Controlling the False Discovery Rate: A Practical and Powerful 698 
Approach to Multiple Testing. J R Stat Soc Series B Stat Methodol 57: 289–300. 699 

Berndt S. I., Gustafsson S., Mägi R., Ganna A., Wheeler E., Feitosa M. F., Justice A. E., Monda K. L., 700 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 13, 2019. ; https://doi.org/10.1101/671123doi: bioRxiv preprint 

https://doi.org/10.1101/671123
http://creativecommons.org/licenses/by-nc-nd/4.0/


 39 

Croteau-Chonka D. C., Day F. R., Esko T., Fall T., Ferreira T., Gentilini D., Jackson A. U., Luan 701 
J., Randall J. C., Vedantam S., Willer C. J., Winkler T. W., Wood A. R., Workalemahu T., Hu Y.-702 
J., Lee S. H., Liang L., Lin D. Y., Min J. L., Neale B. M., Thorleifsson G., Yang J., Albrecht E., 703 
Amin N., Bragg-Gresham J. L., Cadby G., Heijer den M., Eklund N., Fischer K., Goel A., 704 
Hottenga J.-J., Huffman J. E., Jarick I., Johansson Å., Johnson T., Kanoni S., Kleber M. E., König 705 
I. R., Kristiansson K., Kutalik Z., Lamina C., Lecoeur C., Li G., Mangino M., McArdle W. L., 706 
Medina-Gomez C., Müller-Nurasyid M., Ngwa J. S., Nolte I. M., Paternoster L., Pechlivanis S., 707 
Perola M., Peters M. J., Preuss M., Rose L. M., Shi J., Shungin D., Smith A. V., Strawbridge R. J., 708 
Surakka I., Teumer A., Trip M. D., Tyrer J., Van Vliet-Ostaptchouk J. V., Vandenput L., Waite L. 709 
L., Zhao J. H., Absher D., Asselbergs F. W., Atalay M., Attwood A. P., Balmforth A. J., Basart H., 710 
Beilby J., Bonnycastle L. L., Brambilla P., Bruinenberg M., Campbell H., Chasman D. I., Chines 711 
P. S., Collins F. S., Connell J. M., Cookson W. O., de Faire U., de Vegt F., Dei M., Dimitriou M., 712 
Edkins S., Estrada K., Evans D. M., Farrall M., Ferrario M. M., Ferrières J., Franke L., Frau F., 713 
Gejman P. V., Grallert H., Grönberg H., Gudnason V., Hall A. S., Hall P., Hartikainen A.-L., 714 
Hayward C., Heard-Costa N. L., Heath A. C., Hebebrand J., Homuth G., Hu F. B., Hunt S. E., 715 
Hypponen E., Iribarren C., Jacobs K. B., Jansson J.-O., Jula A., Kähönen M., Kathiresan S., Kee 716 
F., Khaw K.-T., Kivimaki M., Koenig W., Kraja A. T., Kumari M., Kuulasmaa K., Kuusisto J., 717 
Laitinen J. H., Lakka T. A., Langenberg C., Launer L. J., Lind L., Lindström J., Liu J., Liuzzi A., 718 
Lokki M.-L., Lorentzon M., Madden P. A., Magnusson P. K., Manunta P., Marek D., März W., 719 
Leach I. M., McKnight B., Medland S. E., Mihailov E., Milani L., Montgomery G. W., Mooser V., 720 
Mühleisen T. W., Munroe P. B., Musk A. W., Narisu N., Navis G., Nicholson G., Nohr E. A., Ong 721 
K. K., Ben A Oostra, Palmer C. N. A., Palotie A., Peden J. F., Pedersen N., Peters A., Polasek O., 722 
Pouta A., Pramstaller P. P., Prokopenko I., Pütter C., Radhakrishnan A., Raitakari O., Rendon A., 723 
Rivadeneira F., Rudan I., Saaristo T. E., Sambrook J. G., Sanders A. R., Sanna S., Saramies J., 724 
Schipf S., Schreiber S., Schunkert H., Shin S.-Y., Signorini S., Sinisalo J., Skrobek B., Soranzo N., 725 
Stancáková A., Stark K., Stephens J. C., Stirrups K., Stolk R. P., Stumvoll M., Swift A. J., 726 
Theodoraki E. V., Thorand B., Trégouët D.-A., Tremoli E., Van der Klauw M. M., van Meurs J. B. 727 
J., Vermeulen S. H., Viikari J., Virtamo J., Vitart V., Waeber G., Wang Z., Widen E., Wild S. H., 728 
Willemsen G., Winkelmann B. R., Witteman J. C. M., Wolffenbuttel B. H. R., Wong A., Wright A. 729 
F., Zillikens M. C., Amouyel P., Boehm B. O., Boerwinkle E., Boomsma D. I., Caulfield M. J., 730 
Chanock S. J., Cupples L. A., Cusi D., Dedoussis G. V., Erdmann J., Eriksson J. G., Franks P. W., 731 
Froguel P., Gieger C., Gyllensten U., Hamsten A., Harris T. B., Hengstenberg C., Hicks A. A., 732 
Hingorani A., Hinney A., Hofman A., Hovingh K. G., Hveem K., Illig T., Jarvelin M.-R., Jöckel 733 
K.-H., Keinanen-Kiukaanniemi S. M., Kiemeney L. A., Kuh D., Laakso M., Lehtimäki T., 734 
Levinson D. F., Martin N. G., Metspalu A., Morris A. D., Nieminen M. S., Njølstad I., Ohlsson C., 735 
Oldehinkel A. J., Ouwehand W. H., Palmer L. J., Penninx B., Power C., Province M. A., Psaty B. 736 
M., Qi L., Rauramaa R., Ridker P. M., Ripatti S., Salomaa V., Samani N. J., Snieder H., Sørensen 737 
T. I. A., Spector T. D., Stefansson K., Tönjes A., Tuomilehto J., Uitterlinden A. G., Uusitupa M., 738 
van der Harst P., Vollenweider P., Wallaschofski H., Wareham N. J., Watkins H., Wichmann H.-739 
E., Wilson J. F., Abecasis G. R., Assimes T. L., Barroso I., Boehnke M., Borecki I. B., Deloukas 740 
P., Fox C. S., Frayling T., Groop L. C., Haritunian T., Heid I. M., Hunter D., Kaplan R. C., Karpe 741 
F., Moffatt M. F., Mohlke K. L., O'Connell J. R., Pawitan Y., Schadt E. E., Schlessinger D., 742 
Steinthorsdottir V., Strachan D. P., Thorsteinsdottir U., van Duijn C. M., Visscher P. M., Di Blasio 743 
A. M., Hirschhorn J. N., Lindgren C. M., Morris A. P., Meyre D., Scherag A., McCarthy M. I., 744 
Speliotes E. K., North K. E., Loos R. J. F., Ingelsson E., 2013 Genome-wide meta-analysis 745 
identifies 11 new loci for anthropometric traits and provides insights into genetic architecture. Nat 746 
Genet 45: 501–512. 747 

Biring M. S., Lewis M. I., Liu J. T., Mohsenifar Z., 1999 Pulmonary physiologic changes of morbid 748 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 13, 2019. ; https://doi.org/10.1101/671123doi: bioRxiv preprint 

https://doi.org/10.1101/671123
http://creativecommons.org/licenses/by-nc-nd/4.0/


 40 

obesity. Am. J. Med. Sci. 318: 293–297. 749 

Blanca M. J., Alarcón R., Arnau J., Bono R., Bendayan R., 2017 Non-normal data: Is ANOVA still a 750 
valid option? Psicothema 29: 552–557. 751 

Boender A. J., van Gestel M. A., Garner K. M., Luijendijk M. C. M., Adan R. A. H., 2014 The obesity-752 
associated gene Negr1 regulates aspects of energy balance in rat hypothalamic areas. Physiol Rep 753 
2. 754 

Bonn S. E., Sjölander A., Tillander A., Wiklund F., Grönberg H., Bälter K., 2016 Body mass index in 755 
relation to serum prostate-specific antigen levels and prostate cancer risk. Int. J. Cancer 139: 50–756 
57. 757 

Carroll R. J., Bastarache L., Denny J. C., 2014 R PheWAS: data analysis and plotting tools for 758 
phenome-wide association studies in the R environment. Bioinformatics 30: 2375–2376. 759 

Cha S. W., Choi S. M., Kim K. S., Park B. L., Kim J. R., Kim J. Y., Shin H. D., 2012 Replication of 760 
Genetic Effects of FTOPolymorphisms on BMI in a Korean Population. Obesity 16: 2187–2189. 761 

Chen S., Wu W., Li J., Wang Q., Li Y., Wu Z., Zheng W., Wu Q., Wu C., Zhang F., Li Y., 2015 Single 762 
nucleotide polymorphisms in the FAM167A-BLK gene are associated with 763 
polymyositis/dermatomyositis in the Han Chinese population. Immunologic Research 62: 153–162. 764 

Chinn D. J., Cotes J. E., Reed J. W., 1996 Longitudinal effects of change in body mass on 765 
measurements of ventilatory capacity. Thorax 51: 699–704. 766 

Christensen G. L., Jacobsen M. L. B., Wendt A., Mollet I. G., Friberg J., Frederiksen K. S., Meyer M., 767 
Bruun C., Eliasson L., Billestrup N., 2015 Bone morphogenetic protein 4 inhibits insulin secretion 768 
from rodent beta cells through regulation of calbindin1 expression and reduced voltage-dependent 769 
calcium currents. Diabetologia 58: 1282–1290. 770 

Chybowski F. M., Bergstralh E. J., Oesterling J. E., 1992 The Effect of Digital Rectal Examination on 771 
the Serum Prostate Specific Antigen Concentration: Results of a Randomized Study. J. Urol. 148: 772 
83–86. 773 

Crawford E. D., Schutz M. J., Clejan S., Drago J., Resnick M. I., Chodak G. W., Gomella L. G., 774 
Austenfeld M., Stone N. N., Miles B. J., Thomson R., 1992 The Effect of Digital Rectal 775 
Examination on Prostate-Specific Antigen Levels. JAMA 267: 2227–2228. 776 

Cronin R. M., Field J. R., Bradford Y., Shaffer C. M., Carroll R. J., Mosley J. D., Bastarache L., 777 
Edwards T. L., Hebbring S. J., Lin S., Hindorff L. A., Crane P. K., Pendergrass S. A., Ritchie M. 778 
D., Crawford D. C., Pathak J., Bielinski S. J., Carrell D. S., Crosslin D. R., Ledbetter D. H., Carey 779 
D. J., Tromp G., Williams M. S., Larson E. B., Jarvik G. P., Peissig P. L., Brilliant M. H., McCarty 780 
C. A., Chute C. G., Kullo I. J., Bottinger E., Chisholm R., Smith M. E., Roden D. M., Denny J. C., 781 
2014 Phenome-wide association studies demonstrating pleiotropy of genetic variants within FTO 782 
with and without adjustment for body mass index. Front. Genet. 5: 1061. 783 

