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Abstract 
 

 
Through the analysis of large-scale human genetic datasets, I identify five therapeutic 

targets and risk factors for cardiometabolic disease. First, using Mendelian randomization, I 

demonstrate that body fat distribution is a causal risk factor for coronary artery disease and type 

2 diabetes, with a similar magnitude of effect on disease risk as body mass index. Second, 

exploiting the genetic association between body fat distribution and type 2 diabetes, I identify a 

series of damaging variants in the receptor ALK7 that reduce abdominal adiposity and protect 

against type 2 diabetes. These findings suggest that pharmacologic ALK7 antagonism may be 

useful in the treatment of type 2 diabetes. Third, I show that genetic nitric oxide signaling 

protects against cardiovascular disease and improves renal function, suggesting that nitric oxide 

signaling agents such as PDE5A inhibitors could be repurposed for the treatment of 

cardiovascular and renal disease. Fourth, through the analysis of rare predicted loss-of-function 

variants in UK Biobank, I identify that deficiency in GPR151, a G-protein coupled receptor, and 

PDE3B, an intracellular enzyme, protects against obesity and coronary artery disease, 

respectively. These findings suggest that pharmacologic GPR151 inhibition may be a novel 

therapeutic approach to weight loss. Finally, I show that healthy lifestyle can mitigate inherited 

genetic predisposition to risk of cardiovascular disease, identifying a non-pharmacologic method 

of reducing genetic risk for coronary artery disease. 
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1. Introduction 
 
 

More than 90% of potential therapeutics that enter clinical development are either 

ineffective or are too unsafe to be approved by regulatory agencies.1 Although virtually all drugs 

have to be tested in preclinical models prior to human clinical trials, animal models are often 

poor models of human disease.1 Consequently, the majority of drugs shown to be safe and 

effective in an animal model of human disease that enter clinical trials are found to be either 

ineffective or unsafe for use in human disease.1 

In contrast to animal models, identification of naturally-occurring human genetic 

variation associated with disease can identify new therapeutic targets and pathways of clear 

relevance to human disease.1 Indeed, therapeutic targets with human genetic support are more 

than twice as likely to result in successful development of a pharmaceutical than targets without 

genetic support.2 Identification of novel protective variants for coronary artery disease and type 2 

diabetes, such as variation in ANGPTL3, ANGPTL4, and APOC3, has catalyzed the development 

of new therapeutics targeting these genes for treatment of metabolic disorders. 3-6 

In this thesis, I analyze large-scale human genetic datasets to identify five novel risk 

factors and therapeutic targets for cardiometabolic disease. First, using Mendelian 

randomization, I demonstrate that body fat distribution is a causal risk factor for coronary artery 

disease and type 2 diabetes, with a similar magnitude of effect on disease risk as body mass 

index. Second, exploiting the genetic association between body fat distribution and type 2 

diabetes, I identify a series of damaging variants in the receptor ALK7 that reduce abdominal 

adiposity and protect against type 2 diabetes. These findings suggest that pharmacologic ALK7 

antagonism may be useful in the treatment of type 2 diabetes. Third, I show that genetic nitric 
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oxide signaling protects against cardiovascular disease and improves renal function, suggesting 

that nitric oxide signaling agents such as PDE5A inhibitors could be repurposed for the treatment 

of cardiovascular and renal disease. Fourth, through the analysis of individuals who carry rare 

predicted loss-of-function variants in UK Biobank, I identify loss-of-function variants in 

GPR151 and PDE5A that protect against obesity and coronary artery disease, respectively. These 

findings suggest that pharmacologic GPR151 inhibition may be a novel therapeutic approach to 

weight loss. Finally, I show that healthy lifestyle can mitigate inherited genetic predisposition to 

risk of cardiovascular disease, identifying a non-pharmacologic method of reducing genetic risk 

for coronary  
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2. Genetic association of waist-to-hip ratio with cardiometabolic disease 
 

Obesity, typically defined on the basis of body mass index (BMI), is a leading cause of 

type 2 diabetes and coronary heart disease (CHD) in the population.3,4 However, for any given 

BMI, body fat distribution can vary substantially; some individuals store proportionally more fat 

around their visceral organs (abdominal adiposity) than on their thighs and hip.5 Waist-to-hip 

ratio adjusted for BMI (WHRadjBMI) is a surrogate measure of abdominal adiposity and has 

been correlated with direct imaging assessments of abdominal fat in observational studies.6,7 

In observational studies, abdominal adiposity has been associated with cardiometabolic 

disease8,9; however, whether this association is causal remains unclear. For example, unmeasured 

lifestyle factors10 might confound observational studies that link WHRadjBMI with type 2 

diabetes and CHD. Furthermore, reverse causality could similarly lead to a statistically robust 

but non-causal relationship. For example, individuals with subclinical CHD might develop 

abdominal adiposity due to an inability to exercise. 

Mendelian randomization is a human genetics tool that leverages the random assortment 

of genetic variants at time of conception to facilitate causal inference.11 Because genetic 

predisposition to abdominal adiposity is determined by DNA sequence variants, it is less likely 

to be affected by confounding or reverse causality. In this study, I use a Mendelian 

randomization approach to determine whether a genetic predisposition to increased WHRadjBMI 

is associated with cardiometabolic quantitative traits, type 2 diabetes, and CHD. 

Methods 
 
Study Design and Instruments 
 

Observational epidemiology studies test association of an exposure (e.g., WHRadjBMI) 

with an outcome (e.g., CHD). However, unobserved confounders may affect both exposure and 
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outcome, thus biasing the observed association (Figure 1). Because genetic variants are both 

randomly assorted in a population and assigned at conception, genetic variants are largely 

unassociated with confounders and can be used as instrumental variables to estimate the causal 

association of an exposure (WHRadjBMI) with an outcome.11 This Mendelian randomization 

approach has three assumptions.12 First, genetic variants used as an instrument must be associated 

with the exposure of interest (e.g., WHRadjBMI, Assumption 1 in Figure 1). Second, genetic 

variants must not be associated with confounders (Assumption 2 in Figure 1). Third, genetic 

variants must not be associated with outcome independently of the exposure (Assumption 3 in 

Figure 1). The second and third assumptions are collectively known as independence from 

pleiotropy. Mendelian randomization can be extended to conduct a mediation analysis, 

estimating the association of an exposure (WHRadjBMI) with an outcome (CHD) that occurs 

through a given mediator (M in Figure 1) and that does not occur through a mediator (U in 

Figure 1).  

A Mendelian randomization study using publicly-available summary-level data from 

large-scale genome-wide association studies (GWAS; both cross-sectional and case control 

datasets) as well as individual-level data from the UK Biobank (a cross-sectional dataset) was 

conducted (Figure 2).13-19 The primary exposure was a polygenic risk score for WHRadjBMI. A 

recent large-scale GWAS from the Genome-wide Investigation of Anthropometric Traits 

(GIANT) consortium identified 48 single nucleotide polymorphisms (SNPs; genetic variants) 

associated with WHRadjBMI.15 Combining these 48 SNPs into a weighted polygenic risk score 

enabled quantification of the genetic predisposition to increased WHRadjBMI for each 

individual. 
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Data sources and study participants 
 

Summary-level data from six GWAS consortia were used.13-19 For waist-to-hip ratio 

(WHR), BMI, waist circumference, hip circumference, and WHRadjBMI, data from the GIANT 

consortium was used;15,16 this study included 322 154 individuals of European descent for BMI 

and 210 088 individuals of European descent for WHRadjBMI, WHR, waist circumference and 

hip circumference. The results from five additional GWAS examining blood lipids, glycemic 

traits, renal function, type 2 diabetes, and CHD, and predominantly containing individuals of 

European descent, were also assessed.13,14,19-22 Summary results for type 2 diabetes and CHD were 

derived from studies of 149 821 individuals (DIAGRAM19) and 184 305 individuals 

(CARDIOGRAM21), respectively. Informed consent was obtained from all participants of 

contributing studies. Contributing studies received ethical approval from their respective 

institutional review boards. 

Individual-level data from 111 986 individuals of European ancestry from the UK 

Biobank, collected from 2007-2011, was also used (Table 1). UK Biobank received ethical 

approval from the Research Ethics Committee (reference number 11/NW/0382). Analysis of UK 

Biobank was approved by the Partners Health Care Institutional Review Board (protocol 

2013P001840). Informed consent was obtained from all participants by UK Biobank. 

WHRadjBMI was derived in UK Biobank through inverse normal transformation of WHR after 

adjustment for age, sex and BMI (as in the GIANT collaboration15). Type 2 diabetes and CHD 

were both ascertained at baseline by self-report, followed by a verbal interview with a trained 

nurse to confirm the diagnosis. Type 2 diabetes was defined as report of type 2 diabetes, report 

of type 2 diabetes unspecified, or current use of insulin medication. CHD was defined as report 



 

 10 

of previous myocardial infarction or diagnosis of angina or hospitalization for myocardial 

infarction (ICD codes I21-I23). 

In addition to the primary outcomes of type 2 diabetes and CHD, a phenome-wide 

association study (an analysis of the association of a genetic variant or polygenic risk score with 

a broad range of diseases and/or outcomes) for 35 additional diseases, including endocrine, renal, 

urological, gastrointestinal, neurological, musculoskeletal, respiratory and cancer disorders was 

conducted in UK Biobank to attempt to identify whether the polygenic risk score for 

WHRadjBMI is associated with any additional disorders.  

Statistical analysis 
For analyses of both summary-level data and UK Biobank, a weighted polygenic risk 

score was derived based on the magnitude of association each SNP with WHRadjBMI in the 

previously published GIANT analysis.20 The association of polygenic risk score with each 

continuous trait and dichotomous outcome was then calculated after standardization to a one 

standard deviation (SD) predicted change in WHRadjBMI.  

For the summary level data, this approach is equivalent to an inverse-variance weighted 

fixed effects meta-analysis of the association of each SNP with the trait or outcome of interest 

(e.g. CHD), divided by the association of each SNP with WHRadjBMI.23,28 Explicitly, if x is the 

association of each SNP with the outcome of interest, and w the association of each SNP with 

WHRadjBMI, then the estimated genetic association of WHRadjBMI with the outcome was 

calculated as a fixed effects meta-analysis of x/w for all SNPs.  

To validate that the polygenic risk score for WHRadjBMI was a strong instrument for 

WHRadjBMI (Assumption 1 in Figure 1), an F-statistic for the instrument was calculated in UK 

Biobank. An F-statistic is a measure of the significance of an instrument (the polygenic risk 

score) for prediction of the exposure (WHRadjBMI), controlling for additional covariates (age, 
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sex, ten principal components of ancestry and a dummy variable for the array type used in 

genotyping). An F-statistic greater than 10 is evidence of a strong instrument.24  

For individual level data from UK Biobank, logistic regression was used to determine 

association of a polygenic risk score for WHRadjBMI and dichotomous outcomes (type 2 

diabetes, CHD and 35 additional diseases). 25 Linear regression was used for continuous traits in 

UK Biobank (anthropometric traits and blood pressure). All UK Biobank analyses included 

adjustment for age, sex, ten principal components of ancestry and a dummy variable for the array 

type used in genotyping. The inclusion of principal components of ancestry as covariates is 

commonly implemented to correct for population stratification according to ancestral 

background.26 

In order to test Assumption 2 (independence of polygenic risk score for WHRadjBMI 

from potential confounders, Figure 1), the relationship of the polygenic risk score to smoking, 

alcohol use, physical activity, vegetable consumption, red meat consumption and breastfeeding 

status as a child was determined among individuals in the UK Biobank. Test for trend was 

performed across quartiles of the polygenic risk score for WHRadjBMI using logistic regression 

with each potential confounder as the outcome. For comparison, individuals in UK Biobank were 

stratified into quartiles by observational WHRadjBMI and test for trend performed using logistic 

regression. 

I conducted five sensitivity analyses to test the robustness of our results. Three additional 

polygenic risk scores were used, including one that included variants which were not 

significantly associated with BMI, a second that included variants which were significantly 

associated with gene expression in adipose tissue and a third that included variants which were 
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significantly associated with increased WHRadjBMI in women but not in men. The association 

of genetic variants with BMI was adjusted for and median regression was used.12  

The threshold of statistical significance for type 2 diabetes and CHD (main outcome 

measures) was p< 0.025 (0.05/2=0.025). The threshold of significance for the analysis of fifteen 

traits was p<0.0033 (0.05/15=0.0033). The threshold of significance in the phenome-wide 

association analysis was p<0.0014 (0.05/35 = 0.0014).  

Analyses were performed using R version 3.2.3 software (The R Project for Statistical 

Computing, Vienna, Austria) and Stata version 12 (StataCorp, Texas, United States). 

Results 
 

The characteristics of UK Biobank participants are provided in Table 1. The mean age 

was 56.9 (SD 7.9), the mean systolic blood pressure 143.6 mm Hg (SD 21.8) and the mean 

diastolic blood pressure 84.5 mm Hg (SD 11.8). 5639 (5.0%) participants had CHD while 5690 

(5.1%) individuals had type 2 diabetes. A 48-SNP polygenic risk score for WHRadjBMI score 

was a strong instrumental variable (F-statistic of 1713), statistically accounting for 1.5% of 

variance in WHRadjBMI in UK Biobank, thus validating Assumption 1 in Figure 1.  

In order to test Assumption 2 (independence of polygenic risk score for WHRadjBMI 

from potential confounders, Figure 1), the relationship of the polygenic risk score to smoking, 

alcohol use, physical activity, vegetable consumption, red meat consumption and breastfeeding 

status as a child was determined among individuals in the UK Biobank. In each case, no 

significant relationship was noted (Supp. Table 1). For comparison, a similar analysis that 

categorized individuals according to observed WHRadjBMI (instead of genetic predisposition to 

WHRadjBMI) was conducted. In this observational epidemiology analysis, WHRadjBMI was 

strongly associated with each potential confounder (Supp. Table 2).     
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A one SD increase in WHRadjBMI due to the polygenic risk score was associated with a 

1.0 kg/m2 decrease in BMI (CI 0.9, 1.1), a 2 cm increase in waist circumference (CI 1.5, 2.4), a 

4.1 cm decrease in hip circumference (CI 3.8, 4.4) and a 0.068 increase in WHR (CI 0.066, 0.07; 

Figure 3). A one SD increase in WHRadjBMI due to the polygenic risk score was associated 

with higher total cholesterol (5.6 CI 3.9, 7.3 mg/dl), higher LDL cholesterol (5.7 CI 4.1, 7.2 

mg/dl), higher triglycerides (27 CI 25, 30 mg/dl) and lower HDL cholesterol (6.0 CI 5.3, 6.6 

mg/dl). A one SD increase in WHRadjBMI due to the polygenic risk score was associated with 

higher log-transformed fasting insulin levels (0.065 CI 0.052, 0.078), higher two-hour glucose 

levels (4.1 CI 1.6, 6.5 mg/dl), and higher systolic blood pressure (2.1 CI 1.2, 3 mmHg).  