De Bock K., Georgiadou M., Schoors S., Kuchnio A., Wong B. W., Cantelmo A. R., Quaegebeur A., 784 
Ghesquière B., Cauwenberghs S., Eelen G., Phng L.-K., Betz I., Tembuyser B., Brepoels K., Welti 785 
J., Geudens I., Segura I., Cruys B., Bifari F., Decimo I., Blanco R., Wyns S., Vangindertael J., 786 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 13, 2019. ; https://doi.org/10.1101/671123doi: bioRxiv preprint 

https://doi.org/10.1101/671123
http://creativecommons.org/licenses/by-nc-nd/4.0/


 41 

Rocha S., Collins R. T., Munck S., Daelemans D., Imamura H., Devlieger R., Rider M., Van 787 
Veldhoven P. P., Schuit F., Bartrons R., Hofkens J., Fraisl P., Telang S., DeBerardinis R. J., 788 
Schoonjans L., Vinckier S., Chesney J., Gerhardt H., Dewerchin M., Carmeliet P., 2013 Role of 789 
PFKFB3-Driven Glycolysis in Vessel Sprouting. Cell 154: 651–663. 790 

Denny J. C., Bastarache L., Ritchie M. D., Carroll R. J., Zink R., Mosley J. D., Field J. R., Pulley J. M., 791 
Ramirez A. H., Bowton E., Basford M. A., Carrell D. S., Peissig P. L., Kho A. N., Pacheco J. A., 792 
Rasmussen L. V., Crosslin D. R., Crane P. K., Pathak J., Bielinski S. J., Pendergrass S. A., Xu H., 793 
Hindorff L. A., Li R., Manolio T. A., Chute C. G., Chisholm R. L., Larson E. B., Jarvik G. P., 794 
Brilliant M. H., McCarty C. A., Kullo I. J., Haines J. L., Crawford D. C., Masys D. R., Roden D. 795 
M., 2013 Systematic comparison of phenome-wide association study of  electronic  medical record 796 
data and  genome-wide association study data. Nat Biotechnol 31: 1102–1110. 797 

Dina C., Meyre D., Gallina S., Durand E., Körner A., Jacobson P., Carlsson L. M. S., Kiess W., Vatin 798 
V., Lecoeur C., Delplanque J., Vaillant E., Pattou F., Ruiz J., Weill J., Levy-Marchal C., Horber F., 799 
Potoczna N., Hercberg S., Le Stunff C., Bougnères P., Kovacs P., Marre M., Balkau B., Cauchi S., 800 
Chèvre J.-C., Froguel P., 2007 Variation in FTO contributes to childhood obesity and severe adult 801 
obesity. Nat Genet 39: 724–726. 802 

Ehrlich A. C., Friedenberg F. K., 2016 Genetic Associations of Obesity: The Fat-Mass and Obesity-803 
Associated (FTO) Gene. Clinical and Translational Gastroenterology 6: e140–3. 804 

Evans D. S., Calton M. A., Kim M. J., Kwok P.-Y., Miljkovic I., Harris T., Koster A., Liu Y., Tranah 805 
G. J., Ahituv N., Hsueh W.-C., Vaisse C., 2014 Genetic association study of adiposity and 806 
melanocortin-4 receptor (MC4R) common variants: replication and functional characterization of 807 
non-coding regions. PLoS ONE 9: e96805. 808 

Fagerberg L., Hallström B. M., Oksvold P., Kampf C., Djureinovic D., Odeberg J., Habuka M., 809 
Tahmasebpoor S., Danielsson A., Edlund K., Asplund A., Sjöstedt E., Lundberg E., Szigyarto C. 810 
A.-K., Skogs M., Takanen J. O., Berling H., Tegel H., Mulder J., Nilsson P., Schwenk J. M., 811 
Lindskog C., Danielsson F., Mardinoglu A., Sivertsson A., Feilitzen von K., Forsberg M., Zwahlen 812 
M., Olsson I., Navani S., Huss M., Nielsen J., Ponten F., Uhlén M., 2014 Analysis of the human 813 
tissue-specific expression by genome-wide integration of transcriptomics and antibody-based 814 
proteomics. Mol. Cell Proteomics 13: 397–406. 815 

Fawcett K. A., Barroso I., 2010 The genetics of obesity: FTO leads the way. Trends Genet. 26: 266–816 
274. 817 

Frayling T. M., Timpson N. J., Weedon M. N., Zeggini E., Freathy R. M., Lindgren C. M., Perry J. R. 818 
B., Elliott K. S., Lango H., Rayner N. W., Shields B., Harries L. W., Barrett J. C., Ellard S., Groves 819 
C. J., Knight B., Patch A.-M., Ness A. R., Ebrahim S., Lawlor D. A., Ring S. M., Ben-Shlomo Y., 820 
Jarvelin M.-R., Sovio U., Bennett A. J., Melzer D., Ferrucci L., Loos R. J. F., Barroso I., Wareham 821 
N. J., Karpe F., Owen K. R., Cardon L. R., Walker M., Hitman G. A., Palmer C. N. A., Doney A. 822 
S. F., Morris A. D., Smith G. D., Hattersley A. T., McCarthy M. I., 2007 A Common Variant in the 823 
FTO Gene Is Associated with Body Mass Index and Predisposes to Childhood and Adult Obesity. 824 
Science 316: 889. 825 

Gauderman W. J., 2002 Sample size requirements for association studies of gene-gene interaction. Am 826 
J Epidemiol 155: 478–484. 827 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 13, 2019. ; https://doi.org/10.1101/671123doi: bioRxiv preprint 

https://doi.org/10.1101/671123
http://creativecommons.org/licenses/by-nc-nd/4.0/


 42 

Gong R., Chen M., Zhang C., Chen M., Li H., 2017 A comparison of gene expression profiles in 828 
patients with coronary artery disease, type 2 diabetes, and their coexisting conditions. Diagn Pathol 829 
12: 44. 830 

Gonzalez-Herrera L., Zavala-Castro J., Ayala-Caceres C., Pérez-Mendoza G., López-González M. J., 831 
Pinto-Escalante D., Canto-Cetina T., García-Escalante M. G., Rubi-Castellanos R., Contreras-832 
Capetillo S., Herrera-Sanchez F., Méndez-Domínguez N., Alcocer-Gamboa A., 2018 Genetic 833 
variation of FTO: rs1421085 T>C, rs8057044 G>A, rs9939609 T>A, and copy number (CNV) in 834 
Mexican Mayan school-aged children with obesity/overweight and with normal weight. Am. J. 835 
Hum. Biol. 60: e23192. 836 

Gouveia R., Schaffer L., Papp S., Grammel N., Kandzia S., Head S. R., Kleene R., Schachner M., 837 
Conradt H. S., Costa J., 2012 Expression of glycogenes in differentiating human NT2N neurons. 838 
Downregulation of fucosyltransferase 9 leads to decreased Lewis(x) levels and impaired neurite 839 
outgrowth. Biochim. Biophys. Acta 1820: 2007–2019. 840 

Graff M., Ngwa J. S., Workalemahu T., Homuth G., Schipf S., Teumer A., Völzke H., Wallaschofski 841 
H., Abecasis G. R., Edward L., Francesco C., Sanna S., Scheet P., Schlessinger D., Sidore C., Xiao 842 
X., Wang Z., Chanock S. J., Jacobs K. B., Hayes R. B., Hu F., van Dam R. M., the GIANT 843 
Consortium, Crout R. J., Marazita M. L., Shaffer J. R., Atwood L. D., Fox C. S., Heard-Costa N. 844 
L., White C., Choh A. C., Czerwinski S. A., Demerath E. W., Dyer T. D., Towne B., Amin N., 845 
Oostra B. A., van Duijn C. M., Zillikens M. C., Esko T., Nelis M., Nikopensius T., Metspalu A., 846 
Strachan D. P., Monda K., Qi L., North K. E., Cupples L. A., Gordon-Larsen P., Berndt S. I., 2013 847 
Genome-wide analysis of BMI in adolescents and young adults reveals additional insight into the 848 
effects of genetic loci over the life course. Hum Mol Genet 22: 3597–3607. 849 

Grant S. F. A., Li M., Bradfield J. P., Kim C. E., Annaiah K., Santa E., Glessner J. T., Casalunovo T., 850 
Frackelton E. C., Otieno F. G., Shaner J. L., Smith R. M., Imielinski M., Eckert A. W., Chiavacci 851 
R. M., Berkowitz R. I., Hakonarson H., 2008 Association Analysis of the FTO Gene with Obesity 852 
in Children of Caucasian and African Ancestry Reveals a Common Tagging SNP (K Maedler, 853 
Ed.). PLoS ONE 3: e1746–6. 854 

Grarup N., Sandholt C. H., Hansen T., Pedersen O., 2014 Genetic susceptibility to type 2 diabetes and 855 
obesity: from genome-wide association studies to rare variants and beyond. Diabetologia 57: 1528–856 
1541. 857 

Haeseleer F., Imanishi Y., Sokal I., Filipek S., Palczewski K., 2002 Calcium-Binding Proteins: 858 
Intracellular Sensors from the Calmodulin Superfamily. Biochem Bioph Res Co 290: 615–623. 859 

Hashimoto T., Yamada M., Maekawa S., Nakashima T., Miyata S., 2008 IgLON cell adhesion 860 
molecule Kilon is a crucial modulator for synapse number in hippocampal neurons. Brain Res. 861 
1224: 1–11. 862 

Herrera B. M., Lindgren C. M., 2010 The genetics of obesity. Curr. Diab. Rep. 10: 498–505. 863 

Herschman J. D., Smith D. S., Catalona W. J., 1997 Effect of ejaculation on serum total and free 864 
prostate-specific antigen concentrations. Urology 50: 239–243. 865 

Hinney A., Nguyen T. T., Scherag A., Friedel S., Brönner G., Müller T. D., Grallert H., Illig T., 866 
Wichmann H.-E., Rief W., Schäfer H., Hebebrand J., 2007 Genome Wide Association (GWA) 867 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 13, 2019. ; https://doi.org/10.1101/671123doi: bioRxiv preprint 

https://doi.org/10.1101/671123
http://creativecommons.org/licenses/by-nc-nd/4.0/


 43 

Study for Early Onset Extreme Obesity Supports the Role of Fat Mass and Obesity Associated 868 
Gene (FTO) Variants (F Kronenberg, Ed.). PLoS ONE 2: e1361–5. 869 

Hotta K., Nakata Y., Matsuo T., Kamohara S., Kotani K., Komatsu R., Itoh N., Mineo I., Wada J., 870 
Masuzaki H., Yoneda M., Nakajima A., Miyazaki S., Tokunaga K., Kawamoto M., Funahashi T., 871 
Hamaguchi K., Yamada K., Hanafusa T., Oikawa S., Yoshimatsu H., Nakao K., Sakata T., 872 
Matsuzawa Y., Tanaka K., Kamatani N., Nakamura Y., 2008 Variations in the FTO gene are 873 
associated with severe obesity in the Japanese. J Hum Genet 53: 546–553. 874 