A one SD increase in WHRadjBMI due to polygenic risk score was associated with a 

higher risk of type 2 diabetes (OR 1.77 CI 1.57, 2.00; absolute risk increase per 1000 participant 

years (ARI) 6.0 CI 4.4, 7.8; p=7.3*10-21; number of participants with type 2 diabetes outcome, 40 

530; Figure 4). A one SD increase in WHRadjBMI due to polygenic risk score was also 

associated with higher risk of CHD (OR 1.46, CI 1.32, 1.62; ARI 1.8 CI 1.3, 2.4; p=9.9*10-14; 

number of participants with CHD outcome, 66 440; Figure 4).  

Five sensitivity analyses of the genetic association of WHRadjBMI with cardiometabolic 

traits, type 2 diabetes and CHD were conducted to examine if results were influenced by 

pleiotropy (i.e., a violation of Assumptions 2 or 3 in Figure 1). Similar associations were 

observed with a score composed of variants not associated with BMI, a score composed of 

variants expressed with adipose tissue and using median regression. In the fifth sensitivity 

analysis, eight SNPs associated with elevated WHRadjBMI in women but not men were 

combined in an additive risk score. If WHRadjBMI causes CHD (rather than results being due to 

pleiotropy), then a risk score that increases WHRadjBMI in women but not in men should 
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increase risk of CHD in women but not in men. A numerically greater magnitude of association 

with type 2 diabetes and CHD was noted in women as compared to men (Supp. Figure 1), 

consistent with a causal effect of WHRadjBMI on type 2 diabetes and CHD. 

Using the polygenic risk score of 48 SNPs associated with WHRadjBMI, a phenome 

wide association study of 35 additional diseases in UK Biobank was conducted (Figure 5). 

There was no significant association of WHRadjBMI with any of these diseases at the 

Bonferroni-adjusted level of significance (p<0.0014).  

Discussion 
 

Using a Mendelian randomization analysis, I tested if human genetic evidence supported 

a causal relationship of WHRadjBMI, a measure of abdominal adiposity, with type 2 diabetes 

and CHD. Genetic predisposition to higher WHRadjBMI was associated with increased levels of 

quantitative risk factors (lipids, insulin, glucose, and systolic blood pressure) as well as a higher 

risk for type 2 diabetes (OR 1.77 CI 1.57, 2.00 per SD higher WHRadjBMI) and CHD (OR 1.46 

CI 1.32, 1.62 per SD higher WHRadjBMI). 

These results permit several conclusions. First, these findings lend human genetic support 

to previous observations associating abdominal adiposity with cardiometabolic disease.8,9 In the 

INTERHEART acute myocardial infarction case-control study, a one SD higher WHR was 

associated with elevated odds of myocardial infarction (OR 1.37 CI 1.33, 1.40), after adjustment 

for BMI and other covariates.8 However, residual confounding or reverse causality may have 

contributed to these associations. Indeed, in this study, observational WHRadjBMI was strongly 

associated with potential confounders, illustrating a limitation of observational epidemiology. 

Here, these prior findings were extended by testing a polygenic risk score that appeared 

independent of measured confounders.  
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Second, WHRadjBMI might prove useful as a biomarker for the development of 

therapies to prevent type 2 diabetes and CHD. Although a substantial focus of drug development 

has been towards therapeutics to reduce overall adiposity27, there has been little effort towards the 

development of therapies that modify body fat distribution to reduce abdominal adiposity. 

Ongoing research to understand the mechanistic links between the numerous genetic loci that 

influence WHRadjBMI may lead to novel therapeutics strategies to reduce abdominal adiposity 

and reduce the risk of type 2 diabetes and CHD. In the next analysis, one such locus is identified.
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3. DNA sequence variation in ACVR1C encoding the Activin-Receptor Like Kinase 7 
influences body fat distribution and protects against type 2 diabetes 

 
Body fat distribution strongly influences the development of type 2 diabetes.8,28,29 In the 

above Mendelian randomization study of 296 291 individuals, I found that a genetic 

predisposition to increased abdominal fat distribution was associated with elevated triglyceride 

levels, elevated blood pressure and an increased risk of coronary artery disease, independent of 

overall adiposity.28 Furthermore, a genetic predisposition to increased abdominal fat distribution 

was strongly associated with the development of type 2 diabetes. For each one standard deviation 

genetic increase in waist-to-hip ratio adjusted for body mass index (WHRadjBMI, a measure of 

body fat distribution), risk of type 2 diabetes increased by 77%.28 These findings were replicated 

in a separate Mendelian randomization study.29  

These results suggest the hypothesis that genetic variants that influence body fat 

distribution may also influence the risk of type 2 diabetes.28 Here, I test this hypothesis by 

analyzing genetic variation in more than 400000 individuals in UK Biobank to identify novel 

genetic variants that lower WHRadjBMI and protect against type 2 diabetes. Below, I 

demonstrate that variants predicted to lead to loss of function of the gene ACVR1C, encoding the 

activin-receptor like kinase 7, influence body fat distribution and protect against type 2 diabetes. 

Methods 
Study Design 
 

In my discovery analysis, I analyzed the association of 614042 coding variants with 

WHRadjBMI in 405569 individuals in UK Biobank. Coding variants were defined as missense 

variants or variants predicted to result in loss of function of the protein: (1) nonsense mutations 

that resulted in early termination of a protein; (2) frameshift mutations due to insertions or 
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deletions of DNA; or (3) splice-site mutations which result in an incorrectly spliced protein. 

Only variants imputed with a quality score (info score) > 0.3 were analysed. Threshold for 

significance was defined as p<5*10-8 (genome wide significance) and analysis was performed 

using PLINK2 software.30 I reported novel variants as those located more than 1 megabase away 

from prior identified loci in the GIANT consortium.15 I attempted to replicate the association of 

novel variants with WHRadjBMI using data from the GIANT consortium, when the variant was 

available in the GIANT consortium.15 

Upon identification of variants in ACVR1C as significantly associated with WHRadjBMI, 

a conditional analysis was conducted to identify additional variants significantly associated 

(p<0.0001) with WHRadjBMI within the ACVR1C locus (+ 250 kb of the lead variant 

rs55920843). To replicate observed associations of ACVR1C variants with 

WHRadjBMI,Iexamined whether carriers of these variants had reduced WHRadjBMI in a meta-

analysis of the GIANT consortium and two independent cohorts (Atherosclerosis Risk in 

Communities and Framingham Heart studies). I also examined whether these variants were 

associated with direct imaging-based measurements of abdominal fat in 4215 participants who 

underwent dual X-ray absorptiometry imaging in UK Biobank.  

To test whether identified ACVR1C variants were also associated with risk of type 2 

diabetes, I pooled data from the DIAGRAM Consortium (ExTexT2D exome chip analysis31) with 

UK Biobank. To test whether variation leading to loss of ACVR1C function protects against type 

2 diabetes,Ianalyzed the sequences of the 9 exons of ACVR1C in 55516 participants [31672 from 

the Myocardial Infarction Genetics Consortium (MIGen)32,33, 5388 from the Atherosclerosis Risk 

in Communities study and 18456 from the T2D Genes Consortium34] and examined if predicted 

damaging variants in the gene associate with risk of type 2 diabetes. 
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A phenome-wide association study of ACVR1C in UK Biobank was performed using an 

ACVR1C gene risk score.35 Three metabolic traits available in UK Biobank (urinary albumin-to-

creatinine ratio, systolic blood pressure and diastolic blood pressure) were also analyzed. A p-

value of 0.001 (0.05/34) was used for significance in this analysis. 

Data Sources 
 

For the analysis of WHRadjBMI, individual-level data from 405569 unrelated individuals 

from the UK Biobank (335,660 individuals of European ancestry and 69,909 individuals of Non-

European ancestry) was analyzed. UK Biobank received ethical approval from the Research 

Ethics Committee (reference number 11/NW/0382). Analysis of UK Biobank was approved by 

the Partners Health Care Institutional Review Board (protocol 2013P001840). Informed consent 

was obtained from all participants by UK Biobank.  For replication, data for WHRadjBMI from 

the GIANT consortium (in which the Ile482Val variant was available) was pooled with data 

from the Atherosclerosis Risk in Communities and Framingham Heart Study datasets (in which 

Asn150His, Ile195Thr and rs72927479 variants were available). The GIANT consortium 

consisted of 224459 participants (210088 of European ancestry and 14371 of non-European 

ancestry) genotyped using the MetaboChip.15 Atherosclerosis Risk in Communities study is a 

community based study of 15792 white and black participants, aged 45 to 64 years.36 The 

Atherosclerosis Risk in Communities dataset consisted of 10122 individuals (8015 of European 

ancestry and 2107 of Non-European ancestry) who were genotyped and imputed, as previously 

described.37 For 5388 participants, exome sequences were also available for analysis. In the 

Framingham Heart Study, a community based study of 10092 individuals of predominantly 

European ancestry, genotyped data was available from 6073 individuals of European ancestry. 
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For the analysis of type 2 diabetes, estimates from UK Biobank were pooled using inverse 

variance weighted fixed effects meta-analysis with estimates from the DIAGRAM ExTexT2D 

exome chip analysis of 452244 participants (81412 diabetes cases and 370832 controls).31 In UK 

Biobank, type 2 diabetes was defined as (1) self-report of type 2 diabetes, followed by a verbal 

interview with a trained nurse to confirm the diagnosis or (2) hospitalization for ICD code E11. 

Because the ExTexT2D analysis included 120286 participants from UK Biobank31, these 

individuals were excluded from the analysis of type 2 diabetes in UK Biobank to prevent 

analysis of overlapping samples. 

Sequence data for ACVR1C were extracted from exome sequencing performed in the 

MIGen Consortium as previously described.32,33 The Burrows–Wheeler Aligner algorithm was 

used to align reads from participants to the reference genome (hg19). The GATK 

HaploTypeCaller was used to jointly call variants. Metrics including Variant Quality Score 

Recalibration (VQSR), quality over depth, and strand bias were then used to filter variants. The 

Jackson Heart Study was excluded from analysis of MIGen as it was included in the T2D Genes 

consortium.  Exome sequences from 5388 participants in ARIC were analysed as previously 

described.38 Phenotype and genotype data were retrieved from the National Center for 

Biotechnology Information dbGAP server (accession: phs000090.v3.p1 and phs000572.v6.p4). 

Exome sequencing was performed in the T2D Genes consortium as previously described.34 To 

analyse exome sequences from the T2D Genes consortium, the online Genetic Association 

Interactive Test in the T2D Knowledge portal was used.34  

Statistical Analysis 
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In UK Biobank, WHRadjBMI was derived through inverse normal transformation of 

waist-to-hip ratio after adjustment for age, sex and BMI (as in the GIANT collaboration15). In UK 

Biobank, linear regression was used to estimate the association of variants with WHRadjBMI. 

All UK Biobank analyses included adjustment for age, sex, 10 principal components of ancestry, 

and a dummy variable for the array type used in genotyping. Logistic regression was used to 

estimate the association of variants with type 2 diabetes. Estimates of the association of each 

variant with type 2 diabetes in UK Biobank were pooled with estimates from the ExTexT2D 

consortium using inverse-variant weighted fixed effects meta-analysis.  

To estimate the overall association of variation in ACVR1C with WHRadjBMI, I pooled 

across all variants using a gene risk score, weighted by the square root of allele frequency 

(estimating a weighted mean effect of ACVR1C variants on WHRadjBMI).39 To estimate the 

overall association of variation in ACVR1C with type 2 diabetes, I pooled across all variants in a 

gene risk score, weighted by the association of each variant with WHRadjBMI.40 

For analysis of exome sequencing data, logistic regression was performed with 

adjustment for sex, five principal components of ancestry and a dummy variable for each cohort 

to estimate the association of predicted damaging variants with type 2 diabetes. Estimates from 

the MIGen consortium were pooled with estimates from the T2D Genes consortium using 

inverse-variance weighted fixed effects meta-analysis.  

For the phenome-wide association study, all four ACVR1C variants were pooled in a 

gene-risk score in UK Biobank, as previously described.38,41 For each individual in UK Biobank, 

the ACVR1C variants associated with lower WHRadjBMI were weighted by their effect on 

WHRadjBMI and summed. The association of this gene-risk score with 31 different diseases in 

UK Biobank and three metabolic traits was tested using logistic regression with adjustment for 
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age, sex, 10 principal components of ancestry, and a dummy variable for the array type used in 

genotyping.  

Analyses were performed using R version 3.2.3 (R Project for Statistical Computing). 

Results 

Exome wide association study of body fat distribution in UK Biobank 

Among 405569 participants in UK Biobank, 54% were female, the median age was 57 

and the median waist-to-hip ratio, measured at enrollment, was 0.87 (Table 2). One standard 

deviation in waist-to-hip ratio corresponded to an absolute change of 0.09. In an analysis of 

614012 coding variants in UK Biobank, no evidence of genomic inflation was observed (lambda 

1.08).  

The lead novel low frequency variant associated with lower WHRadjBMI lay within the 

gene ACVR1C. ACVR1C Asn150His (allele frequency 1.1%), associated with 0.09 standard 

deviations (SD) lower WHRadjBMI (p=3.4*10-17). An independent missense variant in ACVR1C, 

Ile195Thr (AF 0.4%), also associated with lower WHRadjBMI (0.15 SD, p=1.0*10-9).  

Upon conditioning on these two variants, I identified an additional coding variant: 

Ile482Val (AF 7%), which associated with 0.019 SD lower WHRadjBMI (p=1.6*10-5) and 

rs72927479, a non-coding variant, for which the minor G allele (AF 5%) was associated with 

0.035 SD lower WHRadjBMI (p=2.6*10-12, Table 3). Despite being an independent signal for 

WHRadjBMI, the non-coding variant rs72927479 is nominally correlated with Ile482Val (r2 = 

0.06 in UK Biobank). No other variants were correlated with one another in UK Biobank (all 

r2<0.001). 

Pooling across all four variants with weighting by square root of allele frequency, 

ACVR1C variation was associated with lower WHRadjBMI in UK Biobank (-0.07 SD, p=2.6*10-
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35). To replicate this finding, I pooled data from the GIANT consortium (in which the Ile482Val 

variant was available, n=224156) with data from the Atherosclerosis Risk in Communities and 

Framingham Heart Study datasets (in which Asn150His, Ile195Thr and rs72927479 variants 

were available, n=13704). Pooling across all four variants in these three replication studies, 

variation in ACVR1C was associated with reduced WHRadjBMI (-0.07 SD, p=0.0005).  

Examining other anthropometric traits in UK Biobank, variation in ACVR1C was 

associated with elevated hip circumference (0.035 SD, p=3*10-8), nominally elevated BMI (0.02 

SD, p=0.002) and was unassociated with waist circumference (-0.007 SD, p=0.20) or height 

(0.005 SD, p=0.23). In the MAGIC consortium analysis of insulin resistance (HOMA-IR), 

Ile482Val (the only ACVR1C variant available for analysis), was unassociated with HOMA-IR (-

1.1%, p=0.17).42 

I examined whether ACVR1C variation also associated with direct imaging measurement 

of abdominal obesity. 4215 participants in UK Biobank underwent dual energy X-ray 

absorptiometry (DEXA) imaging to estimate abdominal fat mass. Carriers of ACVR1C variants 

had lower percent abdominal fat (p=0.008, Figure 6). When one outlying individual with four 

ACVR1C variants was excluded (Figure 6), carriers of ACVR1C continued to have significantly 

lower percent abdominal fat (p=0.009). 