Hruby A., Hu F. B., 2014 The Epidemiology of Obesity: A Big Picture. PharmacoEconomics 33: 673–875 
689. 876 

Hunt S. C., Stone S., Xin Y., Scherer C. A., Magness C. L., Iadonato S. P., Hopkins P. N., Adams T. 877 
D., 2008 Association of the FTO Gene With BMI. Obesity 16: 902–904. 878 

Huo Y., Guo X., Li H., Wang H., Zhang W., Wang Y., Zhou H., Gao Z., Telang S., Chesney J., Chen 879 
Y. E., Ye J., Chapkin R. S., Wu C., 2010 Disruption of Inducible 6-Phosphofructo-2-kinase 880 
Ameliorates Diet-induced Adiposity but Exacerbates Systemic Insulin Resistance and Adipose 881 
Tissue Inflammatory Response. J. Biol. Chem. 285: 3713–3721. 882 

Huo Y., Guo X., Li H., Xu H., Halim V., Zhang W., Wang H., Fan Y.-Y., Ong K. T., Woo S.-L., 883 
Chapkin R. S., Mashek D. G., Chen Y., Dong H., Lu F., Wei L., Wu C., 2012 Targeted 884 
overexpression of inducible 6-phosphofructo-2-kinase in adipose tissue increases fat deposition but 885 
protects against diet-induced insulin resistance and inflammatory responses. J. Biol. Chem. 287: 886 
21492–21500. 887 

Huđek A., Škara L., Smolkovič B., Kazazić S., Ravlić S., Nanić L., Osvatić M. M., Jelčić J., Rubelj I., 888 
Bačun-Družina V., 2018 Higher prevalence of FTO gene risk genotypes AA rs9939609, CC 889 
rs1421085, and GG rs17817449 and saliva containing Staphylococcus aureus in obese women in 890 
Croatia. Nutrition Research 50: 94–103. 891 

Jia G., Fu Y., Zhao X., Dai Q., Zheng G., Yang Y., Yi C., Lindahl T., Pan T., Yang Y.-G., He C., 2011 892 
N6-Methyladenosine in nuclear RNA is a major substrate of the obesity-associated FTO. Nat Chem 893 
Biol 7: 885–887. 894 

Jiao H., Kaaman M., Dungner E., Kere J., Arner P., Dahlman I., 2008 Association analysis of 895 
positional obesity candidate genes based on integrated data from transcriptomics and linkage 896 
analysis. Int J Obes 32: 816–825. 897 

Joe B., Saad Y., Lee N. H., Frank B. C., Achinike O. H., Luu T. V., Gopalakrishnan K., Toland E. J., 898 
Farms P., Yerga-Woolwine S., Manickavasagam E., Rapp J. P., Garrett M. R., Coe D., Apte S. S., 899 
Rankinen T., Pérusse L., Ehret G. B., Ganesh S. K., Cooper R. S., O'Connor A., Rice T., Weder A. 900 
B., Chakravarti A., Rao D. C., Bouchard C., 2009 Positional identification of variants of Adamts16 901 
linked to inherited hypertension. Hum Mol Genet 18: 2825–2838. 902 

Justice A. E., Winkler T. W., Feitosa M. F., Graff M., Fisher V. A., Young K., Barata L., Deng X., 903 
Czajkowski J., Hadley D., Ngwa J. S., Ahluwalia T. S., Chu A. Y., Heard-Costa N. L., Lim E., 904 
Perez J., Eicher J. D., Kutalik Z., Xue L., Mahajan A., Renstrom F., Wu J., Qi Q., Ahmad S., 905 
Alfred T., Amin N., Bielak L. F., Bonnefond A., Bragg J., Cadby G., Chittani M., Coggeshall S., 906 
Corre T., Direk N., Eriksson J., Fischer K., Gorski M., Neergaard Harder M., Horikoshi M., Huang 907 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 13, 2019. ; https://doi.org/10.1101/671123doi: bioRxiv preprint 

https://doi.org/10.1101/671123
http://creativecommons.org/licenses/by-nc-nd/4.0/


 44 

T., Huffman J. E., Jackson A. U., Justesen J. M., Kanoni S., Kinnunen L., Kleber M. E., 908 
Komulainen P., Kumari M., Lim U., Luan J., Lyytikäinen L.-P., Mangino M., Manichaikul A., 909 
Marten J., Middelberg R. P. S., Müller-Nurasyid M., Navarro P., Pérusse L., Pervjakova N., Sarti 910 
C., Smith A. V., Smith J. A., Stancáková A., Strawbridge R. J., Stringham H. M., Sung Y. J., 911 
Tanaka T., Teumer A., Trompet S., van der Laan S. W., van der Most P. J., Van Vliet-Ostaptchouk 912 
J. V., Vedantam S. L., Verweij N., Vink J. M., Vitart V., Wu Y., Yengo L., Zhang W., Hua Zhao 913 
J., Zimmermann M. E., Zubair N., Abecasis G. R., Adair L. S., Afaq S., Afzal U., Bakker S. J. L., 914 
Bartz T. M., Beilby J., Bergman R. N., Bergmann S., Biffar R., Blangero J., Boerwinkle E., 915 
Bonnycastle L. L., Bottinger E., Braga D., Buckley B. M., Buyske S., Campbell H., Chambers J. 916 
C., Collins F. S., Curran J. E., de Borst G. J., de Craen A. J. M., de Geus E. J. C., Dedoussis G., 917 
Delgado G. E., Ruijter den H. M., Eiriksdottir G., Eriksson A. L., Esko T., Faul J. D., Ford I., 918 
Forrester T., Gertow K., Gigante B., Glorioso N., Gong J., Grallert H., Grammer T. B., Grarup N., 919 
Haitjema S., Hallmans G., Hamsten A., Hansen T., Harris T. B., Hartman C. A., Hassinen M., 920 
Hastie N. D., Heath A. C., Hernandez D., Hindorff L., Hocking L. J., Hollensted M., Holmen O. 921 
L., Homuth G., Jan Hottenga J., Huang J., Hung J., Hutri-Kähönen N., Ingelsson E., James A. L., 922 
Jansson J.-O., Jarvelin M.-R., Jhun M. A., Jørgensen M. E., Juonala M., Kähönen M., Karlsson M., 923 
Koistinen H. A., Kolcic I., Kolovou G., Kooperberg C., Krämer B. K., Kuusisto J., Kvaløy K., 924 
Lakka T. A., Langenberg C., Launer L. J., Leander K., Lee N. R., Lind L., Lindgren C. M., 925 
Linneberg A., Lobbens S., Loh M., Lorentzon M., Luben R., Lubke G., Ludolph-Donislawski A., 926 
Lupoli S., Madden P. A. F., Männikkö R., Marques-Vidal P., Martin N. G., McKenzie C. A., 927 
McKnight B., Mellström D., Menni C., Montgomery G. W., Musk A. B., Narisu N., Nauck M., 928 
Nolte I. M., Oldehinkel A. J., Olden M., Ong K. K., Padmanabhan S., Peyser P. A., Pisinger C., 929 
Porteous D. J., Raitakari O. T., Rankinen T., Rao D. C., Rasmussen-Torvik L. J., Rawal R., Rice 930 
T., Ridker P. M., Rose L. M., Bien S. A., Rudan I., Sanna S., Sarzynski M. A., Sattar N., Savonen 931 
K., Schlessinger D., Scholtens S., Schurmann C., Scott R. A., Sennblad B., Siemelink M. A., 932 
Silbernagel G., Slagboom P. E., Snieder H., Staessen J. A., Stott D. J., Swertz M. A., Swift A. J., 933 
Taylor K. D., Tayo B. O., Thorand B., Thuillier D., Tuomilehto J., Uitterlinden A. G., Vandenput 934 
L., Vohl M.-C., Völzke H., Vonk J. M., Waeber G., Waldenberger M., Westendorp R. G. J., Wild 935 
S., Willemsen G., Wolffenbuttel B. H. R., Wong A., Wright A. F., Zhao W., Zillikens M. C., 936 
Baldassarre D., Balkau B., Bandinelli S., Böger C. A., Boomsma D. I., Bouchard C., Bruinenberg 937 
M., Chasman D. I., Chen Y.-D., Chines P. S., Cooper R. S., Cucca F., Cusi D., Faire U. de, 938 
Ferrucci L., Franks P. W., Froguel P., Gordon-Larsen P., Grabe H.-J., Gudnason V., Haiman C. A., 939 
Hayward C., Hveem K., Johnson A. D., Wouter Jukema J., Kardia S. L. R., Kivimaki M., Kooner 940 
J. S., Kuh D., Laakso M., Lehtimäki T., Marchand L. L., März W., McCarthy M. I., Metspalu A., 941 
Morris A. P., Ohlsson C., Palmer L. J., Pasterkamp G., Pedersen O., Peters A., Peters U., Polasek 942 
O., Psaty B. M., Qi L., Rauramaa R., Smith B. H., Sørensen T. I. A., Strauch K., Tiemeier H., 943 
Tremoli E., van der Harst P., Vestergaard H., Vollenweider P., Wareham N. J., Weir D. R., 944 
Whitfield J. B., Wilson J. F., Tyrrell J., Frayling T. M., Barroso I., Boehnke M., Deloukas P., Fox 945 
C. S., Hirschhorn J. N., Hunter D. J., Spector T. D., Strachan D. P., van Duijn C. M., Heid I. M., 946 
Mohlke K. L., Marchini J., Loos R. J. F., Kilpeläinen T. O., Liu C.-T., Borecki I. B., North K. E., 947 
Cupples L. A., 2017 Genome-wide meta-analysis of 241,258 adults accounting for smoking 948 
behaviour identifies novel loci for obesity traits. Nat Commun 8: 14977. 949 

Karaderi T., Drong A. W., Lindgren C. M., 2015 Insights into the Genetic Susceptibility to Type 2 950 
Diabetes from Genome-Wide Association Studies of Obesity-Related Traits. Curr. Diab. Rep. 15: 951 
840–12. 952 

Kerr A. G., Sinha I., Dadvar S., Arner P., Dahlman I., 2019 Epigenetic regulation of diabetogenic 953 
adipose morphology. Mol Metabolism: 1–9. 954 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 13, 2019. ; https://doi.org/10.1101/671123doi: bioRxiv preprint 

https://doi.org/10.1101/671123
http://creativecommons.org/licenses/by-nc-nd/4.0/


 45 

Kopelman P., 2007 Health risks associated with overweight and obesity. Obes Rev 8 Suppl 1: 13–17. 955 

Lalonde E., Ha K. C. H., Wang Z., Bemmo A., Kleinman C. L., Kwan T., Pastinen T., Majewski J., 956 
2011 RNA sequencing reveals the role of splicing polymorphisms in regulating human gene 957 
expression. Genome Res 21: 545–554. 958 