Association of variants in ACVR1C with type 2 diabetes 

Genetic predisposition to increased WHRadjBMI strongly predisposes to type 2 

diabetes.28 I therefore examined whether variants in ACVR1C that lower WHRadjBMI adiposity 

protect against type 2 diabetes.  In a combined analysis of UK Biobank and the DIAGRAM 

consortium, all four ACVR1C variants were found to independently protect against type 2 

diabetes (OR 0.88, p=8.7*10-5 for Asn150His; OR 0.79, p=0.005 for Ile195Thr; OR 0.95, 
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p=4.8*10-6 for Ile482Val; OR 0.93, p=0.0006 for rs72927479; Table 3). Pooling across all four 

variants, a 0.2 SD decrease in WHRadjBMI through ACVR1C was associated with a 30% lower 

risk of type 2 diabetes (OR 0.70 CI 0.63, 0.77; p = 5.6*10-13, Figure 7). When I excluded the non-

coding variant rs72927479 which is nominally correlated with Ile482Val (r2 = 0.06 in UK 

Biobank), the ACVR1C gene risk score remained associated with risk of type 2 diabetes (OR 

0.71 CI 0.64, 0.79, p=1.8*10-10) 

In three independent datasets with exome sequence data – the MIGen Consortium, ARIC 

and the T2D Genes Consortium, I examined whether variants that lead to loss of ACVR1C gene 

function protect against type 2 diabetes. The 9 exons of the ACVR1C gene were sequenced in 

55516 individuals. 105 predicted damaging variants were identified. Among 16452 type 2 

diabetes cases, the frequency of predicted damaging variants in ACVR1C was 0.1% (17) 

compared to 0.2% (88) among 39064 diabetes-free controls. Overall, carrying a predicted 

damaging variant in ACVR1C was associated with 54% lower risk of type 2 diabetes (OR 0.46 

CI 0.27, 0.81; p=0.006; Figure 8). When I excluded 47 carriers of I195T (annotated as a 

predicted damaging variant by five of five algorithms) in the exome sequencing analysis, carriers 

of predicted damaging variants in ACVR1C remained protected from type 2 diabetes (OR 0.48 CI 

0.24, 0.97, p=0.04). 

To further examine whether loss of ACVR1C function lowers WHRadjBMI, I examined 

whether the non-coding variant rs72927479 associates with ACVR1C expression. The minor 

allele of rs72927479 (G, frequency 5%) associated with lower WHRadjBMI (beta -0.035, 

p=2.6*10-12) and type 2 diabetes (OR 0.93, p=0.0006). In the Genotype-Tissue Expression 

dataset43, the minor allele of rs72927479 associated with reduced expression of ACVR1C in 

subcutaneous adipose tissue (p=0.02) and pancreas (p=0.02). 
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Phenome-wide association study of ACVR1C in UK Biobank 

To anticipate whether ACVR1C inhibition may be associated with on-target adverse 

effects, I conducted a phenome-wide association study of 31 disease phenotypes in UK Biobank. 

I did not observe any significant associations between the ACVR1C gene risk score and the 31 

diseases analyzed (Figure 9). The ACVR1C gene risk score was unassociated with coronary 

artery disease (OR 1.01, p=0.86). I also examined whether ACVR1C variation associates with 

three metabolic traits currently available in UK Biobank: urinary albumin, systolic blood 

pressure and diastolic blood pressure. While the ACVR1C gene risk score did not significantly 

associate with urinary albumin levels, it associated with significantly lower diastolic blood 

pressure (-0.6 mm Hg, p=0.0004) and nominally lower systolic blood pressure (-0.6 mm Hg, 

p=0.03). 

Discussion 
 

In this study, four genetic variants in ACVR1C, ranging in frequency from 0.2% to 7.2%, 

independently protected against abdominal obesity and type 2 diabetes. Furthermore, damaging 

variants in ACVR1C protected against type 2 diabetes in an analysis of exome sequences from 

55516 individuals. An ACVR1C gene risk score did not associate with any of 31 additional 

diseases in UK Biobank but did nominally associate with lower blood pressure. 

These results permit several conclusions. First, pharmaceutical inhibition of ACVR1C 

may be useful in the treatment of type 2 diabetes. ACVR1C encodes the activin-receptor like 

kinase 7 (ALK7), a transforming growth factor-beta family receptor highly expressed on 

pancreatic islet cells44,45 and adipocytes46. Overexpression of AKL7 induces growth inhibition and 

apoptosis of pancreatic beta cells45,47, suggesting that it is a negative regulator of beta cell mass. 

ACVR1C deficient mice have been reported to have reduced body fat when fed a high-fat-diet46,48 
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and have improved glucose tolerance and insulin sensitivity when obese.46 Chemical inhibition of 

ACVR1C has also been shown to reduce fat accumulation and increase lipolysis in mice.49 In 

combination with the human genetic results presented here, these findings suggest that inhibition 

of ACVR1C may be a novel therapeutic mechanism for the treatment of abdominal obesity and 

type 2 diabetes. 

Second, the lack of association of the ACVR1C gene risk score with 31 different diseases 

in UK Biobank suggests that therapeutic ACVR1C inhibition may not have adverse on-target 

effects. However, due to the small number of cases for many of the analyzed diseases (e.g. 1707 

for cervical cancer), modest associations of ACVR1C variation with the analyzed phenotypes 

cannot excluded. In the Exome Aggregation Consortium, ACVR1C is tolerant of loss of function 

variants, with 18 of 66720 individuals of European ancestry carrying an early stop codon 

(Leu32Ter) in ACVR1C. 50 In combination with the phenome-wide association study presented 

here, these findings suggest that ACVR1C could be safely inhibited. The association of the 

ACVR1C gene risk score with nominally lower diastolic and systolic blood pressure suggests that 

ACVR1C inhibition may have the additional benefit of lowering blood pressure. However, this 

finding, which did not reach genome-wide significance, requires replication in independent 

datasets. 

In summary, variants leading to loss of ACVR1C gene function reduce abdominal 

adiposity and protect against type 2 diabetes. These findings identify ACVR1C as a therapeutic 

target for type 2 diabetes. 
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4. Phenotypic consequences of a genetic predisposition to enhanced nitric oxide 
signaling 

 
Nitric oxide signaling is a key regulator of vascular tone, blood pressure and platelet 

aggregation.51,52 Endothelial nitric oxide synthase (eNOS), encoded by the gene NOS3, generates 

nitric oxide in the vascular endothelium (Figure 10).53 Nitric oxide acts as a signaling molecule to 

activate soluble guanylyl cyclase (sGC), a heterodimeric protein with one subunit encoded by the 

gene GUCY1A3.53,54 Cyclic guanosine monophosphate (cGMP) produced by sGC then activates 

downstream signaling molecules, leading to vasodilation, blood pressure lowering, inhibition of 

platelet aggregation and other cardiometabolic effects.55,56 NOS3 and GUCY1A3 are thus key 

mediators of nitric oxide signaling and its downstream effects (Figure 10). 

Previous studies have noted increased blood pressure and atherosclerotic burden in eNOS-/- 

knockout mice,57,58 while loss of sGC promotes thrombus formation.59 Common noncoding variants 

in the NOS3 and GUCY1A3 loci associate with blood pressure and coronary heart disease (CHD) 

in genome wide association studies, consistent with a role of nitric oxide signaling in regulation 

of arterial blood pressure.21,60,61 Furthermore, a rare coding variant in GUCY1A3 was identified as 

associating with early-onset myocardial infarction in a German family.59 These findings in mice 

and humans suggest that stimulation of nitric oxide signaling may be a useful therapeutic 

strategy for prevention of cardiovascular diseases.  

I sought to use common and rare DNA sequence variants in NOS3 and GUCY1A3 to: (1) 

determine the effects of a genetic predisposition to enhanced nitric oxide signaling on a range of 

cardiometabolic and other diseases; (2) assess whether the effect of nitric oxide signaling on 

CHD is primarily mediated through blood pressure; and (3) determine if rare inactivating 
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variants in NOS3 and GUCY1A3 that are predicted to reduce nitric oxide signaling associate with 

higher risk for CHD.  

Methods 
 

Study design, data sources and study participants 
 

I used individual-level data from 335,464 individuals of European ancestry from the UK 

Biobank, a large population-based cohort. I supplemented this individual-level data with seven 

genome-wide association study (GWAS) consortia examining blood lipids, anthropometric traits, 

glycaemic traits, diabetes, CHD, migraine and renal dysfunction, all predominantly containing 

individuals of European descent. Finally, I used gene sequence data from 27,815 participants 

from the Myocardial Infarction Genetics Consortium and 16,857 participants from the T2D 

GENES study34 to examine whether rare variants in the NOS3-GUCY1A3 pathway associate with 

blood pressure and CHD. 

In my primary analysis, I examined the effect of a genetic predisposition to enhanced 

nitric oxide signaling on nine different cardiometabolic diseases: CHD, stroke, heart failure, 

atrial fibrillation, aortic stenosis, peripheral vascular disease, venous thromboembolism, diabetes 

and chronic kidney disease. I additionally examined the effect of a genetic predisposition to 

enhanced nitric oxide signaling on 16 quantitative traits: systolic blood pressure, diastolic blood 

pressure, waist-to-hip ratio adjusted for body mass index28, body mass index, total cholesterol, 

low-density lipoprotein (LDL) cholesterol, high-density lipoprotein (HDL) cholesterol, 

triglycerides, fasting glucose, fasting insulin, two-hour glucose, hemoglobin A1C, serum 

creatinine-estimated glomerular filtration rate (GFR), cystatin-C-estimated GFR, forced 

expiratory volume in 1 second (FEV1) and the ratio of forced expiratory volume in 1 second to 

forced vital capacity (FEV1/FVC). All traits were standardized (that is, reported in standard 
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deviation (SD) units) to facilitate comparisons among traits. Using the UK Biobank cohort, we 

conducted a phenome-wide association study for 26 additional diseases, including endocrine, 

renal, urological, gastrointestinal, neurological, musculoskeletal, respiratory and neoplastic 

disorders. 

Analysis of the UK Biobank data was approved by the Partners Health Care institutional 

review board (protocol 2013P001840; application 7089). Informed consent was obtained from all 

participants by the UK Biobank. 

Common variants in NOS3 and GUCY1A3 
 

We leveraged common variants in the NOS3 and GUCY1A3 loci to characterize the 

effects of a genetic predisposition to enhanced nitric oxide signaling. Two common variants were 

selected as instruments for a genetic predisposition to enhanced nitric oxide signaling: a 

promoter variant of NOS3 (rs3918226; minor allele frequency 8%) and an intronic variant of 

GUCY1A3 (rs7692387; minor allele frequency 19%). These variants were selected because: (1) 

they have been robustly associated with blood pressure (a downstream effect of nitric oxide 

signaling) and (2) they are located within the endothelial nitrate synthase-soluble guanylyl 

cyclase nitric oxide signaling pathway.62,63 Furthermore, the minor allele of rs7692387 has also 

recently been characterized to reduce GUCY1A3 expression via disruption of a ZEB1 

transcription factor site.64 I examined the effect of these variants on NOS3 and GUCY1A3 

expression levels in aortic and lung tissue in the Genotype-Tissue Expression project database43 

and the effect of these variants on mean arterial pressure in UK Biobank.  

To examine the effects of increased nitric oxide signaling on cardiometabolic and other 

traits, I pooled rs3918226 and rs7692387 into an additive genetic score (individuals had 0 to 4 

risk alleles). I derived this score by multiplying the number of risk alleles by the association of 
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each allele with mean arterial pressure in UK Biobank (0.68 mm Hg for rs3918226 and 0.32 mm 

Hg for rs7692387). For example, if an individual had two risk alleles for rs3918226 and one risk 

allele for rs7692387, the genetic score was calculated as 2*0.68 mm Hg + 0.32 mm Hg = 1.68 

mm Hg. Individuals missing one variant [either rs3918226 or rs7692387, n= 6036 (1.8%)] were 

imputed at the mean allele frequency for the variant prior to calculation of the genetic score. I 

standardized the nitric oxide signaling genetic score to a 5 mm Hg reduction in mean arterial 

pressure, corresponding to the effect of 1.5 mg of riociguat (a pharmacologic stimulator of 

soluble guanylate cyclase) on mean arterial pressure in a recent randomized controlled trial.65 The 

standardization was performed by dividing the genetic nitric oxide score by 5 mm Hg (e.g. 1.68 

mm Hg/5 mm Hg = 0.34). We also report estimates standardized to a 2.5 mm Hg and 10 mm Hg 

lower mean arterial pressure to clarify the expected reduction in risk of cardiometabolic 

outcomes with different levels of nitric oxide signaling. 

Rare predicted loss-of-function variants in NOS3 and GUCY1A3 
 

Common non-coding variants may influence the expression of several nearby genes.66 

Therefore, to provide complementary evidence that the NOS3-GUCY1A3 pathway influences 

blood pressure and CHD risk, we examined whether rare (minor allele frequency<1%) predicted 

loss-of-function variants in NOS3 and GUCY1A3 are associated with systolic blood pressure, 

diastolic blood pressure and CHD. Predicted loss-of-function variants were defined as: (1) 

insertions or deletions of DNA that modify the reading frame of protein translation (frameshift); 

(2) point mutations at conserved splice site regions which alter the splicing process (splice-site); 

or (3) point mutations that change an amino acid codon to a stop codon, leading to truncation of 

a protein (nonsense).  

For blood pressure, I tested whether presence of a predicted loss-of-function variant in 
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NOS3 and GUCY1A3 was associated systolic blood pressure or diastolic blood pressure in the 

Type 2 Diabetes Genetics Exome Sequencing study (n=16,857). I examined whether predicted 

loss-of-function variants were associated with systolic and diastolic blood pressure using the 

Genetic Association Interactive Tool on the Type 2 Diabetes Knowledge Portal.34 I used linear 

regression, adjusted for age, sex and five principal components of ancestry.  

For CHD, I tested whether presence of a predicted loss-of-function variant was associated 

with CHD in the Myocardial Infarction Genetics Consortium (n = 27,815) study using logistic 

regression, adjusted for sex, five principal components of ancestry and a dummy variable for 

each cohort. To examine whether variants in the NOS3-GUCY1A3 pathway associate with CHD 

risk, I pooled the effect of predicted loss-of-function variants in NOS3 and GUCY1A3 on CHD 

using inverse variance weighted fixed effects meta-analysis.  