Lanier L. L., Chang C., Phillips J. H., 1994 Human NKR-P1A. A disulfide-linked homodimer of the C-959 
type lectin superfamily expressed by a subset of NK and T lymphocytes. J. Immunol. 153: 2417–960 
2428. 961 

Lazarus R., Sparrow D., Weiss S. T., 1997 Effects of Obesity and Fat Distribution on Ventilatory 962 
Function: The Normative Aging Study. Chest 111: 891–898. 963 

Lee A. W. S., Hengstler H., Schwald K., Berriel-Diaz M., Loreth D., Kirsch M., Kretz O., Haas C. A., 964 
de Angelis M. H., Herzig S., Brümmendorf T., Klingenspor M., Rathjen F. G., Rozman J., 965 
Nicholson G., Cox R. D., Schäfer M. K. E., 2012 Functional inactivation of the genome-wide 966 
association study obesity gene neuronal growth regulator 1 in mice causes a body mass phenotype. 967 
PLoS ONE 7: e41537. 968 

Li S., Zhao J. H., Luan J., Luben R. N., Rodwell S. A., Khaw K.-T., Ong K. K., Wareham N. J., Loos 969 
R. J., 2009 Cumulative effects and predictive value of common obesity-susceptibility variants 970 
identified by genome-wide association studies. The American Journal of Clinical Nutrition 91: 971 
184–190. 972 

Liu Y., Liu Z., Song Y., Zhou D., Di Zhang, Zhao T., Chen Z., Yu L., Yang Y., Feng G., Li J., Zhang 973 
J., Liu S., Zhang Z., He L., Xu H., 2009 Meta-analysis Added Power to Identify Variants in FTO 974 
Associated With Type 2 Diabetes and Obesity in the Asian Population. Obesity 18: 1619–1624. 975 

Locke A. E., Kahali B., Berndt S. I., Justice A. E., Pers T. H., Day F. R., Powell C., Vedantam S., 976 
Buchkovich M. L., Yang J., Croteau-Chonka D. C., Esko T., Fall T., Ferreira T., Gustafsson S., 977 
Kutalik Z., Luan J., Mägi R., Randall J. C., Winkler T. W., Wood A. R., Workalemahu T., Faul J. 978 
D., Smith J. A., Zhao J. H., Zhao W., Chen J., Fehrmann R., Hedman Å. K., Karjalainen J., 979 
Schmidt E. M., Absher D., Amin N., Anderson D., Beekman M., Bolton J. L., Bragg-Gresham J. 980 
L., Buyske S., Demirkan A., Deng G., Ehret G. B., Feenstra B., Feitosa M. F., Fischer K., Goel A., 981 
Gong J., Jackson A. U., Kanoni S., Kleber M. E., Kristiansson K., Lim U., Lotay V., Mangino M., 982 
Leach I. M., Medina-Gomez C., Medland S. E., Nalls M. A., Palmer C. D., Pasko D., Pechlivanis 983 
S., Peters M. J., Prokopenko I., Shungin D., Stancáková A., Strawbridge R. J., Sung Y. J., Tanaka 984 
T., Teumer A., Trompet S., van der Laan S. W., van Setten J., Van Vliet-Ostaptchouk J. V., Wang 985 
Z., Yengo L., Zhang W., Isaacs A., Albrecht E., Arnlöv J., Arscott G. M., Attwood A. P., 986 
Bandinelli S., Barrett A., Bas I. N., Bellis C., Bennett A. J., Berne C., Blagieva R., Blüher M., 987 
Böhringer S., Bonnycastle L. L., Böttcher Y., Boyd H. A., Bruinenberg M., Caspersen I. H., Chen 988 
Y.-D. I., Clarke R., Daw E. W., de Craen A. J. M., Delgado G., Dimitriou M., Doney A. S. F., 989 
Eklund N., Estrada K., Eury E., Folkersen L., Fraser R. M., Garcia M. E., Geller F., Giedraitis V., 990 
Gigante B., Go A. S., Golay A., Goodall A. H., Gordon S. D., Gorski M., Grabe H.-J., Grallert H., 991 
Grammer T. B., Gräßler J., Grönberg H., Groves C. J., Gusto G., Haessler J., Hall P., Haller T., 992 
Hallmans G., Hartman C. A., Hassinen M., Hayward C., Heard-Costa N. L., Helmer Q., 993 
Hengstenberg C., Holmen O., Hottenga J.-J., James A. L., Jeff J. M., Johansson Å., Jolley J., 994 
Juliusdottir T., Kinnunen L., Koenig W., Koskenvuo M., Kratzer W., Laitinen J., Lamina C., 995 
Leander K., Lee N. R., Lichtner P., Lind L., Lindström J., Lo K. S., Lobbens S., Lorbeer R., Lu Y., 996 
Mach F., Magnusson P. K. E., Mahajan A., McArdle W. L., McLachlan S., Menni C., Merger S., 997 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 13, 2019. ; https://doi.org/10.1101/671123doi: bioRxiv preprint 

https://doi.org/10.1101/671123
http://creativecommons.org/licenses/by-nc-nd/4.0/


 46 

Mihailov E., Milani L., Moayyeri A., Monda K. L., Morken M. A., Mulas A., Müller G., Müller-998 
Nurasyid M., Musk A. W., Nagaraja R., Nöthen M. M., Nolte I. M., Pilz S., Rayner N. W., 999 
Renstrom F., Rettig R., Ried J. S., Ripke S., Robertson N. R., Rose L. M., Sanna S., Scharnagl H., 1000 
Scholtens S., Schumacher F. R., Scott W. R., Seufferlein T., Shi J., Smith A. V., Smolonska J., 1001 
Stanton A. V., Steinthorsdottir V., Stirrups K., Stringham H. M., Sundström J., Swertz M. A., 1002 
Swift A. J., Syvänen A.-C., Tan S.-T., Tayo B. O., Thorand B., Thorleifsson G., Tyrer J. P., Uh H.-1003 
W., Vandenput L., Verhulst F. C., Vermeulen S. H., Verweij N., Vonk J. M., Waite L. L., Warren 1004 
H. R., Waterworth D., Weedon M. N., Wilkens L. R., Willenborg C., Wilsgaard T., Wojczynski M. 1005 
K., Wong A., Wright A. F., Zhang Q., LifeLines Cohort Study, Brennan E. P., Choi M., Dastani Z., 1006 
Drong A. W., Eriksson P., Franco-Cereceda A., Gådin J. R., Gharavi A. G., Goddard M. E., 1007 
Handsaker R. E., Huang J., Karpe F., Kathiresan S., Keildson S., Kiryluk K., Kubo M., Lee J.-Y., 1008 
Liang L., Lifton R. P., Ma B., McCarroll S. A., McKnight A. J., Min J. L., Moffatt M. F., 1009 
Montgomery G. W., Murabito J. M., Nicholson G., Nyholt D. R., Okada Y., Perry J. R. B., 1010 
Dorajoo R., Reinmaa E., Salem R. M., Sandholm N., Scott R. A., Stolk L., Takahashi A., Tanaka 1011 
T., van 't Hooft F. M., Vinkhuyzen A. A. E., Westra H.-J., Zheng W., Zondervan K. T., 1012 
ADIPOGen Consortium, AGEN-BMI Working Group, CARDIOGRAMplusC4D Consortium, 1013 
CKDGen Consortium, GLGC, ICBP, MAGIC Investigators, MuTHER Consortium, MIGen 1014 
Consortium, PAGE Consortium, ReproGen Consortium, GENIE Consortium, International 1015 
Endogene Consortium, Heath A. C., Arveiler D., Bakker S. J. L., Beilby J., Bergman R. N., 1016 
Blangero J., Bovet P., Campbell H., Caulfield M. J., Cesana G., Chakravarti A., Chasman D. I., 1017 
Chines P. S., Collins F. S., Crawford D. C., Cupples L. A., Cusi D., Danesh J., de Faire U., Ruijter 1018 
den H. M., Dominiczak A. F., Erbel R., Erdmann J., Eriksson J. G., Farrall M., Felix S. B., 1019 
Ferrannini E., Ferrières J., Ford I., Forouhi N. G., Forrester T., Franco O. H., Gansevoort R. T., 1020 
Gejman P. V., Gieger C., Gottesman O., Gudnason V., Gyllensten U., Hall A. S., Harris T. B., 1021 
Hattersley A. T., Hicks A. A., Hindorff L. A., Hingorani A. D., Hofman A., Homuth G., Hovingh 1022 
G. K., Humphries S. E., Hunt S. C., Hypponen E., Illig T., Jacobs K. B., Jarvelin M.-R., Jöckel K.-1023 
H., Johansen B., Jousilahti P., Jukema J. W., Jula A. M., Kaprio J., Kastelein J. J. P., Keinanen-1024 
Kiukaanniemi S. M., Kiemeney L. A., Knekt P., Kooner J. S., Kooperberg C., Kovacs P., Kraja A. 1025 
T., Kumari M., Kuusisto J., Lakka T. A., Langenberg C., Marchand L. L., Lehtimäki T., Lyssenko 1026 
V., Männistö S., Marette A., Matise T. C., McKenzie C. A., McKnight B., Moll F. L., Morris A. 1027 
D., Morris A. P., Murray J. C., Nelis M., Ohlsson C., Oldehinkel A. J., Ong K. K., Madden P. A. 1028 
F., Pasterkamp G., Peden J. F., Peters A., Postma D. S., Pramstaller P. P., Price J. F., Qi L., 1029 
Raitakari O. T., Rankinen T., Rao D. C., Rice T. K., Ridker P. M., Rioux J. D., Ritchie M. D., 1030 
Rudan I., Salomaa V., Samani N. J., Saramies J., Sarzynski M. A., Schunkert H., Schwarz P. E. H., 1031 
Sever P., Shuldiner A. R., Sinisalo J., Stolk R. P., Strauch K., Tönjes A., Trégouët D.-A., Tremblay 1032 
A., Tremoli E., Virtamo J., Vohl M.-C., Völker U., Waeber G., Willemsen G., Witteman J. C., 1033 
Zillikens M. C., Adair L. S., Amouyel P., Asselbergs F. W., Assimes T. L., Bochud M., Boehm B. 1034 
O., Boerwinkle E., Bornstein S. R., Bottinger E. P., Bouchard C., Cauchi S., Chambers J. C., 1035 
Chanock S. J., Cooper R. S., de Bakker P. I. W., Dedoussis G., Ferrucci L., Franks P. W., Froguel 1036 
P., Groop L. C., Haiman C. A., Hamsten A., Hui J., Hunter D. J., Hveem K., Kaplan R. C., 1037 
Kivimaki M., Kuh D., Laakso M., Liu Y., Martin N. G., März W., Melbye M., Metspalu A., 1038 
Moebus S., Munroe P. B., Njølstad I., Oostra B. A., Palmer C. N. A., Pedersen N. L., Perola M., 1039 
Pérusse L., Peters U., Power C., Quertermous T., Rauramaa R., Rivadeneira F., Saaristo T. E., 1040 
Saleheen D., Sattar N., Schadt E. E., Schlessinger D., Slagboom P. E., Snieder H., Spector T. D., 1041 
Thorsteinsdottir U., Stumvoll M., Tuomilehto J., Uitterlinden A. G., Uusitupa M., van der Harst P., 1042 
Walker M., Wallaschofski H., Wareham N. J., Watkins H., Weir D. R., Wichmann H.-E., Wilson J. 1043 
F., Zanen P., Borecki I. B., Deloukas P., Fox C. S., Heid I. M., O'Connell J. R., Strachan D. P., 1044 
Stefansson K., van Duijn C. M., Abecasis G. R., Franke L., Frayling T. M., McCarthy M. I., 1045 
Visscher P. M., Scherag A., Willer C. J., Boehnke M., Mohlke K. L., Lindgren C. M., Beckmann J. 1046 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 13, 2019. ; https://doi.org/10.1101/671123doi: bioRxiv preprint 

https://doi.org/10.1101/671123
http://creativecommons.org/licenses/by-nc-nd/4.0/


 47 

S., Barroso I., North K. E., Ingelsson E., Hirschhorn J. N., Loos R. J. F., Speliotes E. K., 2015 1047 
Genetic studies of body mass index yield new insights for obesity biology. Nat Biotechnol 518: 1048 
197–206. 1049 

Loos R. J. F., Lindgren C. M., Li S., Wheeler E., Zhao J. H., Prokopenko I., Inouye M., Freathy R. M., 1050 
Attwood A. P., Beckmann J. S., Berndt S. I., Prostate, Lung, Colorectal, and Ovarian (PLCO) 1051 
Cancer Screening Trial, Jacobs K. B., Chanock S. J., Hayes R. B., Bergmann S., Bennett A. J., 1052 
Bingham S. A., Bochud M., Brown M., Cauchi S., Connell J. M., Cooper C., Smith G. D., Day I., 1053 
Dina C., De S., Dermitzakis E. T., Doney A. S. F., Elliott K. S., Elliott P., Evans D. M., Sadaf 1054 
Farooqi I., Froguel P., Ghori J., Groves C. J., Gwilliam R., Hadley D., Hall A. S., Hattersley A. T., 1055 
Hebebrand J., Heid I. M., KORA, Lamina C., Meitinger T., Wichmann H.-E., Herrera B., Hinney 1056 
A., Hunt S. E., Jarvelin M.-R., Johnson T., Jolley J. D. M., Karpe F., Keniry A., Khaw K.-T., 1057 
Luben R. N., Mangino M., Marchini J., McArdle W. L., McGinnis R., Meyre D., Munroe P. B., 1058 
Morris A. D., Ness A. R., Neville M. J., Nica A. C., Ong K. K., O'Rahilly S., Owen K. R., Palmer 1059 
C. N. A., Papadakis K., Potter S., Pouta A., Qi L., Nurses' Health Study, Randall J. C., Rayner N. 1060 
W., Ring S. M., Sandhu M. S., Scherag A., Sims M. A., Song K., Soranzo N., Speliotes E. K., 1061 
Diabetes Genetics Initiative, Syddall H. E., Teichmann S. A., Timpson N. J., Tobias J. H., Uda M., 1062 
SardiNIA Study, Vogel C. I. G., Wallace C., Waterworth D. M., Weedon M. N., Wellcome Trust 1063 
Case Control Consortium, Willer C. J., FUSION, Wraight, Yuan X., Zeggini E., Hirschhorn J. N., 1064 
Strachan D. P., Ouwehand W. H., Caulfield M. J., Samani N. J., Frayling T. M., Vollenweider P., 1065 
Waeber G., Mooser V., Deloukas P., McCarthy M. I., Wareham N. J., Barroso I., Gieger C., Illig 1066 
T., Kraft P., Hankinson S. E., Hunter D. J., Hu F. B., Lyon H. N., Voight B. F., Ridderstråle M., 1067 
Groop L., Scheet P., Sanna S., Abecasis G. R., Albai G., Nagaraja R., Schlessinger D., Jackson A. 1068 
U., Tuomilehto J., Collins F. S., Boehnke M., Mohlke K. L., 2008 Common variants near MC4R 1069 
are associated with fat mass, weight and risk of obesity. Nat Genet 40: 768–775. 1070 

Maes H. H., Neale M. C., Eaves L. J., 1997 Genetic and environmental factors in relative body weight 1071 
and human adiposity. Behav. Genet. 27: 325–351. 1072 

Makeeva O. A., Sleptsov A. A., Kulish E. V., Barbarash O. L., Mazur A. M., Prokhorchuk E. B., 1073 
Chekanov N. N., Stepanov V. A., Puzyrev V. P., 2015 Genomic Study of Cardiovascular 1074 
Continuum Comorbidity. Acta Naturae 7: 89–99. 1075 

Malis C., Rasmussen E. L., Poulsen P., Petersen I., Christensen K., Beck-Nielsen H., Astrup A., Vaag 1076 
A. A., 2005 Total and regional fat distribution is strongly influenced by genetic factors in young 1077 
and elderly twins. Obes. Res. 13: 2139–2145. 1078 

Meyre D., Delplanque J., Chèvre J.-C., Lecoeur C., Lobbens S., Gallina S., Durand E., Vatin V., 1079 
Degraeve F., Proença C., Gaget S., Körner A., Kovacs P., Kiess W., Tichet J., Marre M., 1080 
Hartikainen A.-L., Horber F., Potoczna N., Hercberg S., Levy-Marchal C., Pattou F., Heude B., 1081 
Tauber M., McCarthy M. I., Blakemore A. I. F., Montpetit A., Polychronakos C., Weill J., Coin L. 1082 
J. M., Asher J., Elliott P., Jarvelin M.-R., Visvikis-Siest S., Balkau B., Sladek R., Balding D., 1083 
Walley A., Dina C., Froguel P., 2009 Genome-wide association study for early-onset and morbid 1084 
adult obesity identifies three new risk loci in European populations. Nat Genet 41: 157–159. 1085 

Micu I., Jiang Q., Coderre E., Ridsdale A., Zhang L., Woulfe J., Yin X., Trapp B. D., McRory J. E., 1086 
Rehak R., Zamponi G. W., Wang W., Stys P. K., 2006 NMDA receptors mediate calcium 1087 
accumulation in myelin during chemical ischaemia. Nature 439: 988–992. 1088 

Millard L. A. C., Davies N. M., Tilling K., Gaunt T. R., Davey Smith G., 2019 Searching for the causal 1089 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 13, 2019. ; https://doi.org/10.1101/671123doi: bioRxiv preprint 

https://doi.org/10.1101/671123
http://creativecommons.org/licenses/by-nc-nd/4.0/


 48 

effects of body mass index in over 300 000 participants in UK Biobank, using Mendelian 1090 
randomization. PLoS Genet. 15: e1007951. 1091 

Moffatt C. J., Gaskin R., Sykorova M., Dring E., Aubeeluck A., Franks P. J., Windrum P., Mercier G., 1092 
Pinnington L., Quéré I., 2019 Prevalence and Risk Factors for Chronic Edema in U.K. Community 1093 
Nursing Services. Lymphat Res Biol 17: 147–154. 1094 

Mori Y., Inoue Y., Tanaka S., Doda S., Yamanaka S., Fukuchi H., Terada Y., 2015 Cep169, a Novel 1095 
Microtubule Plus-End-Tracking Centrosomal Protein, Binds to CDK5RAP2 and Regulates 1096 
Microtubule Stability. PLoS ONE 10: e0140968. 1097 

Nadler R. B., Humphrey P. A., Smith D. S., Catalona W. J., Ratliff T. L., 1995 Effect of inflammation 1098 
and benign prostatic hyperplasia on elevated serum prostate specific antigen levels. J. Urol. 154: 1099 
407–413. 1100 

Nakajima S., Koh V., Kua L.-F., So J., Davide L., Lim K. S., Petersen S. H., Yong W.-P., Shabbir A., 1101 
Kono K., 2016 Accumulation of CD11c+CD163+ Adipose Tissue Macrophages through 1102 
Upregulation of Intracellular 11β-HSD1 in Human Obesity. J. Immunol. 197: 3735–3745. 1103 

Nelson D. L., Cox M. M., 2005 Lehninger Principles of Biochemistry. W. H. Freeman and Company. 1104 

Ogden C. L., Carroll M. D., Curtin L. R., McDowell M. A., Tabak C. J., Flegal K. M., 2006 Prevalence 1105 
of overweight and obesity in the United States, 1999-2004. JAMA 295: 1549–1555. 1106 

Oh J. J., Jeong S. J., Lee B. K., Jeong C. W., Byun S.-S., Hong S. K., Lee S. E., 2013 Does obesity 1107 
affect the accuracy of prostate-specific antigen (PSA) for predicting prostate cancer among men 1108 
undergoing prostate biopsy. BJU Int. 112: E265–71. 1109 

Okada Y., Kubo M., Ohmiya H., Takahashi A., Kumasaka N., Hosono N., Maeda S., Wen W., Dorajoo 1110 
R., Go M. J., Zheng W., Kato N., Wu J.-Y., Lu Q., GIANT Consortium, Tsunoda T., Yamamoto 1111 
K., Nakamura Y., Kamatani N., Tanaka T., 2012 Common variants at CDKAL1 and KLF9 are 1112 
associated with body mass index in east Asian populations. Nat Genet 44: 302–306. 1113 

Olza J., Ruperez A. I., Gil-Campos M., Leis R., Fernandez-Orth D., Tojo R., Cañete R., Gil A., 1114 
Aguilera C. M., 2013 Influence of FTO variants on obesity, inflammation and cardiovascular 1115 
disease risk biomarkers in Spanish children: a case-control multicentre study. BMC Med. Genet. 1116 
14: 123. 1117 

Pietiläinen K. H., Naukkarinen J., Rissanen A., Saharinen J., Ellonen P., Keränen H., Suomalainen A., 1118 
Götz A., Suortti T., Yki-Järvinen H., Oresic M., Kaprio J., Peltonen L., 2008 Global transcript 1119 
profiles of fat in monozygotic twins discordant for BMI: pathways behind acquired obesity. (LC 1120 
Groop, Ed.). PLoS Med 5: e51. 1121 

Pignot V., Hein A. E., Barske C., Wiessner C., Walmsley A. R., Kaupmann K., Mayeur H., Sommer 1122 
B., Mir A. K., Frentzel S., 2003 Characterization of two novel proteins, NgRH1 and NgRH2, 1123 
structurally and biochemically homologous to the Nogo-66 receptor. J Neurochem 85: 717–728. 1124 