Statistical analysis 
For UK Biobank, I estimated the association of the nitric oxide signaling genetic score 

(standardized to a 5 mm Hg decrease in mean arterial pressure) with each outcome using a 

logistic regression model adjusting for age, sex, ten principal components of ancestry and a 

dummy variable for array type. For the summary-level data, this approach is equivalent to an 

inverse variance weighted fixed effects meta-analysis of the effect of each variant on traits or 

outcome of interest per 5 mm Hg lower mean arterial pressure. Tests for interaction between UK 

Biobank and summary-level estimates were calculated as the difference in log-transformed 

relative risks, as previously described.67 

For our primary outcomes (nine cardiometabolic diseases), I set a Bonferroni adjusted 

level of significance of p=0.05/9=0.0056. For the secondary analyses of 16 cardiometabolic and 

pulmonary traits and the phenome wide association study of 26 phenotypes, I set a level of 

significance of p=0.05/42=0.001. 



 

 31 

 

To examine whether an observed reduction in risk of CHD was caused by reduced blood 

pressure, a mediation analysis was conducted. An estimate of the causal effect of systolic blood 

pressure on CHD risk was derived from a recent genome wide association study (OR 1.21 CI 

1.17, 1.24 per 5 mm Hg higher systolic blood pressure).61 This effect was then multiplied by the 

decrease in systolic blood pressure due to nitric oxide signaling to estimate the decrease in CHD 

risk mediated by systolic blood pressure. I then subtracted this estimate from the overall estimate 

of the nitric oxide genetic score with CHD to derive the remaining proportion of CHD risk 

unaccounted for by a decrease in systolic blood pressure. For example, if the OR for CHD for the 

genetic score was 0.5, but the OR for CHD from the systolic blood pressure decrease was 0.75, 

the OR for CHD independent of systolic blood pressure was calculated as exp(log(0.5) – 

log(0.75))=0.67. 

All analyses were performed using R version 3.2.3 software (The R Project for Statistical 

Computing, Vienna, Austria). 

Results 

In the Genome Tissue Expression project database43, the C allele of rs3918226 was 

associated with increased NOS3 expression in lung tissue (48% higher expression, p=0.002) but 

was not significantly associated with NOS3 expression in aortic tissue (23% higher expression, 

p=0.21, Figure 11). The A allele of rs7692387 was associated with increased GUCY1A3 

expression in aortic tissue (20% higher expression, p=0.012) but was not significantly associated 

with GUCY1A3 expression in lungs (7% higher expression, p=0.20). As expected for variants 

that enhance nitric oxide signaling, both rs3918226 and rs7692387 were associated with lower 

mean arterial pressure among UK Biobank participants [(0.68 mm Hg lower mean arterial 
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pressure (p=1.3*10-26) and 0.32 mm Hg lower mean arterial pressure (p=8.3*10-14), respectively) 

(Figure 2)], replicating previously reported associations of these variants with blood pressure at 

genome wide significance.62,63  

When combined into a nitric oxide signaling genetic score, and standardized to a 5 mm 

Hg reduction in mean arterial pressure, a genetic predisposition to enhanced nitric oxide 

signaling was nominally associated with improved renal function, as assessed by both cystatin-

C-estimated GFR (7.6 ml/in; CI 2.9, 12 ml/min; p=0.0015) and creatinine-estimated GFR (2.8 

ml/min; CI 0.57, 5.1 ml/min; p=0.014; Figure 12).  

The genetic nitric oxide signaling score was significantly associated with three of the 

nine primary cardiometabolic outcomes (Figure 12). A genetic predisposition to enhanced nitric 

oxide signaling was associated with reduced risk of CHD (OR 0.36 CI 0.29, 0.46; p= 7.0*10-17 in 

the CARDIoGRAMPlusC4D Consortium data. We replicated this association in UK Biobank 

participants (OR 0.39 CI 0.29, 0.52; p=1.1*10-10), with an overall pooled 63% reduction in CHD 

risk (OR 0.37 CI 0.31, 0.45; p=5.5*10-26; Figure 13).  

Beyond CHD, the nitric oxide signaling genetic score was associated with a reduced risk 

of peripheral arterial disease (OR 0.42 CI 0.26, 0.68; p=0.0005). This association persisted in a 

sensitivity analysis that excluded individuals with concomitant CHD (OR 0.41 CI 0.23, 0.74, 

p=0.003). The genetic score was also associated with a reduced risk of stroke (OR 0.53 CI 0.37, 

0.76; p=0.0006) and a nominally (p<0.05) reduced risk of chronic kidney disease (OR 0.46 CI 

0.25, 0.83; p =0.011), heart failure (OR 0.59 CI 0.38, 0.92; p=0.02) and diabetes (OR 0.81 CI 

0.67, 0.99; p=0.037). In a phenome wide association study of 26 different diseases, enhanced 

nitric oxide signaling was not significantly associated with any other disease, including a variety 

of gastrointestinal diseases, musculoskeletal diseases and cancers (Figure 12). In sensitivity 
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analyses, when standardized to a 2.5 mm Hg or 10 mm Hg lower mean arterial reduction, the 

nitric oxide signaling genetic score, was associated with a 39% (OR 0.61 CI 0.56, 0.67) and 86% 

lower risk of CHD (OR 0.14 CI 0.10, 0.20), respectively.  

 When an interaction term between the NOS3 and GUCY1A3 genetic loci was included, no 

evidence of an interaction in the association of nitric oxide signaling with systolic blood pressure 

(p interaction = 0.76) or diastolic blood pressure (p interaction = 0.49) was observed. Similarly, 

no evidence of an interaction between the NOS3 and GUCY1A3 loci was observed for CHD (p 

interaction = 0.53). 

 We performed mediation analysis to determine whether the degree to which the change in 

blood pressure associated with the nitric oxide signaling score explained the protective effect on 

CHD. Adjustment for the effect on systolic blood pressure led only to a modest attenuation of the 

association of the nitric oxide signaling genetic score with CHD (OR 0.37 CI 0.31, 0.45 prior to 

adjustment, OR 0.46 CI 0.38, 0.55 after adjustment), suggesting that much of the decrease in 

CHD risk through increased nitric oxide signaling seems to be through pathways other than 

blood pressure. Indeed, the effect size of rs3918226 (NOS3) and rs7692387 (GUCY1A3) on CHD 

deviated substantially from an estimate based on just the systolic blood pressure effects of these 

variants (Figure 13). 

 In contrast to common variants that promote increased nitric oxide signaling, I sought to 

test the hypothesis that rare inactivating variants in NOS3 or GUCY1A3 would be associated with 

increased blood pressure and risk of CHD. 27 participants with predicted loss-of-function 

variants in NOS3 or GUCY1A3 were identified in the T2D GENES study. Presence of a predicted 

loss-of-function variant in NOS3 or GUCY1A3 was associated with increased systolic blood 

pressure (22.8 mm Hg CI 11.7, 33.9, p = 5.6*10-5, respectively; Figure 14) and diastolic pressure 
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(9.7 mm Hg; CI 3.5, 15.9 mm Hg, p= 0.002). 27 individuals with predicted loss-of-function 

variants were identified in Myocardial Infarction Genetics Consortium studies. Predicted loss-of-

function variants in the NOS3-GUCY1A3 pathway were associated with a three-fold higher risk 

of CHD (OR 3.03 CI 1.29, 7.12; p=0.01; Figure 14).  

Discussion 
 
 A genetic predisposition to enhanced nitric oxide signaling was associated with reduced 

blood pressure, improved renal and pulmonary function, and significantly reduced risks of CHD 

(OR 0.37 CI 0.31, 0.45), peripheral arterial disease (OR 0.42 CI 0.26, 0.68) and stroke (OR 0.53 

CI 0.37, 0.76). Mediation analysis suggested that this protective effect is mediated only in part 

by blood-pressure related pathways. In contrast, mutations predicted to truncate NOS3 or 

GUCY1A3 associated with higher blood pressure and an approximately three-fold higher risk of 

CHD. 

These results permit several conclusions. First, stimulation of nitric oxide signaling may 

prevent atherosclerotic cardiovascular disease. The use of an oral soluble guanylyl cyclase 

stimulator has proven effective in the treatment of pulmonary hypertension65, reinforcing the 

potential to target this pathway using a small molecule approach. The 63% and 58% reductions 

in CHD and peripheral arterial disease observed in this study are likely to be of greater 

magnitude than what would be observed in a randomized trial of a nitric oxide signaling 

stimulator, as genetic estimates represent the effect of increased nitric oxide signaling over a 

lifetime rather than an intervention later in life and for a more limited duration.11 However, the 

significant and large risk reductions in cardiovascular disease observed in this study lend support 

to efforts to target nitric oxide signaling in the prevention or treatment of atherosclerotic 

cardiovascular disease.51,68,69  
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Second, stimulation of nitric oxide signaling may represent a pathway for CHD 

prevention that is independent of current approaches. A genetic predisposition to nitric oxide 

signaling was not associated with lipid, glycemic, or anthropometric traits. Furthermore, the 

majority of the reduction in risk of CHD with increased nitric oxide signaling appeared to be 

independent of the variant’s impact on blood pressure. Consistent with these findings, a recent 

functional characterization of the lead GUCY1A3 variant rs7692387 observed carriers of the risk 

allele of this variant to have elevated levels of platelet aggregation and increased vascular 

smooth muscle cell migration upon stimulation of soluble guanylyl cyclase.64 These findings 

suggested that PDE5A inhibitors including sildenafil may prove useful in the treatment of 

cardiovascular disease. 

Third, these results suggest that stimulation of nitric oxide signaling may improve renal 

function. A genetic predisposition to enhanced nitric oxide signaling was associated with higher 

glomerular filtration rate as determined by either cystatin C or creatinine, a finding that awaits 

further confirmation in larger studies.  

 This study has several limitations. First, I used common variants in the GUCY1A3 and 

NOS3 loci to estimate the phenotypic effects of increased nitric oxide signaling. It is possible that 

these variants may be in linkage disequilibrium with other variants that have phenotypic effects 

independent of nitric oxide signaling pathways. However, the common variants were associated 

with direct measurement of GUCY1A3 and NOS3 expression in vascular and pulmonary tissues, 

and we observed consistent effects of rare, predicted loss-of-function variants in GUCY1A3 and 

NOS3 on blood pressure and CHD, suggesting that the common variants mediated their effects 

through the NOS3-GUCY1A3 nitric oxide signaling pathway. Second, the phenome wide 

association study to determine the full spectrum of associations in the UK Biobank may have 
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been underpowered to detect associations for some diseases. Third, the rare variant analysis was 

restricted to variants predicted to lead to loss of NOS3 or GUCY1A3 function; the prevalence of 

missense mutations that impair the NOS3-GUCY1A3 pathway may be much larger than the 

prevalence of rare, predicted loss-of-function variants observed in this study. Finally, the 

majority of participants in this study were of European ancestry and as such, these observations 

need validation in ancestries outside of Europe as ethnic differences in nitric oxide mediated 

responses have been previously reported.70  

In conclusion, a genetic predisposition to enhanced nitric oxide signaling was associated 

with reduced risks of CHD and peripheral arterial disease and improved renal and pulmonary 

function. Stimulation of nitric oxide signaling may prove useful for the prevention and treatment 

of a range of diseases. 
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5. Analysis of predicted loss of function variants in UK Biobank identifies variants 
protective for disease 

 
 A focused investigation of predicted loss-of-function (pLOF) variants provides several 

advantages when compared with analysis of other types of variants. First, analysis of pLOF 

variants may allow for the direct identification of a gene rather than a locus containing many 

candidate genes.71 Second, pLOF variants provide directionality of effect, unlike non-coding 

regulatory variants which may increase or decrease expression of a given gene. Third, 

identification of pLOF variants which protect against disease may aid with prioritization of 

therapeutic target genes (e.g., the recent development of inhibitors of PCSK9 or ANGPTL3 

which mimic human pLOF mutations protective against cardiovascular disease).72-76 

In this study, I analysed 3,759 pLOF variants in UK Biobank and other datasets to 

identify 18 new low-frequency or rare (allele frequency <5%) pLOF variant-phenotype 

associations. I find that the p.Arg95Ter variant in the gene GPR151 protects against obesity and 

type 2 diabetes. At the gene phosphodiesterase 3B (PDE3B), the p.Arg783Ter variant was 

associated with elevated height and improved body fat distribution. Outside of metabolic disease, 

I find that the splice acceptor variant c.662-2A>G in the gene GSDMB and the splice acceptor 

variant c.487-1G>C in the gene IL33 protect against asthma and other allergic diseases, and that 

the splice donor variant c.1641+1G>C in the gene IFIH1 protects against hypothyroidism. These 

findings prioritize genes where pharmacologic mimics of pLOF variants may lower risk for 

disease. 

Methods 
Gene and variant annotation 

Variants in hg19 coordinates were annotated with information from Ensembl release 82 

using Variant Effect Predictor (VEP).77 Only pLOFs, defined as premature stop (nonsense), 
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canonical splice-sites (splice-donor or splice-acceptor) or insertion/deletion variants that shifted 

frame (frameshift) were annotated as predicted loss of function (pLOF), using the “--pick-allele” 

annotation.  PLOFs as defined by VEP were then merged with publicly available data from the 

Exome Aggregation Consortium (ExAC), Version 0.3.1, to confirm consistency in variant 

annotation.50 I identified 3,759 pLOF variants in UK Biobank with an info score greater than 0.3. 

I used a Bonferroni corrected P value of 5.5*10-7 to denote significance [0.05/(3,759 variants*24 

outcomes) = 5.5*10-7] in our primary pLOF analysis. 

Study Design 

In 405,569 individuals in UK Biobank (335,660 individuals of European ancestry and 

69,909 individuals of Non-European ancestry), I analyzed the association of 3,759 pLOF 

variants with twenty-four phenotypes:  cardiovascular, metabolic and pulmonary phenotypes: six 

metabolic traits (body mass index, waist-to-hip ratio, height, systolic blood pressure, diastolic 

blood pressure, forced expiratory volume to forced vital capacity ratio), six cardiometabolic 

diseases (coronary artery disease, type 2 diabetes, atrial fibrillation, stroke, heart failure, venous 

thromboembolism) and twelve diseases with more than five thousand cases (allergic rhinitis, 

asthma, anxiety, breast cancer, cataract, cholethiasis, depression, hypothyroidism, gastric reflux, 

osteoporosis, osteoarthritis, psoriasis). All six metabolic traits were inverse normalized prior to 

analysis, with adjustment for age and sex. Forced expiratory volume to forced vital capacity ratio 

was additionally adjusted for height. To adjust for the presence of antihypertensive medication, 

we added 15 mm Hg to systolic blood pressure and 10 mm Hg to diastolic blood pressure of 

individuals on antihypertensive medication at baseline, as in the International Consortium for 

Blood Pressure genome-wide association study.20  
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In UK Biobank, analysis was performed separately in unrelated individuals of European 

and Non-European ancestry. Estimates for variants were then pooled using inverse-variance 

weighted-fixed effects meta-analysis. For coronary artery disease, estimates for variants from 

UK Biobank were additionally pooled with the effect of variants in the CARDIOGRAM Exome 

consortium using inverse variance weighted-fixed effects meta-analysis.18 For height, estimates of 

variants in UK Biobank were pooled with the GIANT Height Exome consortium using inverse 

variance weighted-fixed effects meta-analysis.78  

Genotyping and Quality Control 

Phasing and imputation were performed centrally, by UK Biobank, using a reference 

panel combining UK10k and 1000 Genomes samples. 39,235,157 variants included in the 

Haplotype Reference Consortium were imputed. As recommended by UK Biobank, we excluded 

any samples with an imputation quality < 0.3 as well as pLOF variants which were not included 

in the Haplotype Reference Consortium. Mitochondrial genetic data and sex chromosomes were 

excluded from this analysis. Individual level genetic data was available from individuals in UK 

Biobank, after excluding one related individual of each related pair of individuals, individuals 

whose genetic sex did not match self-reported sex and individuals with an excess of missing 

genotype calls or more heterozygosity than expected.  