Pink R. C., Wicks K., Caley D. P., Punch E. K., Jacobs L., Francisco Carter D. R., 2011 Pseudogenes: 1125 
Pseudo-functional or key regulators in health and disease? RNA 17: 792–798. 1126 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 13, 2019. ; https://doi.org/10.1101/671123doi: bioRxiv preprint 

https://doi.org/10.1101/671123
http://creativecommons.org/licenses/by-nc-nd/4.0/


 49 

Poulain M., Doucet M., Major G. C., Drapeau V., Sériès F., Boulet L.-P., Tremblay A., Maltais F., 1127 
2006 The effect of obesity on chronic respiratory diseases: pathophysiology and therapeutic 1128 
strategies. CMAJ 174: 1293–1299. 1129 

Prakash J., Srivastava N., Awasthi S., Agarwal C. G., Natu S. M., Rajpal N., Mittal B., 2011 1130 
Association of FTO rs17817449 SNP with obesity and associated physiological parameters in a 1131 
north Indian population. Annals of Human Biology 38: 760–763. 1132 

Price R. A., Li W.-D., Zhao H., 2008 FTO gene SNPs associated with extreme obesity in cases, 1133 
controls and extremely discordant sister pairs. BMC Med. Genet. 9: 2847–5. 1134 

Purcell S., Neale B., Todd-Brown K., Thomas L., Ferreira M. A. R., Bender D., Maller J., Sklar P., de 1135 
Bakker P. I. W., Daly M. J., Sham P. C., 2007 PLINK: A Tool Set for Whole-Genome Association 1136 
and Population-Based Linkage Analyses. Am J Hum Genet 81: 559–575. 1137 

Qureshi S. A., Mumtaz A., Shahid S. U., Shabana N. A., 2017 rs3751812, a common variant in fat 1138 
mass and obesity-associated (FTO) gene, is associated with serum high- and low-density 1139 
lipoprotein cholesterol in Pakistani individuals. Nutrition 39-40: 92–95. 1140 

Rai M. F., Patra D., Sandell L. J., Brophy R. H., 2014 Relationship of Gene Expression in the Injured 1141 
Human Meniscus to Body Mass Index: A Biologic Connection Between Obesity and 1142 
Osteoarthritis. Arthritis & Rheumatology 66: 2152–2164. 1143 

Rother S., Hundrieser J., Pokoyski C., Kollrich S., Borns K., Blasczyk R., Poehnert D., Klempnauer J., 1144 
Schwinzer R., 2015 The c.503T>C Polymorphism in the Human KLRB1 Gene Alters Ligand 1145 
Binding and Inhibitory Potential of CD161 Molecules. PLoS ONE 10: e0135682. 1146 

Rubinstein I., Zamel N., DuBarry L., Hoffstein V., 1990 Airflow Limitation in Morbidly Obese, 1147 
Nonsmoking Men. AIM 112: 828–832. 1148 

Schlauch K. A., Khaiboullina S. F., De Meirleir K. L., Rawat S., Petereit J., Rizvanov A. A., Blatt N., 1149 
Mijatovic T., Kulick D., Palotás A., Lombardi V. C., 2016 Genome-wide association analysis 1150 
identifies genetic variations in subjects with myalgic encephalomyelitis/chronic fatigue syndrome. 1151 
Transl Psychiatry 6: e730–e730. 1152 

Schlauch K. A., Kulick D., Subramanian K., De Meirleir K. L., Palotás A., Lombardi V. C., 2018 1153 
Single-nucleotide polymorphisms in a cohort of significantly obese women without 1154 
cardiometabolic diseases. Int J Obes (Lond) 106: 1656. 1155 

Schlauch K. A., Kulick D., Subramanian K., De Meirleir K. L., Palotás A., Lombardi V. C., 2019 1156 
Single-nucleotide polymorphisms in a cohort of significantly obese women without 1157 
cardiometabolic diseases. Int J Obes (Lond) 43: 253–262. 1158 

Scuteri A., Sanna S., Chen W.-M., Uda M., Albai G., Strait J., Najjar S., Nagaraja R., Orrú M., Usala 1159 
G., Dei M., Lai S., Maschio A., Busonero F., Mulas A., Ehret G. B., Fink A. A., Weder A. B., 1160 
Cooper R. S., Galan P., Chakravarti A., Schlessinger D., Cao A., Lakatta E., Abecasis G. R., 2007 1161 
Genome-Wide Association Scan Shows Genetic Variants in the FTO Gene Are Associated with 1162 
Obesity-Related Traits. PLoS Genet. 3: e115–11. 1163 

Shimaoka I., Kamide K., Ohishi M., Katsuya T., Akasaka H., Saitoh S., Sugimoto K., Oguro R., 1164 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 13, 2019. ; https://doi.org/10.1101/671123doi: bioRxiv preprint 

https://doi.org/10.1101/671123
http://creativecommons.org/licenses/by-nc-nd/4.0/


 50 

Congrains A., Fujisawa T., Shimamoto K., Ogihara T., Rakugi H., 2010 Association of gene 1165 
polymorphism of the fat-mass and obesity-associated gene with insulin resistance in Japanese. 1166 
Hypertension Research 33: 214–218. 1167 

Speakman J. R., Loos R. J. F., O’Rahilly S., Hirschhorn J. N., Allison D. B., 2018 GWAS for BMI: a 1168 
treasure trove of fundamental insights into the genetic basis of obesity. Int J Obes (Lond) 42: 1169 
1524–1531. 1170 

Speliotes E. K., Willer C. J., Berndt S. I., Monda K. L., Thorleifsson G., Jackson A. U., Allen H. L., 1171 
Lindgren C. M., Luan J., Mägi R., Randall J. C., Vedantam S., Winkler T. W., Qi L., Workalemahu 1172 
T., Heid I. M., Steinthorsdottir V., Stringham H. M., Weedon M. N., Wheeler E., Wood A. R., 1173 
Ferreira T., Weyant R. J., Segrè A. V., Estrada K., Liang L., Nemesh J., Park J.-H., Gustafsson S., 1174 
Kilpeläinen T. O., Yang J., Bouatia-Naji N., Esko T., Feitosa M. F., Kutalik Z., Mangino M., 1175 
Raychaudhuri S., Scherag A., Smith A. V., Welch R., Zhao J. H., Aben K. K., Absher D. M., Amin 1176 
N., Dixon A. L., Fisher E., Glazer N. L., Goddard M. E., Heard-Costa N. L., Hoesel V., Hottenga 1177 
J.-J., Johansson Å., Johnson T., Ketkar S., Lamina C., Li S., Moffatt M. F., Myers R. H., Narisu N., 1178 
Perry J. R. B., Peters M. J., Preuss M., Ripatti S., Rivadeneira F., Sandholt C., Scott L. J., Timpson 1179 
N. J., Tyrer J. P., van Wingerden S., Watanabe R. M., White C. C., Wiklund F., Barlassina C., 1180 
Chasman D. I., Cooper M. N., Jansson J.-O., Lawrence R. W., Pellikka N., Prokopenko I., Shi J., 1181 
Thiering E., Alavere H., Alibrandi M. T. S., Almgren P., Arnold A. M., Aspelund T., Atwood L. 1182 
D., Balkau B., Balmforth A. J., Bennett A. J., Ben-Shlomo Y., Bergman R. N., Bergmann S., 1183 
Biebermann H., Blakemore A. I. F., Boes T., Bonnycastle L. L., Bornstein S. R., Brown M. J., 1184 
Buchanan T. A., Busonero F., Campbell H., Cappuccio F. P., Cavalcanti-Proença C., Chen Y.-D. 1185 
I., Chen C.-M., Chines P. S., Clarke R., Coin L., Connell J., Day I. N. M., Heijer den M., Duan J., 1186 
Ebrahim S., Elliott P., Elosua R., Eiriksdottir G., Erdos M. R., Eriksson J. G., Facheris M. F., Felix 1187 
S. B., Fischer-Posovszky P., Folsom A. R., Friedrich N., Freimer N. B., Fu M., Gaget S., Gejman 1188 
P. V., Geus E. J. C., Gieger C., Gjesing A. P., Goel A., Goyette P., Grallert H., Gräßler J., 1189 
Greenawalt D. M., Groves C. J., Gudnason V., Guiducci C., Hartikainen A.-L., Hassanali N., Hall 1190 
A. S., Havulinna A. S., Hayward C., Heath A. C., Hengstenberg C., Hicks A. A., Hinney A., 1191 
Hofman A., Homuth G., Hui J., Igl W., Iribarren C., Isomaa B., Jacobs K. B., Jarick I., Jewell E., 1192 
John U., Jørgensen T., Jousilahti P., Jula A., Kaakinen M., Kajantie E., Kaplan L. M., Kathiresan 1193 
S., Kettunen J., Kinnunen L., Knowles J. W., Kolcic I., König I. R., Koskinen S., Kovacs P., 1194 
Kuusisto J., Kraft P., Kvaløy K., Laitinen J., Lantieri O., Lanzani C., Launer L. J., Lecoeur C., 1195 
Lehtimäki T., Lettre G., Liu J., Lokki M.-L., Lorentzon M., Luben R. N., Ludwig B., Manunta P., 1196 
Marek D., Marre M., Martin N. G., McArdle W. L., McCarthy A., McKnight B., Meitinger T., 1197 
Melander O., Meyre D., Midthjell K., Montgomery G. W., Morken M. A., Morris A. P., Mulic R., 1198 
Ngwa J. S., Nelis M., Neville M. J., Nyholt D. R., O'Donnell C. J., O'Rahilly S., Ong K. K., Ben 1199 
Oostra, Paré G., Parker A. N., Perola M., Pichler I., Pietiläinen K. H., Platou C. G. P., Polasek O., 1200 
Pouta A., Rafelt S., Raitakari O., Rayner N. W., Ridderstråle M., Rief W., Ruokonen A., Robertson 1201 
N. R., Rzehak P., Salomaa V., Sanders A. R., Sandhu M. S., Sanna S., Saramies J., Savolainen M. 1202 
J., Scherag S., Schipf S., Schreiber S., Schunkert H., Silander K., Sinisalo J., Siscovick D. S., Smit 1203 
J. H., Soranzo N., Sovio U., Stephens J., Surakka I., Swift A. J., Tammesoo M.-L., Tardif J.-C., 1204 
Teder-Laving M., Teslovich T. M., Thompson J. R., Thomson B., Tönjes A., Tuomi T., van Meurs 1205 
J. B. J., van Ommen G.-J., Vatin V., Viikari J., Visvikis-Siest S., Vitart V., Vogel C. I. G., Voight 1206 
B. F., Waite L. L., Wallaschofski H., Walters G. B., Widen E., Wiegand S., Wild S. H., Willemsen 1207 
G., Witte D. R., Witteman J. C., Xu J., Zhang Q., Zgaga L., Ziegler A., Zitting P., Beilby J. P., 1208 
Farooqi I. S., Hebebrand J., Huikuri H. V., James A. L., Kähönen M., Levinson D. F., Macciardi 1209 
F., Nieminen M. S., Ohlsson C., Palmer L. J., Ridker P. M., Stumvoll M., Beckmann J. S., Boeing 1210 
H., Boerwinkle E., Boomsma D. I., Caulfield M. J., Chanock S. J., Collins F. S., Cupples L. A., 1211 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 13, 2019. ; https://doi.org/10.1101/671123doi: bioRxiv preprint 