 I analysed 3,759 variants identified as pLOF variants in UK Biobank. PLINK 2 software was 

used to examine the association of these variants with traits and disease in UK Biobank under the 

assumption of additive effects (https://www.cog-genomics.org/plink/2.0/). Adjustment was 

performed for age, sex, ten principal components of ancestry and array type. Quantile-quantile 

analysis was used to examine for the presence of population stratification. No evidence of 

inflation was observed (inflation factors < 1.1).  
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A locus-wide conditional analysis (+ 500 kb of the pLOF variant) was performed to 

determine the extent to which the identified pLOF variant signal was independent of other 

genetic variation at the locus. I iteratively performed association analyses conditional on the 

top variants at each locus, until no variants were below the Bonferroni-adjusted threshold for 

significance (p<5.5*10-7). A statistically significant and independent signal for the pLOF 

variant provides increased confidence for a causal association. 

Analysis of PDE3B association with coronary artery disease 

  I aimed to analyse the association of pLOF variants in PDE3B with coronary artery 

disease in a combined analysis of UK Biobank and the Myocardial Infarction Genetics 

Consortium (MIGen). Replication was performed in MIGen rather than the CARDIOGRAM 

Exome consortium as rs150090666 was not included in the exome chip analysis of the 

CARDIOGRAM Exome consortium.18 Estimates of the association of rs150090666 with 

coronary artery disease in UK Biobank were derived as described above, using logistic 

regression with adjustment for age, sex, ten principal components of ancestry and a dummy 

variable for array type. An additional pLOF variant, rs535108921, present in UK Biobank, was 

also analysed for association with coronary artery disease, as above. 

pLOFs variants in PDE3B were identified in the MIGen Consortium using exome 

sequencing or whole genome sequencing, as previously described.32,33,79 Studies included in the 

MIGen consortium were: 1) the Italian Atherosclerosis Thrombosis and Vascular Biology 

(ATVB) study (dbGaP Study Accession phs000814.v1.p1); 2) the Exome Sequencing Project 

Early-Onset Myocardial Infarction (ESP-EOMI) study(9); 3) a nested case-control cohort from 

the Jackson Heart Study (JHS); 4) the South German Myocardial Infarction study (dbGaP Study 

Accession phs000916.v1.p1); 5) the Ottawa Heart Study (OHS) (dbGaP Study Accession 
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phs000806.v1.p1); 6) the Precocious Coronary Artery Disease (PROCARDIS) study (dbGaP 

Study Accession phs000883.v1.p1) ; 7) the Pakistan Risk of Myocardial Infarction Study 

(PROMIS) (dbGaP Study Accession phs000917.v1.p1); 8) the Registre Gironi del COR (Gerona 

Heart Registry or REGICOR) study (dbGaP Study Accession phs000902.v1.p1); 9) the Leicester 

Myocardial Infarction study (dbGaP Study Accession phs001000.v1.p1); 10) the BioImage study 

(dbGaP Study Accession phs001058.v1.p1); 11) the North German Myocardial Infarction study 

(dbGaP Study Accession phs000990.v1.p1); 12) Multi-Ethnic Study of Atherosclerosis (dbGaP 

Study Accession: phs000209.v2.p1); 13) Variation In Recovery: Role of Gender on Outcomes of 

Young AMI cohort; and 14) Taiwan Metabochip Consortium. 

The Burrows–Wheeler Aligner algorithm was used to align reads from participants to the 

reference genome (hg19). The GATK HaploTypeCaller was used to jointly call variants. Metrics 

including Variant Quality Score Recalibration (VQSR), quality over depth, and strand bias were 

then used to filter variants. We excluded samples which were related to other samples, which had 

high ratios of heterozygous to non-reference homozygous genotypes, which had high missing 

genotypes, which had a discordant genetic gender relative to reports gender, and samples which 

were discordant relative to genotype data.  

After variant calling and quality control, the Variant Effect Predictor77,80 was used to 

annotate variants which were pLOF: (1) nonsense mutations that resulted in early termination of 

PDE3B (2) frameshift mutations due to insertions or deletions of DNA; or (3) splice-site 

mutations which result in an incorrectly spliced protein. For analysis of rare pLOF variants, we 

pooled rare pLOF variants in MIGen, testing for the association of a pLOF with coronary artery 

disease using logistic regression, after adjustment for age, sex, cohort and five principle 
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components of ancestry. I meta-analysed the association of pLOFs with coronary artery disease 

in MIGen combined with UK Biobank. 

Replication of IL33 finding 

To replicate the association of rs146597587, a splice site variant in IL33, with asthma, I 

pooled estimates of the association of rs146597587 with asthma from Partners Biobank, from the 

Vanderbilt eMERGE network and from the Women’s Genome Health Study. In Partners 

Biobank, rs146597587 was imputed (info score of 0.77) in 2,542 individuals. The association of 

rs146597587 with asthma (hospitalization for ICD9 code 493) was estimated using logistic 

regression, adjusted for age, sex and five principal components of ancestry. In the Vanderbilt 

eMERGE network, rs146597587 was genotyped in 25,363 individuals using the Illumina Exome 

BeadChip. The association of rs146597587 with asthma (hospitalization for ICD9 code 493) was 

estimated using logistic regression, adjusted for age, sex and principal components of ancestry. 

In Women’s Genome Health Study, rs14659758 was genotyped in 22,618 individuals using the 

Illumina Exome. The association of rs14659758 with asthma (hospitalization for ICD9 code 493 

or ICD10 code J45) was estimated using logistic regression, adjusted for age and principal 

components of ancestry. 

Results 
 
 I identified 18 new low-frequency or rare (<5%) pLOF variants associated with traits and 

diseases in UK Biobank (Table 4). Variants identified within the same locus in prior 

genomewide association studies are provided (Table 4). Below, I highlight several new 

associations.  

In GPR151 (encoding G-protein coupled receptor 151), the p.Arg95Ter variant 

(rs114285050, allele frequency 0.8% in European ancestry) was associated with reduced  body-
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mass index (BMI; beta -0.07 standard deviations, -0.36 kg/m2, P=4.9*10-8). I replicated this 

association in an independent cohort, the Myocardial Infarction Genetics Consortium (MIGen), 

where p.Arg95Ter carriers had reduced BMI (beta -0.14, P=0.04; pooled beta -0.07, P=9.8*10-9; 

Figure 15). UK Biobank participants who carry one copy of p.Arg95Ter were at 12% lower 

odds of clinical obesity (BMI>30 kg/m2). As obesity is a causal risk factor for type 2 diabetes and 

coronary artery disease, we examined whether p.Arg95Ter may provide protection against both 

diseases. p.Arg95Ter was associated with 14% lower odds of type 2 diabetes (OR 0.86; P=0.006) 

and 9% lower odds of coronary artery disease (OR 0.91; P=0.01; Figure 15). Although GPR151 

is a G-protein coupled receptor of unknown function whose expression is limited to the central 

nervous system, recent studies tracing the lineage of neurons expressing GRP151 have localized 

connections to hypothalamic neurons, a region of the brain important in the control of appetite.81 

At PDE3B encoding the gene phosphodiesterase 3B, p.Arg783Ter (rs150090666, allele 

frequency 0.0006 in European ancestry) associated with elevated height (beta 0.24, P = 9.3*10-9). 

Targeted deletion of Pde3b in mice leads to white adipose tissue gaining characteristics of brown 

adipose tissue82, a reduction in adipocyte size83, smaller fat deposits84 and reduced atherosclerosis85. 

We therefore studied the association of PDE3B p.Arg783Ter with metabolic phenotypes in UK 

Biobank and/or MIGen, where 36,581 individuals have been sequenced for the 16 exons of the 

PDE3B gene. In UK Biobank, which lacks direct measurements of blood lipids, carriers of 

p.Arg783Ter carriers were at reduced risk of physician-diagnosis of hypercholesterolemia (OR 

0.52, P=0.0002). Pooling UK Biobank and MIGen, pLOF carriers in PDE3B had reduced 

WHRadjBMI (beta -0.15, P=0.0005). As genetic predisposition to improved body fat distribution 

has been associated with a lower risk of coronary artery disease28, we examined whether loss of 

PDE3B function protects against coronary artery disease. We aggregated rare PDE3B pLOFs in 
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cases and compared this count with that controls. Across 14,805 cases in UK Biobank, the carrier 

frequency of pLOF in cases was 0.1% and in controls 0.2%. Across 20,186 cases in MIGen, the 

carrier frequency of pLOF was 0.05% and 0.1% in controls. Collectively, carrier status for 

PDE3B pLOFs was associated with reduced risk for coronary artery disease (OR 0.65 CI 0.43, 

0.97; p=0.03; Figure 16).   

We identified several pLOF variants that associated with lower risk of asthma (Table 4). 

At GSDMB encoding the gene Gasdermin B, splice acceptor variant c.662-2A>G (rs11078928, 

allele frequency 46% in European ancestry) protected against asthma (OR 0.90 CI 0.89, 0.91, 

P=6.7*10-50). This variant is in tight linkage disequilibrium (r2=0.99) with a previously identified 

non-coding variant in the GSDMB locus (rs2305480) associated with lower risk of asthma 

(P=9.6*10-8).22 GSDMB c.662-2A>G is associated with lower expression of GSDMB transcripts.86 

Furthermore, overexpression of GSDMB causes airway remodeling and asthma symptoms in a 

mouse model87, suggesting that loss of GSDMB function may protect against asthma. 

At the IL33 gene, a splice acceptor site variant c.487-1G>C (rs146597587, allele 

frequency 0.004 in European ancestry) was observed to protect against asthma (OR 0.58 CI 0.51, 

0.66, P=7.8*10-17). This variant was recently identified as associated with lower blood eosinophil 

concentration at genome-wide significance and with lower risk of asthma at more modest levels 

of significance (P=1.8x10-4).88 To further replicate the association of IL33 c.487-1G>C with 

asthma, we examined the association of IL33 c.487-1G>C with asthma in individuals from three 

additional studies (Partners Biobank, the Vanderbilt eMERGE network, and the Women’s 

Genome Health Study). IL33 c.487-1G>C was associated with a protective effect of asthma in 

each data set. Overall, IL33 c.487-1G>C was associated with 43% lower odds of asthma (OR 

0.57 CI 0.51, 0.65, P=9.6*10-19, Figure 17), suggesting that IL33 inhibition may be a useful 
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approach for treatment of asthma. Of note, an inhibitor of IL33 is currently under development 

for treatment of asthma.89 

A splice donor variant in IFIH1 (interferon induced with helicase C domain 1), 

c.1641+1G>C (rs35337543, allele frequency 1.5% in European ancestry), is associated with a 

reduced risk of hypothyroidism in UK Biobank participants (OR 0.77 CI 0.70, 0.85; P=5*10-9; 

Table 4). A gene-based test combining four additional pLOF variants in IFIH1 (rs35732034, 

rs201026962, rs35744605, rs148590996) similarly demonstrated protection against 

hypothyroidism in UK Biobank (OR 0.79 CI 0.72, 0.86; P=4.4*10-8). Carriers of pLOF variants 

in IFIH1 were also protected against hyperthyroidism (OR 0.84 CI 0.73, 0.96; P=0.01). 

In addition, an exploratory analysis demonstrated a nominally lower risk of coronary 

artery disease among IFIH1 pLOF carriers. Pooling UK Biobank and MIGen, IFIH1 pLOF 

carriers were protected against coronary artery disease (OR 0.92 CI 0.87, 0.98; p=0.009). To 

examine whether this may be a chance finding, we examined whether the common IFIH1 

missense variant rs1990760, previously identified as associated with autoimmune disorders, also 

associated with risk of coronary artery disease. The T allele of rs1990760 (frequency 41%) 

associated with a reduced risk of hypothyroidism (OR 0.92 CI 0.90, 0.94; p = 9.3*10-17) in UK 

Biobank. Pooling UK Biobank and CARDIOGRAM Exome, the T allele of rs1990760 also 

associated with a lower risk of coronary artery disease (OR 0.97 CI 0.96, 0.99; p=2.5*10-5), 

providing complementary evidence that IFIH1 may influence coronary artery disease risk. 

Presence of homozygote individuals for pLOF variants in target genes may provide an in 

vivo demonstration of safety of pharmacologic inhibition of target genes. We therefore examined 

whether homozygotes for these pLoF variants were present in UK Biobank and in the gnomAD 

database.50 At least one individual homozygous for a pLOF variant was identified in UK Biobank 
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or the gnomAD database for the genes GPR151, GSDMB, IL33 and IFIH1, and PDE3B (Supp. 

Table 3). 

Discussion 
 
 In this study, we identified pLOF variants that protect against obesity (GPR151), 

coronary artery disease (PDE3B), asthma (GSDMB, IL33) and autoimmune disorders (IFIH1), 

prioritizing genes and pathways where pharmacologic attempts to mimic these protective 

mutations might ameliorate disease.   

Of note, cilostazol is an approved medicine that is a non-selective pharmacologic 

inhibitor of both phosphodiesterase 3B and the related isoform phosphodiesterase 3A.90In a small 

211 participant randomized trial, cilostazol significantly reduced restenosis after percutaneous 

coronary balloon angioplasty.91 The association of PDE3B pLOFs with improved body fat 

distribution, reduced risk of hypercholesterolemia and reduced risk of coronary artery disease 

suggests that selective inhibition of PDE3B may be useful for multiple features of metabolic 

syndrome.  

Although our restriction of the present analysis to pLOF variants increases the likelihood 

of identifying causal variants substantially, it remains possible that a highly correlated nearby 

variant could be driving the association in some cases. Future functional studies may permit 

additional validation of causal variants. 92 
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6. Genetic risk, adherence to a healthy lifestyle and risk of coronary artery disease 
 

Note: This analysis was led by Amit V Khera. I contributed as a co-first author, contributing 
to the design of the study and conducting the analysis of ARIC. 

 
A large body of evidence has also demonstrated that individuals adherent to a healthy 

lifestyle have markedly lower rates of incident cardiovascular events.92 The promotion of healthy 

lifestyle behaviors, which include not smoking, avoiding obesity, regular physical activity, and a 

healthy diet pattern, is the foundation of current strategy to improve cardiovascular health in the 

population.92 

Since 2007, genome-wide association analyses have associated more than fifty 

independent loci with risk of coronary artery disease. 93 These risk alleles, when aggregated into a 

polygenic risk score, are predictive of prospectively determined coronary events and provide a 

continuous and quantitative metric of genetic risk. 94 

Many assume that genetic predisposition to coronary artery disease operates in a 

deterministic fashion. 95  However, genetic risk might be attenuated by a favorable lifestyle. Here, 

we tested the hypothesis that both and baseline adherence to a healthy lifestyle are independent 

axes of risk that each associate with incident coronary events and prevalent subclinical 

atherosclerotic burden. Secondly, among those with high genetic risk, we determined the extent 

to which a healthy lifestyle is associated with a reduced risk of coronary artery disease. 