https://doi.org/10.1101/671123
http://creativecommons.org/licenses/by-nc-nd/4.0/


 51 

Smith G. D., Erdmann J., Froguel P., Grönberg H., Gyllensten U., Hall P., Hansen T., Harris T. B., 1212 
Hattersley A. T., Hayes R. B., Heinrich J., Hu F. B., Hveem K., Illig T., Jarvelin M.-R., Kaprio J., 1213 
Karpe F., Khaw K.-T., Kiemeney L. A., Krude H., Laakso M., Lawlor D. A., Metspalu A., Munroe 1214 
P. B., Ouwehand W. H., Pedersen O., Penninx B. W., Peters A., Pramstaller P. P., Quertermous T., 1215 
Reinehr T., Rissanen A., Rudan I., Samani N. J., Schwarz P. E. H., Shuldiner A. R., Spector T. D., 1216 
Tuomilehto J., Uda M., Uitterlinden A., Valle T. T., Wabitsch M., Waeber G., Wareham N. J., 1217 
Watkins H., Wilson J. F., Wright A. F., Zillikens M. C., Chatterjee N., McCarroll S. A., Purcell S., 1218 
Schadt E. E., Visscher P. M., Assimes T. L., Borecki I. B., Deloukas P., Fox C. S., Groop L. C., 1219 
Haritunians T., Hunter D. J., Kaplan R. C., Mohlke K. L., O'Connell J. R., Peltonen L., 1220 
Schlessinger D., Strachan D. P., van Duijn C. M., Wichmann H.-E., Frayling T. M., 1221 
Thorsteinsdottir U., Abecasis G. R., Barroso I., Boehnke M., Stefansson K., North K. E., McCarthy 1222 
M. I., Hirschhorn J. N., Ingelsson E., Loos R. J. F., 2010 Association analyses of 249,796 1223 
individuals reveal 18 new loci associated with body mass index. Nat Genet 42: 937–948. 1224 

Stunkard A. J., Foch T. T., Hrubec Z., 1986 A Twin Study of Human Obesity. JAMA 256: 51–54. 1225 

Stunkard A. J., Harris J. R., Pedersen N. L., McClearn G. E., 1990 The body-mass index of twins who 1226 
have been reared apart. N Engl J Med 322: 1483–1487. 1227 

Surridge A. K., Rodgers U. R., Swingler T. E., Davidson R. K., Kevorkian L., Norton R., Waters J. G., 1228 
Goldring M. B., Parker A. E., Clark I. M., 2009 Characterization and regulation of ADAMTS-16. 1229 
Matrix Biology 28: 416–424. 1230 

Tan J. T., Dorajoo R., Seielstad M., Sim X. L., Ong R. T.-H., Chia K. S., Wong T. Y., Saw S. M., 1231 
Chew S. K., Aung T., Tai E.-S., 2008 FTO variants are associated with obesity in the Chinese and 1232 
Malay populations in Singapore. Diabetes 57: 2851–2857. 1233 

Tarhan F., Orçun A., Küçükercan İ., Çamursoy N., Kuyumcuoğlu U., 2005 Effect of prostatic massage 1234 
on serum complexed prostate-specific antigen levels. Urology 66: 1234–1238. 1235 

TFAH, RWJF, 2018 The State of Obesity:  1236 

Better Policies for a Healthier America 2018  1237 

. 1238 

Thomsen S. K., Ceroni A., van de Bunt M., Burrows C., Barrett A., Scharfmann R., Ebner D., 1239 
McCarthy M. I., Gloyn A. L., 2016 Systematic Functional Characterization of Candidate Causal 1240 
Genes for Type 2 Diabetes Risk Variants. Diabetes 65: 3805–3811. 1241 

Thorleifsson G., Walters G. B., Gudbjartsson D. F., Steinthorsdottir V., Sulem P., Helgadottir A., 1242 
Styrkarsdottir U., Gretarsdottir S., Thorlacius S., Jonsdottir I., Jonsdottir T., Olafsdottir E. J., 1243 
Olafsdottir G. H., Jonsson T., Jonsson F., Borch-Johnsen K., Hansen T., Andersen G., Jørgensen 1244 
T., Lauritzen T., Aben K. K., Verbeek A. L., Roeleveld N., Kampman E., Yanek L. R., Becker L. 1245 
C., Tryggvadottir L., Rafnar T., Becker D. M., Gulcher J., Kiemeney L. A., Pedersen O., Kong A., 1246 
Thorsteinsdottir U., Stefansson K., 2008 Genome-wide association yields new sequence variants at 1247 
seven loci that associate with measures of obesity. Nat Genet 41: 18–24. 1248 

Verma A., Basile A. O., Bradford Y., Kuivaniemi H., Tromp G., Carey D., Gerhard G. S., Crowe J. E., 1249 
Ritchie M. D., Pendergrass S. A., 2016 Phenome-Wide Association Study to Explore Relationships 1250 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 13, 2019. ; https://doi.org/10.1101/671123doi: bioRxiv preprint 

https://doi.org/10.1101/671123
http://creativecommons.org/licenses/by-nc-nd/4.0/


 52 

between Immune System Related Genetic Loci and Complex Traits and Diseases. PLoS ONE 11: 1251 
e0160573. 1252 

Verma A., Lucas A., Verma S. S., Zhang Y., Josyula N., Khan A., Hartzel D. N., Lavage D. R., Leader 1253 
J., Ritchie M. D., Pendergrass S. A., 2018 PheWAS and Beyond: The Landscape of Associations 1254 
with Medical Diagnoses and Clinical Measures across 38,662 Individuals from Geisinger. Am J 1255 
Hum Genet 102: 592–608. 1256 

Villalobos-Comparán M., Teresa Flores-Dorantes M., Teresa Villarreal-Molina M., Rodríguez-Cruz 1257 
M., García-Ulloa A. C., Robles L., Huertas-Vázquez A., Saucedo-Villarreal N., López-Alarcón M., 1258 
Sánchez-Muñoz F., Domínguez-López A., Gutiérrez-Aguilar R., Menjivar M., Coral-Vázquez R., 1259 
Hernández-Stengele G., Vital-Reyes V. S., Acuña-Alonzo V., Romero-Hidalgo S., Ruiz-Gómez D. 1260 
G., Riaño-Barros D., Herrera M. F., Gómez-Pérez F. J., Froguel P., García-García E., Teresa Tusié-1261 
Luna M., Aguilar-Salinas C. A., Canizales-Quinteros S., 2008 The FTO gene is associated with 1262 
adulthood obesity in the Mexican population. Obesity 16: 2296–2301. 1263 

Wang K., Diskin S. J., Zhang H., Attiyeh E. F., Winter C., Hou C., Schnepp R. W., Diamond M., 1264 
Bosse K., Mayes P. A., Glessner J., Kim C., Frackelton E., Garris M., Wang Q., Glaberson W., 1265 
Chiavacci R., Le Nguyen, Jagannathan J., Saeki N., Sasaki H., Grant S. F. A., Iolascon A., Mosse 1266 
Y. P., Cole K. A., Li H., Devoto M., McGrady P. W., London W. B., Capasso M., Rahman N., 1267 
Hakonarson H., Maris J. M., 2010 Integrative genomics identifies LMO1 as a neuroblastoma 1268 
oncogene. Nature 469: 216–220. 1269 

Wang K., Li W.-D., Zhang C. K., Wang Z., Glessner J. T., Grant S. F. A., Zhao H., Hakonarson H., 1270 
Price R. A., 2011 A Genome-Wide Association Study on Obesity and Obesity-Related Traits (Z 1271 
Zhao, Ed.). PLoS ONE 6: e18939–6. 1272 

Wei J., Liu F., Lu Z., Fei Q., Ai Y., He P. C., Shi H., Cui X., Su R., Klungland A., Jia G., Chen J., He 1273 
C., 2018 Differential m6A, m6Am, and m1A Demethylation Mediated by FTO in the Cell Nucleus 1274 
and Cytoplasm. Mol Cell 71: 973–985.e5. 1275 

West N. R., Dorling J., Thackray A. E., Hanson N. C., Decombel S. E., Stensel D. J., Grice S. J., 2018 1276 
Effect of Obesity-Linked FTOrs9939609 Variant on Physical Activity and Dietary Patterns in 1277 
Physically Active Men and Women. Journal of Obesity 2018: 1–8. 1278 

Wheeler E., Huang N., Bochukova E. G., Keogh J. M., Lindsay S., Garg S., Henning E., Blackburn H., 1279 
Loos R. J. F., Wareham N. J., O'Rahilly S., Hurles M. E., Barroso I., Farooqi I. S., 2013 Genome-1280 
wide SNP and CNV analysis identifies common and low-frequency variants associated with severe 1281 
early-onset obesity. Nat Genet 45: 513–517. 1282 

Willer C. J., Speliotes E. K., Loos R. J. F., Li S., Lindgren C. M., Heid I. M., Berndt S. I., Elliott A. L., 1283 
Jackson A. U., Lamina C., Lettre G., Lim N., Lyon H. N., McCarroll S. A., Papadakis K., Qi L., 1284 
Randall J. C., Roccasecca R. M., Sanna S., Scheet P., Weedon M. N., Wheeler E., Zhao J. H., 1285 
Jacobs L. C., Prokopenko I., Soranzo N., Tanaka T., Timpson N. J., Almgren P., Bennett A., 1286 
Bergman R. N., Bingham S. A., Bonnycastle L. L., Brown M., Burtt N. P., Chines P., Coin L., 1287 
Collins F. S., Connell J. M., Cooper C., Smith G. D., Dennison E. M., Deodhar P., Elliott P., Erdos 1288 
M. R., Estrada K., Evans D. M., Gianniny L., Gieger C., Gillson C. J., Guiducci C., Hackett R., 1289 
Hadley D., Hall A. S., Havulinna A. S., Hebebrand J., Hofman A., Isomaa B., Jacobs K. B., 1290 
Johnson T., Jousilahti P., Jovanovic Z., Khaw K.-T., Kraft P., Kuokkanen M., Kuusisto J., Laitinen 1291 
J., Lakatta E. G., Luan J., Luben R. N., Mangino M., McArdle W. L., Meitinger T., Mulas A., 1292 