Methods 
Study Populations 

The Atherosclerosis Risk in Communities (ARIC) study is a prospective cohort which 

enrolled white and black participants aged 45 to 64 years starting in 1987. Genotyping was 

performed using the Affymetrix 6.0 array (Affymetrix, Santa Clara, California). Genotype and 

clinical data were retrieved from the National Center for Biotechnology Information dbGAP 
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server (accession: phs000280.v3.p1). Individuals with prevalent coronary artery disease at time 

of enrollment were excluded. The Women’s Genome Health Study (WGHS) is a prospective 

cohort for genome-wide genetic analysis among female health professionals derived from the 

Women’s Health Study, a clinical trial initiated in 1992 to evaluate the efficacy of aspirin and 

vitamin E in the primary prevention of cardiovascular disease. Genotyping was performed using 

the Illumina HumanExome BeadChip v1.0 (Illumina, San Diego, California).  The Malmö Diet 

and Cancer Study (MDCS) is a prospective cohort that enrolled participants in Malmö, Sweden 

aged 44 to 73 years starting in 1991. Genotyping was performed using a multiplex method as 

previously described. Participants with prevalent coronary disease at baseline were excluded. The 

BioImage Study (ClinicalTrials.gov Identifier: NCT00738725) enrolled asymptomatic 

individuals at risk for cardiovascular disease aged 55 to 80 years beginning in 2008 and included 

cardiac computed tomography to quantify coronary artery calcium (CAC), a surrogate measure 

of subclinical coronary atherosclerosis, using the Agatston method. Genotyping was performed 

using the Illumina HumanExome Bead-Chip Array v1.1.  

A genetic risk score was derived on the basis of up to 50 single nucleotide 

polymorphisms (SNP) that achieved genome-wide significance for association with coronary 

artery disease in previous studies. In the absence of available genotype, a proxy (r2> 0.8) SNP 

was implemented where possible. Individual participant scores were created by summing the 

number of risk alleles at each SNP multiplied by the literature-based effect size. Individuals 

missing more than two SNPs were excluded from analysis; for the remainder, missing values 

were imputed to the population mean. Population genetic substructure was assessed by 

calculation of principal components of ancestry. 
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Four healthy lifestyle factors were adapted from the strategic goals of the American Heart 

Association: 1) no current smoking; 2) absence of obesity (BMI <30 kg/m2); 3) physical activity 

at least once weekly; and 4) a healthy diet pattern. 96 A healthy diet pattern was calculated based 

on adherence to at least half of the following characteristics recently endorsed in an evidence-

based review, namely: consumption of more fruits, nuts, vegetables, whole grains, fish, and dairy 

products and less refined grains, processed meats, unprocessed red meats, sugar sweetened 

beverages, trans fats (WGHS only), and sodium (WGHS only). Because a detailed food 

frequency questionnaire was not performed in the BioImage study, diet scores in this cohort 

focused on self-reported consumption of fruit, vegetables, and fish.  

We studied a composite coronary artery disease endpoint including myocardial 

infarction, coronary revascularization, and death from coronary causes. Endpoint adjudication 

was performed by committee review of medical records for reported endpoints within each 

cohort. Due to few validated coronary endpoints in the BioImage cohort, a cross-sectional 

analysis of baseline coronary artery calcium scores was performed.  

Statistical Analysis 

We used Cox proportional hazard models to test the association of genetic and lifestyle 

factors with incident coronary events. Hazard ratios for those at high (quintile 5) genetic risk 

were compared to those at intermediate (quintiles 2-4) or low (quintile 1) genetic risk, as 

previously performed. Similarly, a favorable lifestyle (3-4 healthy lifestyle factors) was 

compared to an intermediate (2 healthy lifestyle factors) and unfavorable (0-1 healthy lifestyle 

factor) lifestyle. The primary analyses included adjustment for age, gender, self-reported 

education level, and the first five principal components of ancestry (unavailable in MDCS). All 

WGHS analyses were additionally adjusted for initial trial randomization to aspirin versus 
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placebo and Vitamin E versus placebo. Cohort-specific findings were combined using random 

effects meta-analysis. 10-year event rates were calculated using Cox regression and standardized 

to the mean of all predictor variables within each population. Due to a skewed distribution of 

coronary artery calcification scores in BioImage, linear regression was performed on natural log-

transformed calcification score with an offset of 1 [ln(CAC+1)]. Predicted values were then 

reverse-transformed to calculate standardized calcification scores within genetic and lifestyle risk 

categories. 

Analyses were performed using R version 3.1 software (The R Project for Statistical 

Computing, Vienna, Austria) and associated “survival” and “ggplot2” packages. 

Results 
 

The prospective cohort study populations included 7,814 white ARIC cohort participants, 

21,222 initially healthy white women from the WGHS, and 22,389 participants of the MDCS 

cohort with genotype and covariate data available. 1,230 coronary events were observed over a 

median follow-up of 18.8 years in the ARIC study, 971 coronary events occurred over a median 

follow-up of 20.5 years in the WGHS cohort, and 2,902 coronary events occurred over a median 

follow-up of 19.4 years in MDCS.  

A gradient of risk was noted across quintiles of genetic risk, such that those at high 

genetic risk, defined as those in the top quintile of the genetic risk score, were at 75% (95%CI 46 

– 210%), 94% (CI 58 – 139%), and 98% (CI 76 – 123%) greater risk compared to those at low 

genetic risk (lowest quintile) in the ARIC, WGHS, and MDCS cohorts respectively (Figure 18). 

Survey-based assessment of a family history of coronary artery disease was an imperfect 

surrogate for genotype-defined risk, although the prevalence of self-reported family history 

tended to be higher in those with high versus low genetic risk in each cohort. LDL cholesterol 
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levels were modestly increased across categories of genetic risk within each cohort (p< 0.001); 

by contrast, genetic risk categories were independent of age, gender, prevalent hypertension or 

diabetes, body-mass index, smoking status, HDL cholesterol, triglyceride levels, C-Reactive 

protein (available only in WGHS and MDCS), and 10-year cardiovascular risk as predicted by 

the ACC/AHA Pooled Cohorts Equation. 

Each of the four healthy lifestyle factors was associated with a decreased risk of coronary 

events in a combined analysis of the prospective cohorts: no current smoking (HR 0.56; 95%CI 

0.47 – 0.66; p< 0.001), absence of obesity (HR 0.66; 95%CI 0.58 – 0.76; p< 0.001), regular 

physical activity (HR 0.88; 95%CI 0.80 – 0.97; p= 0.01); and healthy diet (HR 0.91; 95%CI 0.83 

– 0.99; p= 0.04). Coronary risk increased in those with fewer healthy lifestyle factors within each 

cohort. Each cohort was divided into three lifestyle risk categories: favorable (at least three of 

four healthy lifestyle factors), intermediate (two healthy lifestyle factors), or unfavorable (zero or 

one healthy lifestyle factor) lifestyle. Those with an unfavorable lifestyle had higher rates of 

baseline hypertension and diabetes, higher body-mass-indices, and less favorable levels of 

circulating lipids. An unfavorable lifestyle was associated with a 71% (95%CI 47 – 98%), 127% 

(95%CI 92 – 167%), and 77% (95%CI 61 – 95) increased risk of coronary events when 

compared to those with a favorable lifestyle in the ARIC, WGHS, and MDCS cohorts 

respectively (Figure 18). 

Within each category of genetic risk, lifestyle factors were strong predictors of coronary 

events (Figure 19). Adherence to a favorable lifestyle, as compared to an unfavorable lifestyle, 

was associated with a 45%, 47%, and 46% relative risk reduction among those with low, 

intermediate, and high genetic risk respectively. In absolute terms, among those with high 

genetic risk, standardized 10-year event rates decreased from 10.7 to 5.1%, 4.6 to 2.0%, and 8.2 
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to 5.3% in ARIC, WGHS, and MDCS, respectively, based on a favorable lifestyle (Figure 4).  

Similarly, a low genetic risk was largely offset by an unfavorable lifestyle. Standardized 10-year 

event rates increased from 3.1 to 5.8% in ARIC, 1.2 to 1.8% in WGHS, and 2.6 to 4.7% in 

MDCS among those with an unfavorable as compared to favorable lifestyle. These trends were 

observed across all categories of genetic risk.  

Despite a paucity of well-validated genetic loci in black populations, we observed similar 

findings in 2,269 black participants of the ARIC study (350 incident coronary events). Those at 

high genetic risk were at 65% increased risk of coronary events (95%CI 16 – 134%; p= 0.006) 

compared to those at low genetic risk. Furthermore, an unfavorable lifestyle was associated with 

a 70% increased coronary risk (95%CI 120 – 139%; p= 0.003). As with white participants, risk 

of coronary events tended to increase with a less favorable lifestyle within categories of low and 

intermediate genetic risk. This pattern was not apparent among those with a high genetic risk, 

potentially related to decreased power due to a small number of incident events. Additional data 

is needed to confirm consistency of effect in non-European populations.  

A cross-sectional analysis of 4,260 white participants of the BioImage Study 

demonstrated that both genetic and lifestyle factors were associated with coronary artery 

calcification, a measure of subclinical coronary atherosclerosis burden. The standardized 

calcification score was 46 Agatston units (95%CI 39 - 54) in those with high genetic risk 

compared to 21 Agatston units (95%CI 18 - 25) in those at low genetic risk; p< 0.001. 

Calcification score was similarly increased in those with an unfavorable versus favorable 

lifestyle; 46 (95%CI 40 – 53) versus 28 Agatston units (95%CI 25 - 31), p< 0.001. Within each 

subgroup of genetic risk a significant trend was observed towards decreased atherosclerosis 

burden in those more adherent to a healthy lifestyle (Figure 20).  
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Discussion 
We assessed both genetic and lifestyle risk for a common, complex disease – coronary 

atherosclerosis – in three cohorts encompassing 55,685 individuals with 5,103 incident coronary 

events and 4,260 coronary artery calcium measurements. Previous studies focused on either 

genetic or lifestyle factors have demonstrated risk gradients across categories of each. Here, we 

provide new quantitative insights into the interplay between genetic and lifestyle risk factors for 

coronary artery disease. High genetic risk was independent of healthy lifestyle behaviors and 

associated with a 91% increase in risk of coronary events and substantially increased coronary 

artery calcium scores. Within any genetic risk category, adherence to a healthy lifestyle was 

associated with a significantly decreased risk of clinical coronary events as well as subclinical 

coronary atherosclerosis burden.  

These results permit several conclusions. First, inherited DNA variation and lifestyle 

factors contribute to coronary atherosclerosis susceptibility in an additive fashion. Our finding 

that a polygenic risk score has robust associations with incident coronary events is well-aligned 

with previous studies of both primary and secondary prevention populations. 94 97 These findings 

reinforce longstanding beliefs that genetic variants identifiable from birth alter coronary risk. 

Importantly, aside from slight differences in LDL cholesterol levels and family history of 

coronary artery disease, genetic risk was independent of traditionally measured risk factors.  

Second, a healthy lifestyle is associated with similar relative risk reductions in event rates 

across each stratum of genetic risk. Although the absolute risk reduction associated with 

adherence to a highest lifestyle was greatest in the high genetic risk group, as was recently 

observed in randomized trials involving statin therapy, our results support public health efforts 

emphasizing a healthy lifestyle in everyone. An alternate approach is to target intensive lifestyle 

modification to those at high genetic risk, with the expectation that disclosure of genetic risk can 
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motivate behavioral change. However, studies to date that have sought to influence behavior by 

communicating DNA-based risk have been largely negative.98  Participants in the recently 

published MIGENES study who received their ten-year risk of coronary events incorporating a 

genetic risk score were more likely to initiate statin therapy but demonstrated no change in 

dietary fat intake or physical activity.98 Whether genetic risk disclosure can impact other clinically 

meaningful health outcomes remains to be determined. 

Third, patients may equate DNA-based risk estimated with determinism, a perceived lack of 

control over the ability to improve outcomes; however, our results provide evidence to counter 

this determinism and, rather, emphasize that lifestyle factors may powerfully modify disease risk 

regardless of genetic risk profile. Indeed, alternative analysis approaches that incorporate more 

stringent cutoffs or weight the relative impact for each healthy lifestyle factor may lead to an 

even more pronounced gradient of coronary risk. In absolute terms, adherence to a healthy 

lifestyle was associated with a 5.5%, 2.6%, and 2.9% reduction in standardized ten-year 

incidence of coronary events in the high genetic risk participants of the ARIC, WGHS, and 

MDCS studies respectively. Similarly, among BioImage Study participants with high genetic 

risk, coronary artery calcification was 32 Agatston units lower in those with a favorable lifestyle.  

Several limitations to our study should be acknowledged. First, adherence to a healthy 

lifestyle was not randomized and as such, the association of lifestyle factors with risk for 

coronary events may not reflect a causal relationship. Second, lifestyle was assessed at baseline 

within each cohort using slightly different methodologies. Behavioral changes before or after 

ascertainment or competing risks of other illnesses may have further impacted lifestyle risk 

estimates. Third, we included a set of up to 50 genetic polymorphisms with robust associations 

with coronary artery disease; inclusion of even more polymorphisms with validated associations 



 

 55 

with coronary artery disease or a causal risk factor may prove useful in future analyses. Lastly, 

although we provide new evidence confirming a relationship between a polygenic risk score and 

coronary events in black participants, our primary analysis was restricted to white individuals. 

As more robust ethnicity-specific genetic association data becomes available, the generalizability 

of our findings should be tested in more diverse populations. 

In conclusion, on the basis of quantifying both genetic and lifestyle risk in 55,685 

individuals, we demonstrate that adherence to a healthy lifestyle is associated with substantially 

reduced risk of coronary artery disease within any given category of genetic risk. These findings 

support policy initiatives that promote healthy lifestyle behaviors in the entire population, 

whether low or high genetic risk. 
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7. Summary of findings 
 

 

Through the analysis of large-scale human genetic datasets, I identify five novel risk 

factors and therapeutic targets for cardiometabolic disease. First, using Mendelian 

randomization, I demonstrate that body fat distribution is a causal risk factor for coronary artery 

disease and type 2 diabetes, with a similar magnitude of effect on disease risk as body mass 

index. Second, exploiting the genetic association between body fat distribution and type 2 

diabetes, I identify a series of damaging variants in the receptor ALK7 that reduce abdominal 

adiposity and protect against type 2 diabetes. These findings suggest that pharmacologic 

inhibition of ALK7 may be useful in the treatment of type 2 diabetes. Third, I show that genetic 

nitric oxide signaling protects against cardiovascular disease and improves renal function, 

suggesting that nitric oxide signaling agents such as PDE5A inhibitors may be useful in the 

treatment of cardiovascular and renal disease. Fourth, through the analysis of rare predicted loss-

of-function variants in UK Biobank, I identify loss-of-function variants in GPR151 and PDE5A 

that protect against obesity and coronary artery disease, respectively. These findings suggest that 

GPR151 inhibition may be a novel therapeutic approach to weight loss. Finally, I show that 

healthy lifestyle can mitigate inherited genetic predisposition to risk of cardiovascular disease, 

identifying a non-pharmacologic method of reducing genetic risk for coronary artery disease.
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Tables 
 
Table 1. Characteristics of UK Biobank participants analyzed in the Mendelian 
randomization study of waist-to-hip ratio with cardiometabolic disease. 
N Individuals 111986 
Age ± SD, years 56.9 + 7.9 
Male, n (%) 53141 (47.5%) 
UK BiLEVE Array, n (%) 38505 (34.4%) 
SBP + SD, mm Hg* 143.6 + 21.8 
DBP + SD, mm Hg* 84.5 + 11.8 
BMI + SD, kg/m2 27.5 + 4.8 
Waist-to-Hip Ratio + SD 0.875 + 0.09 
 Diabetes Mellitus, n (%) 5690 (5.1%) 
Coronary Heart Disease, n (%) 5639 (5.0%) 

*7681 individuals were missing a BP measurement at baseline. Reported measurements 
are after adjustment for treatment (addition of 15 mm Hg to SBP and 10 mm Hg to DBP) 
Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood pressure; BP, blood 
pressure; SD, standard deviation; BMI, body mass index.  
UK BiLEVE Array refers to participants who were genotyped using the UK BiLEVE 
array rather than the UK Biobank Axiom Array. 
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Table 2. Baseline characteristics of participants in UK Biobank used for discovery of 
low-frequency coding variation associated with waist-to-hip ratio. 

N Individuals All Participants (405569) 

Type 2 
Diabetes  
Cases 
(20458) 

Type 2 
Diabetes 
Free  
Controls 
(385111) 

Age ± SD, years 57 + 8.1 61 + 6.9 57 + 8.1 

Female, n (%) 218376 (54%) 7801 
(38%) 

210575 
(55%) 

UK BiLEVE Array, n (%) 48625 (12.0%) 17361 
(15%) 

3097 (12%) 

Body Mass Index + SD, kg/m2 27 + 4.8 kg/m2 32 + 5.9 
kg/m2 

27 + 4.6 
kg/m2 

Waist-to-Hip Ratio + SD 0.87 + 0.09 
0.95 + 
0.08 

0.87 + 0.09 

Abbreviations: SD, standard deviation;  
 
 
 
Table 3. Association of variants in ACVR1C with waist-to-hip ratio adjusted for body 
mass index and with type 2 diabetes. Estimates for WHRadjBMI were derived through 
linear regression analysis in UK Biobank. Estimates for type 2 diabetes were derived 
through meta-analysis of UK Biobank and the DIAGRAM ExTexT2D consortium. 
 
  WHRadjBMI Type 2 Diabetes 
Variant Minor 

Allele 
Frequency 

(%) 

Beta  
(CI) 

p-value OR  
(CI) 

p-value 

Asn150His 1.1 -0.089  
(-0.11, -0.067) 

3.4*10-17 0.88  
(0.83, 0.94) 

8.7*10-5 
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(-0.09, 0.19) 

1.0*10-9 0.79  
(0.67, 0.93) 

0.005 
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(-0.01, -0.027) 

1.6*10-5 0.95  
(0.93, 0.97) 

4.8*10-6 

rs72927479 5.1 -0.035 
(-0.045, -

0.025) 

2.6*10-12 0.93  
(0.89, 0.97) 

6.0*10-4 
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Figures 

 
Figure 1. Assumptions of a Mendelian randomization analysis. Genetic variants, which are 
assigned at birth and largely randomly assorted in a population, can be used as instrumental 
variables to estimate the causal association of an exposure (e.g., WHRadjBMI) with an outcome 
of interested (e.g., coronary heart disease). This approach rests on three assumptions, denoted 
with Assumption 1 through Assumption 3 above. First, the genetic variants must be associated 
with the exposure (Assumption 1). Second, the genetic variants must not be associated with 
confounders (Assumption 2). Third, the genetic variants must influence risk of the outcome 
through the exposure and not through other pathways (Assumption 3). Mendelian randomization 
can be extended to estimate the association of exposure with outcome that is mediated (M in 
Figure 1) by a given a mediator (e.g., triglycerides) and that is not mediated (U in Figure 1) by 
that mediator. 
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Figure 2. Study design.  Shown are variants in the primary instrument used to estimate the 
association of waist-to-hip ratio adjusted for body mass index with cardiometabolic quantitative 
traits, type 2 diabetes, and coronary heart disease; sources of data for analysis including UK 
Biobank and publicly-available genome-wide association studies. Abbreviations: WHRadjBMI, 
waist-to-hip ratio adjusted for body mass index; BMI, body mass index; SNP; single nucleotide 
polymorphism; CARDIOGRAMplusC4D, Coronary ARtery DIsease Genome-wide Replication 
and Meta-analysis plus The Coronary Artery Disease Genetics consortium19; DIAGRAM, 
DIAbetes Genetics Replication And Meta-analysis17; GIANT, Genetic Investigation 
of ANthropometric Traits13,14; GLGC, Global Lipids Genetics Consortium11; MAGIC, Meta-
Analyses of Glucose and Insulin-related traits Consortium12; CKDGen, Chronic Kidney Disease 
Genetics Consortium15. 
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Figure 3. Association of 48 SNP polygenic risk score for WHRadjBMI with cardiometabolic 
quantitative traits. Results are standardized to a one SD increase in WHRadjBMI due to 
polygenic risk score.  For systolic blood pressure, a one SD genetic increase WHRadjBMI is 
associated with a 2.1 mm Hg higher systolic blood pressure (95% CI 1.2, 3.0), or a 0.1 standard 
deviation increase in systolic blood pressure (CI 0.059, 0.15). For anthropometric traits, 
estimates from Genetic Investigation of Anthropometric Traits (GIANT – derived using inverse 
variance weighted fixed effects meta-analysis13,14) were pooled with UK Biobank (derived 
instrumental variables regression adjusting for age, sex, ten principal components of ancestry and 
array type) using inverse variance weighted fixed effects meta-analysis. For lipids, glycaemic 
and renal function traits, estimates were derived from genome-wide association studies (Global 
Lipids Genetics11, Meta-analyses of Glucose and Insulin-related Traits12 and Chronic Kidney 
Genetics Consortia15, respectively). For blood pressure, estimates were derived from UK 
Biobank. Two hour glucose refers to measured blood glucose levels two hour after consumption 
of dissolved glucose. 95% confidence intervals are reported beside associations. The threshold of 
significance was p<0.0033 (0.05/15=0.0033). Error bars refer to the 95% confidence interval for 
each estimate. Size of data marker is inversely proportional to variance of estimate.   
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Figure 4. Association of 48 SNP polygenic risk score for WHRadjBMI with type 2 diabetes and 
coronary heart disease.  Results are standardized to a one SD increase in WHRadjBMI due to 
polygenic risk score.  Estimates were independently derived in genome-wide association studies 
(CARDIOGRAMplusC4D for coronary heart disease and DIAGRAM for type 2 diabetes) and 
UK Biobank. The threshold of significance was p< 0.025 (0.05/2=0.025). Error bars refer to the 
95% confidence interval for each estimate. Size of data marker is inversely proportional to 
variance of estimate. Abbreviations: OR, odds ratio; SD, standard deviation; SNPs, single 
nucleotide polymorphisms; WHRadjBMI, waist-to-hip ratio adjusted for body mass index; CHD, 
coronary heart disease; T2D, type 2 diabetes; CARDIOGRAMplusC4D, Coronary ARtery 
DIsease Genome-wide Replication and Meta-analysis plus The Coronary Artery Disease 
Genetics consortium; DIAGRAM, DIAbetes Genetics Replication And Meta-analysis. 
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Figure 5. A phenome-wide association study testing if 48 SNP polygenic risk score for 
WHRadjBMI is associated with a range of disease phenotypes. Results are standardized to a one 
SD increase in WHRadjBMI due to polygenic risk score. All estimates were derived in UK 
Biobank using instrumental variables regression (adjusting for age, sex and ten principal 
components of ancestry).  
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Figure 6. Across four ACVR1C genetic variants, association of number of WHRadjBMI-
lowering alleles with mean directly measured abdominal fat (percent abdominal fat of total body 
fat) in 4215 participants who underwent dual X-ray absorptiometry scan in UK Biobank, 
adjusted for age, sex, ten principal components of ancestry and array type. Number of 
participants in each group is displayed in white for each bar. 
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Figure 7. Association of four variants in ACVR1C with waist-to-hip ratio adjusted for body mass 
index (WHRadjBMI, x-axis) and type 2 diabetes (T2D, y-axis).  
 

 
Figure 8. Association of predicted damaging variants in ACVR1C with type 2 diabetes from 
sequences in the Myocardial Infarction Genetics Consortium (MIGen), the Atherosclerosis Risk 
in Communities study (ARIC) and the Type 2 Diabetes Genes Consortium (T2D Genes). 
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Figure 3. Association of predicted damaging variants in ACVR1C with type 2 diabetes 
from sequences in the Myocardial Infarction Genetics Consortium (MIGen), the 
Atherosclerosis Risk in Communities study (ARIC) and the Type 2 Diabetes Genes 
Consortium (T2D Genes). 
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Figure 9. Association of ACVR1C gene risk score with 31 disease phenotypes in UK Biobank. 
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Figure 10. Role of NOS3 and GUCY1A3 in nitric oxide signaling. Endothelial nitric oxide 
synthase, encoded by the gene NOS3, generates nitric oxide in the vascular endothelium. Nitric 
oxide acts as a signaling molecule to activate soluble guanylyl cyclase, a heterodimeric protein 
with one subunit encoded by the gene GUCY1A3. Cyclic guanosine monophosphate produced by 
soluble guanylyl cyclase then activates downstream signaling molecules, leading to vasodilation, 
blood pressure lowering, inhibition of platelet aggregation and other cardiometabolic effects. 
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Figure 11. Association of rs3918226 and rs7692387 with (A) NOS3 or GUCY1A3 expression 
levels in aortic and lung tissue and (B) mean arterial pressure among UK Biobank participants. 
Effect of variants on expression levels were obtained from the Genotype-Tissue Expression 
project. Effect of variants on mean arterial pressure were derived in UK Biobank using linear 
regression adjusted for age, sex, ten principal components of ancestry and array type (least-
squares means estimates). rs3918226 was associated with significantly elevated NOS3 
expression in lung. rs7692387 was associated with significantly elevated GUCY1A3 expression 
in aorta. MAP, mean arterial pressure. 
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Figure 12. Association of the nitric oxide signaling genetic score with cardiometabolic (primary) 
and other diseases (secondary). Estimates were derived in UK Biobank using logistic regression, 
adjusted for age, sex, ten principal components and array type, with the exception of chronic 
kidney disease, which was derived using summary statistics from CKDGen. Estimates for 
coronary heart disease, diabetes and migraine additionally included summary estimates from 
CARDIOGRAM, DIAGRAM and IHGC, and were pooled using inverse variance weighted 
fixed effects meta-analysis. OR, odds ratio; SD, standard deviation; COPD, chronic obstructive 
pulmonary disease. CARDIOGRAM, Coronary ARtery DIsease Genome wide Replication and 
Meta-analysis; DIAGRAM, DIAbetes Genetics Replication And Meta-analysis; PheWAS, 
Phenome Wide Association Study. Significant p-values are bolded. 
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Figure 13. Association of common variants in the NOS3 (rs3918226) and GUCY1A3 
(rs7692387) loci with systolic blood pressure and coronary heart disease. Solid line represents 
the estimated effect of systolic blood pressure on coronary heart disease from 54 distinct blood 
pressure loci from GWAS. A test for heterogeneity comparing the association for the genetic 
nitric oxide score to other blood pressure loci was significant (p<0.001). Estimates for systolic 
blood pressure was derived from UK Biobank with adjustment for age, sex and ten principal 
components. Estimates for coronary heart disease were derived from inverse variance fixed 
effects meta-analysis of CARDIOGRAM and UK Biobank. Abbreviations: CHD, coronary heart 
disease; SBP, systolic blood pressure. 
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Figure 5. Association of common variants in the NOS3 (rs3918226) and GUCY1A3 
(rs7692387) loci with systolic blood pressure and coronary heart disease. Solid line 
represents the estimated effect of systolic blood pressure on coronary heart disease from 
54 distinct blood pressure loci from GWAS. A test for heterogeneity comparing the 
association for the genetic nitric oxide score to other blood pressure loci was significant 
(p<0.001). Estimates for systolic blood pressure was derived from UK Biobank with 
adjustment for age, sex and ten principal components. Estimates for coronary heart 
disease were derived from inverse variance fixed effects meta-analysis of 
CARDIOGRAM and UK Biobank. Abbreviations: CHD, coronary heart disease; SBP, 
systolic blood pressure. 
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Figure 14. Association of rare, predicted loss-of-function variants in the NOS3-GUCY1A3 nitric 
oxide signaling pathway with systolic blood pressure and coronary heart disease. (A) Estimates 
for systolic blood pressure and diastolic blood pressure from T2D GENES study were derived 
using linear regression with adjustment for five principal components of ancestry. (B) Estimates 
for CHD from the Myocardial Infarction Genetics Consortium were derived using logistic 
regression, with adjustment for sex, cohort and five principal components of ancestry. 
Abbreviations: LOF, Loss-of-function; OR, odds ratio; CHD, coronary heart disease; SBP, 
systolic blood pressure  
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Figure 6. Association of rare, predicted loss-of-function variants in the NOS3-GUCY1A3 
nitric oxide signaling pathway with systolic blood pressure and coronary heart disease. 
(A) Estimates for systolic blood pressure and diastolic blood pressure from T2D GENES 
study were derived using linear regression with adjustment for five principal components 
of ancestry. (B) Estimates for CHD from the Myocardial Infarction Genetics Consortium 
were derived using logistic regression, with adjustment for sex, cohort and five principal 
components of ancestry. Abbreviations: LOF, Loss-of-function; OR, odds ratio; CHD, 
coronary heart disease; SBP, systolic blood pressure  
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Figure 15. Association of a loss of function variant (p.Arg95Ter) in GPR151 with (A) body 
mass index, (B) type 2 diabetes and (C) coronary artery disease. Estimates were derived in UK 
Biobank using logistic regression, adjusted for age, sex, ten principal components of ancestry 
and array type. 
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Figure 16. Association of predicted loss of function variants in PDE3B with coronary artery 
disease. Estimates were derived in UK Biobank using logistic regression, adjusted for age, sex, 
ten principal components of ancestry and array type. Estimates were derived in MIGEN 
(Myocardial Infarction Genetics Consortium) using logistic regression, adjusted for sex and five 
principal components of ancestry. 
 