.CC-BY-NC-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted June 13, 2019. ; https://doi.org/10.1101/671123doi: bioRxiv preprint 

https://doi.org/10.1101/671123
http://creativecommons.org/licenses/by-nc-nd/4.0/


 53 

Munroe P. B., Narisu N., Ness A. R., Northstone K., O'Rahilly S., Purmann C., Rees M. G., 1293 
Ridderstråle M., Ring S. M., Rivadeneira F., Ruokonen A., Sandhu M. S., Saramies J., Scott L. J., 1294 
Scuteri A., Silander K., Sims M. A., Song K., Stephens J., Stevens S., Stringham H. M., Tung Y. 1295 
C. L., Valle T. T., van Duijn C. M., Vimaleswaran K. S., Vollenweider P., Waeber G., Wallace C., 1296 
Watanabe R. M., Waterworth D. M., Watkins N., Wellcome Trust Case Control Consortium, 1297 
Witteman J. C. M., Zeggini E., Zhai G., Zillikens M. C., Altshuler D., Caulfield M. J., Chanock S. 1298 
J., Farooqi I. S., Ferrucci L., Guralnik J. M., Hattersley A. T., Hu F. B., Jarvelin M.-R., Laakso M., 1299 
Mooser V., Ong K. K., Ouwehand W. H., Salomaa V., Samani N. J., Spector T. D., Tuomi T., 1300 
Tuomilehto J., Uda M., Uitterlinden A. G., Wareham N. J., Deloukas P., Frayling T. M., Groop L. 1301 
C., Hayes R. B., Hunter D. J., Mohlke K. L., Peltonen L., Schlessinger D., Strachan D. P., 1302 
Wichmann H.-E., McCarthy M. I., Boehnke M., Barroso I., Abecasis G. R., Hirschhorn J. N., 1303 
Genetic Investigation of ANthropometric Traits Consortium, 2009 Six new loci associated with 1304 
body mass index highlight a neuronal influence on body weight regulation. Nat Genet 41: 25–34. 1305 

Wing M. R., Ziegler J., Langefeld C. D., Ng M. C. Y., Haffner S. M., Norris J. M., Goodarzi M. O., 1306 
Bowden D. W., 2009 Analysis of FTO gene variants with measures of obesity and glucose 1307 
homeostasis in the IRAS Family Study. Hum Genet 125: 615–626. 1308 

Xi B., Chandak G. R., Shen Y., Wang Q., Zhou D., 2012 Association between common polymorphism 1309 
near the MC4R gene and obesity risk: a systematic review and meta-analysis. PLoS ONE 7: 1310 
e45731. 1311 

Yanagiya T., Tanabe A., Iida A., Saito S., Sekine A., Takahashi A., Tsunoda T., Kamohara S., Nakata 1312 
Y., Kotani K., Komatsu R., Itoh N., Mineo I., Wada J., Masuzaki H., Yoneda M., Nakajima A., 1313 
Miyazaki S., Tokunaga K., Kawamoto M., Funahashi T., Hamaguchi K., Tanaka K., Yamada K., 1314 
Hanafusa T., Oikawa S., Yoshimatsu H., Nakao K., Sakata T., Matsuzawa Y., Kamatani N., 1315 
Nakamura Y., Hotta K., 2007 Association of single-nucleotide polymorphisms in MTMR9 gene 1316 
with obesity. Hum Mol Genet 16: 3017–3026. 1317 

Yang J., Lee S. H., Goddard M. E., Visscher P. M., 2011 GCTA: a tool for genome-wide complex trait 1318 
analysis. Am J Hum Genet 88: 76–82. 1319 

Zeggini E., Weedon M. N., Lindgren C. M., Frayling T. M., Elliott K. S., Lango H., Timpson N. J., 1320 
Perry J. R. B., Rayner N. W., Freathy R. M., Barrett J. C., Shields B., Morris A. P., Ellard S., 1321 
Groves C. J., Harries L. W., Marchini J. L., Owen K. R., Knight B., Cardon L. R., Walker M., 1322 
Hitman G. A., Morris A. D., Doney A. S. F., McCarthy M. I., Hattersley A. T., 2007 Replication of 1323 
Genome-Wide Association Signals in UK Samples Reveals Risk Loci for Type 2 Diabetes. Science 1324 
316: 1336. 1325 

Zhang J., Ma M., Nan X., Sheng B., 2016 Obesity inversely correlates with prostate-specific antigen 1326 
levels in a population with normal screening results of prostate cancer in northwestern China. Braz 1327 
J Med Biol Res 49: 2893–8. 1328 

 1329 

Figure Legends 1330 

Figure 1: Manhattan plot of GWAS results of BMI including DM2-diagnosed individuals 1331 
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Genome-wide association study results for BMI. This study includes DM2-diagnosed individuals and 1332 

the statistical model includes DM2 as a bimodal covariate. The x-axis represents the genomic position 1333 

of 500,508 SNPs. The y-axis represents -log10-transformed raw p-values of each genotypic association. 1334 

The red horizontal line indicates the significance level 1x10-5. 1335 

 1336 

Figure 2: Obesity Case-Control GWAS Manhattan Plot 1337 

Genome-wide association study results for the case-control obesity study. This cohort includes DM2-1338 

diagnosed individuals. The x-axis represents the genomic position of 500,508 SNPs. The y-axis 1339 

represents -log10-transformed raw p-values of each genotypic association. The red horizontal line 1340 

indicates the significance level 1x10-5. 1341 

 1342 

Figure 3: PheWAS results between BMI-significant SNPs and EHR Phenotypes 1343 

This figure shows the results of individual logistic regressions between incidence of 633 phenotype 1344 

groups (phecodes) and the genotypes of 27 SNPs found to have statistically significant associations 1345 

with BMI in a cohort with DM2 patients. Each point represents the p-value of one SNP and one of 633 1346 

phecodes with at least 20 cases assigned to it. The horizontal red line represents the significance level 1347 

p=1.02x10-4, and the blue line represents the Bonferroni correction of p=3x10-6. 1348 

 1349 

Figure 4: PheWAS results between BMI and EHR Phenotypes 1350 

This figure illustrates the results of individual linear regression between incidence of phenotype groups 1351 

(phecodes) and the continuous BMI metric of all 6,645 individuals. Each of the 301 points represents 1352 

the p-value of the association between one of 1,523 phecodes with at least 20 cases assigned to it, and 1353 

BMI. Statistical significance was assessed by using the False Discovery Rate of 0.1, corresponding to a 1354 

raw p-value of 1.96x10-2. Only associations with p < 1x10-15 are annotated for ease of viewing, 1355 

represented by a horizontal line at 15 on the y-axis. 1356 
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 1357 

Figure 5: PheWAS results between obesity-significant SNPs and EHR Phenotypes  1358 

This figure presents results of individual logistic regressions between incidence of 372 phenotype 1359 

groups (phecodes) and the genotypes of 34 SNPs found to be associated with extreme obesity. Each 1360 

point represents the p-value of one SNP and one of 372 phecodes with at least 20 cases assigned to it. 1361 

The horizontal red line represents the significance level p=3.85x10-4, and the blue line represents the 1362 

Bonferroni correction of p=4x10-6. 1363 

 1364 

Figure 6: PheWAS results between extreme obesity and EHR Phenotypes  1365 

This figure illustrates the results of individual linear regression between incidence of phenotype groups 1366 

(phecodes) and the incidence of extreme obesity in 2,996 individuals.  Each of the 191 points 1367 

represents the p-value of the association between one of 1,362 phecodes with at least 20 cases assigned 1368 

to it, and extreme obesity. Statistical significance was assessed by using the False Discovery Rate of 1369 

0.1, corresponding to a raw p-value of 1.4x10-2. Only associations with p < 1x10-15 are annotated for 1370 

ease of viewing, represented by a horizontal line at 15 on the y-axis.  1371 

 1372 

Supplemental Figure and Table Legends 1373 

Supplementary Table S1: GWAS results for BMI in a cohort with no DM2-diagnosed 1374 

participants 1375 

This table lists the 20 statistically significant SNPs associated with BMI in our cohort without DM2-1376 

diagnosed individuals. General information about the SNP such as chromosome location, GWAS p-1377 

value, power, genotype, cytoband, and ANOVA are listed. 1378 

 1379 

Supplementary Table S2: GWAS results for BMI in a cohort with DM2-diagnosed participants  1380 
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This table lists the 27 statistically significant SNPs associated with the BMI in our cohort that includes 1381 

all individuals with DM2. General information about the SNP such as chromosome location, GWAS p-1382 

value, power, genotype, cytoband, and ANOVA are listed. 1383 

 1384 

Supplementary Table S3: GWAS results for the extreme obesity case-control study 1385 

This table lists the 26 statistically significant SNPs associated with extreme obesity. General 1386 

information about the SNP such as chromosome location, GWAS p-value, power, genotype, cytoband, 1387 

and ANOVA are listed. 1388 

 1389 

Supplementary Table S4: Significant EHR phenotypic associations with BMI  1390 

This is a table of the 301 phenotype groups (phecodes) reaching statistical significance (p<1.96x10-2) 1391 

when associated to BMI in our cohort including DM2-diagnosed individuals. Phecodes and their 1392 

description, effect sizes (β) of the regression, standard error (SE), and p-values are included. Each 1393 

phecode group contains at least 20 cases. 1394 

 1395 

Supplementary Table S5: Significant EHR phenotypic associations with extreme obesity  1396 

This is a table of the 191 phenotype groups (phecodes) reaching statistical significance (p<1.4x10-2) 1397 

when associated to extreme obesity in our cohort. Phecodes and their description, effect sizes (β) of the 1398 

regression, standard error (SE), and p-values are included. Each phecode group contains at least 20 1399 

cases. 1400 

 1401 

Supplementary Table S6: Quality-controlled and averaged BMI participant values  1402 

This table includes the quality-controlled average BMI value across multiple records for each 1403 

individual, as well as age at Jan 2019 and gender. Due to the length of this table, it can be found at: 1404 

www.dri.edu/HealthyNVProjectGenetics 1405 
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 1406 

Supplementary Table S7: Counts of each phecode group  1407 

This table presents the mapping between ICD codes (ICD-9 and ICD-10) and phecodes as presented in 1408 

Carroll and the R package PheWAS (Carroll et al. 2014) tested in our study, and the number of 1409 

incidences from the BMI cohort in each phecode group. The column labled Count is derived by the 1410 

aggreagation of ICD-9 and ICD-10 codes. 1411 

 1412 

Supplementary Figure S1: Quality-controlled average BMI values of participants 1413 

This figure illustrates both the raw and normalized BMI values. Due to certain extreme BMI values, 1414 

there is a break in the x-axis of the raw BMI values shown in the first panel.  1415 

 1416 

Supplementary Figure S2: Manhattan plot of GWAS results of BMI with DM2-diagnosed 1417 

individuals removed  1418 

Genome-wide association study results for BMI. This study excludes DM2-diagnosed individuals. The 1419 

x-axis represents the genomic position of 500,508 SNPs. The y-axis represents -log10-transformed raw 1420 

p-values of each genotypic association. The red horizontal line indicates the significance level 1x10-5. 1421 

 1422 

Supplementary Fig S3: ANOVA results for rs9939609 1423 

A box and whisker figure of ANOVA results for one of the strongest associations (rs9939609) with 1424 

BMI is shown in Supplementary Figure S3. Note that BMI levels increase with the increase of the 1425 

number of minor alleles, which is typical of variants in FTO (Frayling et al. 2007).  1426 
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