 
 
 
 
 
 
 
 

 
Figure 17. Association of IL33 c.487-1G>C with asthma in UK Biobank, Partners Biobank, 
Vanderbilt eMERGE network and Women’s Genome Health Study. UK Biobank estimates were 
derived using logistic regression, adjusted for age, sex, ten principal components of ancestry and 
array type. Partners Biobank and Vanderbilt estimates were derived using logistic regression, 
adjusted for age, sex and principal components of ancestry. Women’s Genome Health Study 
estimates were derived using logistic regression, adjusted for age and principal components of 
ancestry.  
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Figure 18. Standardized cumulative hazard plots by genetic and lifestyle risk category. 
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Figure 1. Standardized Coronary Events Rates, According to Genetic and Lifestyle Risk in the Prospective Cohorts.

Shown are the standardized rates of coronary events, according to the genetic risk and lifestyle risk of participants in the Atherosclerosis 
Risk in Communities (ARIC) cohort, the Women’s Genome Health Study (WGHS) cohort, and the Malmö Diet and Cancer Study (MDCS) 
cohort. Cox regression models were adjusted for age, sex (in ARIC and MDCS), randomization to receive vitamin E or aspirin (in WGHS), 
education level, and principal components of ancestry (in ARIC and WGHS). Standardization was performed to cohort-specific population 
averages for each covariate.
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Figure 19. Risk of coronary events according to genetic and lifestyle category in prospective 
cohorts. Cox regression models were adjusted for age, gender, education level, and principal 
components of ancestry.   
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Figure 20. Coronary artery calcification score according to subgroups of lifestyle and genetic 
risk. 
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Figure 3. 10-Year {q17}Coronary Event Rates, According to Lifestyle and Genetic Risk in the Prospective Cohorts.

Shown are adjusted standardized 10-year cumulative incidence rates for coronary events in the three prospective cohorts, according to 
lifestyle and genetic risk. Standardization was performed to cohort-specific population averages for each covariate. The I bars represent 
95% confidence intervals.
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Figure 4. Coronary-Artery Calcification Score in the BioImage Study, According to Lifestyle and Genetic Risk.

Among {q18}the participants in the BioImage Study, a standardized score for coronary-artery calcification, expressed in Agatston units, was 
determined by means of linear regression after adjustment for age, sex, education level, and principal components of ancestry. The study 
averages were standardized for each covariate. Predictions were reverse-transformed to determine standardized calcification scores, which 
ranged from {q19}XX to XX, with higher scores indicating XXX. The I bars represent 95% confidence intervals.
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Supplementary Appendix 
 
Supplementary Table 1. Association of WHRadjBMI polygenic risk score with potential 
confounders in UK Biobank. 
 Quartiles of WHRadjBMI Polygenic Risk Score  

 Q1 Q2 Q3 Q4 
Test 
for 

Trend 

Quartile Range 0.73 to 1.12 >1.12 to 
1.2 >1.2 to 1.28 >1.28 to 

1.73  

Number of Participants 27997 27996 27996 27997  

Current smoker, n (%) 3426 (12%) 3366 
(12%) 3368 (12%) 3451 

(12%) p=0.511 

Past smoker, n (%) 10155 
(40%) 

10188 
(40%) 

10193 
(40%) 

10227 
(41%) p=0.299 

Moderate exercise ± SD, 
mean number of days per 
week 

3.60 ± 2.33 3.63 ± 2.34 3.61 ± 2.33 3.60 ± 
2.35 p=0.439 

Intense exercise ± SD, 
mean number of days per 
week  

1.81 ± 1.93 1.80 ± 1.96 1.80 ± 1.94 1.81 ± 
1.96 p=0.936 

 Daily alcohol 
consumption, n (%) 6052 (22%) 6032 

(22%) 6056 (22%) 6020 
(22%) p=0.732 

Six tablespoons of 
vegetables or more per day, 
n(%) 

8175 (32%)  8203 
(32%) 8322  (32%) 8201 

(32%) p=0.579 

Red meat consumption 
three or more times per 
week, n(%) 

6215 (22%)  6191 
(22%)  6223 (22%) 6269  

(23%) p=0.612 

Breastfed as baby, n(%) 15117 
(71%)  

15052 
(71%) 

14976 
(71%)  

14971 
(71%) p=0.159 

Abbreviations: SD = standard deviation 
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Supplementary Table 2. Association of observational WHRadjBMI with potential confounders 
in UK Biobank. 

 Quartiles of WHRadjBMI   

 Q1 Q2 Q3 Q4 
Test for 
Trend 

Quartile Range -6.97 to -0.662 -0.661 to -
0.0441 

-0.0442 to 
0.626 0.627 to 8.2  

Number of Participants 27997 27996 27996 27997  
Current smoker, n (%) 2226 (8%) 2973 (11%)   3627 (13%)  4785 (17%) p<1*10-100 

Past smoker, n (%) 9221 (35%) 9857 (38%)  10506  
(42%)  

11179 
(47%) p<1*10-100 

Moderate exercise ± SD, 
mean number of days per 
week 

3.72 ± 2.32 3.68 ± 2.31 3.59 ± 2.34 3.44 ± 2.38 p=2.8*10-49 

Intense exercise ± SD, 
mean number of days per 
week  

1.98 ± 1.97 1.90 ± 1.95 1.77 ± 1.93 1.58 ± 1.90 p<1*10-100 

Daily alcohol consumption, 
n (%) 5530  (20%) 5965  (21%) 6185 (22%)  6480 (23%) p=4.0*10-24 

Six tablespoons of 
vegetables or more per day, 
n(%) 

8625 (33%) 8341 (32%) 8139 (31%) 7796 (30%) p=1.7*10-11 

Red meat consumption 
three or more times per 
week, n(%) 

5931 (21%)  6081 (22%)  6233 (22%)  6653 (24%) p=1.3*10-15 

Breastfed as baby, n (%) 15492 (72%)  15252 (71%)  14984 
(71%) 

14388 
(70%) p=1.2*10-10 

Abbreviations: SD = standard deviations 
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Supplementary Table 3. Frequency of loss of function homozygotes in UK Biobank and in 
gnoMAD. 
  Number of Homozygotes 
Gene Variant UK Biobank  gnoMAD 
GPR151 rs114285050 30 of 405569 13 of 138592 
GSDMB rs11078928 85535 of 405569 14909 of 90689 
IL33 rs146597587 5 of 405569 1 of 138239 
IFIH1 rs35732034 41 of 405569 7 of 131469 
PDE3B rs150090666 0 of 405569 1 of 138583 
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Supplementary Figure 1. Per allele association of a sexually dimorphic instrument testing if 
waist-to-hip ratio adjusted for body mass index associates with type 2 diabetes and/or coronary 
heart disease. Estimates were derived only in UK Biobank using instrumental variables 
regression adjusting for age, sex, ten principal components of ancestry and an interaction term 
between sex and the genetic instrument. Abbreviations: OR, odds ratio; SD, standard deviation; 
WHRadjBMI, waist-to-hip ratio adjusted for body mass index; CHD, coronary heart disease; 
T2D, type 2 diabetes. 
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Genetic Association ofWaist-to-Hip Ratio
With Cardiometabolic Traits, Type 2 Diabetes,
and Coronary Heart Disease
Connor A. Emdin, DPhil; Amit V. Khera, MD; Pradeep Natarajan, MD; Derek Klarin, MD;
SeyedehM. Zekavat, BSc; Allan J. Hsiao, MPhil; Sekar Kathiresan, MD

IMPORTANCE In observational studies, abdominal adiposity has been associated with type 2
diabetes and coronary heart disease (CHD). Whether these associations represent causal
relationships remains uncertain.

OBJECTIVE To test the association of a polygenic risk score for waist-to-hip ratio (WHR)
adjusted for bodymass index (BMI), a measure of abdominal adiposity, with type 2 diabetes
and CHD through the potential intermediates of blood lipids, blood pressure,
and glycemic phenotypes.

DESIGN, SETTING, AND PARTICIPANTS A polygenic risk score forWHR adjusted for BMI, a
measure of genetic predisposition to abdominal adiposity, was constructed with 48
single-nucleotide polymorphisms. The association of this score with cardiometabolic traits,
type 2 diabetes, and CHDwas tested in a mendelian randomization analysis that combined
case-control and cross-sectional data sets. Estimates for cardiometabolic traits were based on
a combined data set consisting of summary results from 4 genome-wide association studies
conducted from 2007 to 2015, including up to 322 154 participants, as well as individual-level,
cross-sectional data from the UK Biobank collected from 2007-2011, including 111 986
individuals. Estimates for type 2 diabetes and CHDwere derived from summary statistics of 2
separate genome-wide association studies conducted from 2007 to 2015 and including
149 821 individuals and 184 305 individuals, respectively, combined with individual-level data
from the UK Biobank.

EXPOSURES Genetic predisposition to increasedWHR adjusted for BMI.

MAIN OUTCOMES ANDMEASURES Type 2 diabetes and CHD.

RESULTS Among 111 986 individuals in the UK Biobank, themean age was 57 (SD, 8) years,
58 845 participants (52.5%) were women, andmeanWHRwas 0.875. Analysis of
summary-level genome-wide association study results and individual-level UK Biobank data
demonstrated that a 1-SD increase inWHR adjusted for BMI mediated by the polygenic risk
score was associated with 27-mg/dL higher triglyceride levels, 4.1-mg/dL higher 2-hour
glucose levels, and 2.1–mmHg higher systolic blood pressure (each P < .001). A 1-SD genetic
increase inWHR adjusted for BMI was also associated with a higher risk of type 2 diabetes
(odds ratio, 1.77 [95% CI, 1.57-2.00]; absolute risk increase per 1000 participant-years, 6.0
[95% CI, CI, 4.4-7.8]; number of participants with type 2 diabetes outcome, 40 530) and CHD
(odds ratio, 1.46 [95% CI, 1.32-1.62]; absolute risk increase per 1000 participant-years, 1.8
[95% CI, 1.3-2.4]; number of participants with CHD outcome, 66 440).

CONCLUSIONS AND RELEVANCE A genetic predisposition to higher waist-to-hip ratio adjusted
for bodymass index was associated with increased risk of type 2 diabetes and coronary heart
disease. These results provide evidence supportive of a causal association between
abdominal adiposity and these outcomes.

JAMA. 2017;317(6):626-634. doi:10.1001/jama.2016.21042
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O besity, typically definedon the basis of bodymass in-
dex (BMI), is a leading cause of type 2 diabetes and
coronary heart disease (CHD) in the population.1,2

However, foranygivenBMI,body fatdistributioncanvarysub-
stantially; some individuals store proportionally more fat
aroundtheirvisceralorgans (abdominaladiposity) thanontheir
thighs and hip.3 Waist-to-hip ratio (WHR) adjusted for BMI is
a surrogatemeasure of abdominal adiposity andhas been cor-
related with direct imaging assessments of abdominal fat.4,5

Inobservational studies, abdominal adiposityhasbeenas-
sociated with cardiometabolic disease6,7; however, whether
this association is causal remains unclear. For example, un-
measured lifestyle factors8mightconfoundobservational stud-
ies that link WHR adjusted for BMI with type 2 diabetes and
CHD. Furthermore, reverse causality could similarly lead to a
statistically robust but noncausal relationship. For example,
individualswithsubclinicalCHDmightdevelopabdominaladi-
posity because of an inability to exercise.

Mendelian randomization is ahumangenetics tool that le-
verages the random assortment of genetic variants at time of
conception to facilitate causal inference.9Becausegeneticpre-
disposition to abdominal adiposity is determined by DNA se-
quence variants, it is less likely to be affected by confounding
or reverse causality. In this study, amendelian randomization
approach was used to determine whether a genetic predispo-
sition to increasedWHRadjusted forBMI isassociatedwithcar-
diometabolic quantitative traits, type 2 diabetes, and CHD.

Methods
Study Design and Instruments
Observational epidemiology studies test association of an ex-
posure (eg,WHRadjusted forBMI)withanoutcome (eg,CHD).
However, unobserved confounders may affect both exposure
and outcome, thus biasing the observed association (Figure 1;
eMethods A in the Supplement). Because genetic variants
are both randomly assorted in a population and assigned at
conception, they are largely unassociated with confounders
and can be used as instrumental variables to estimate the
causal associationof anexposure (WHRadjusted forBMI)with
an outcome.9

This mendelian randomization approach has 3 as-
sumptions.10First, geneticvariantsusedasan instrumentmust
be associated with the exposure of interest (eg, WHR ad-
justed forBMI) (assumption 1 inFigure 1). Second,geneticvari-
ants must not be associated with confounders (assumption 2
inFigure 1). Third, geneticvariantsmustnotbeassociatedwith
outcome independently of the exposure (assumption 3 in
Figure 1). The second and third assumptions are collectively
knownas independence frompleiotropy.Mendelian random-
ization can be extended to conduct a mediation analysis, es-
timating the proportion of an observed association of an ex-
posure (WHR adjusted for BMI) with an outcome (CHD) that
occurs through a given mediator (Figure 1).

A mendelian randomization study using publicly avail-
able, summary-level data from large-scale genome-wide
association studies (GWASs) (both cross-sectional and

case-control data sets) as well as individual-level data from
the UK Biobank (a cross-sectional data set) was conducted
(Figure 2).12-18 The primary instrument was a polygenic risk
score for WHR adjusted for BMI. A recent large-scale GWAS
fromtheGenome-Wide InvestigationofAnthropometricTraits
(GIANT)Consortium identified48 single-nucleotidepolymor-
phisms (SNPs), or genetic variants, associated with WHR ad-
justed forBMI (eTable 1 in theSupplement).14Combining these
48 SNPs into a weighted polygenic risk score enabled quanti-
fication of the genetic predisposition to increased WHR ad-
justed for BMI for each individual.

Data Sources and Study Participants
Summary-leveldata from6GWASconsortiawereused (GWASs
conducted from 2007 to 2015) (eTable 3; eMethods B in the
Supplement).12-18ForWHR,BMI,waist circumference, hip cir-
cumference, andWHRadjusted for BMI, data from theGIANT
Consortium was used (GWASs conducted from 2007 to
2013)14,15; this study included322 154 individuals ofEuropean
descent for BMI and 210088 individuals of Europeandescent
for waist circumference, hip circumference, WHR, andWHR
adjusted for BMI. The results from 5 additional GWAS (con-
ducted from 2007 to 2015) examining blood lipids, glycemic
traits, renal function, type 2diabetes, andCHD, andpredomi-
nantly including individuals of European descent, were also
assessed.11,13,16,17,19,20Summary results for type2diabetes and
CHDwere derived from studies of 149821 individuals (Diabe-
tesGeneticsReplication andMeta-analysis [DIAGRAM]13) and
184 305 individuals (Coronary Artery Disease Genome-Wide
Replication and Meta-analysis plus the Coronary Artery Dis-
easeGeneticsConsortium[CARDIOGRAMplusC4D]11), respec-
tively. Informedconsentwasobtained fromall participants of
contributing studies. Contributing studies receivedethical ap-
proval from their respective institutional review boards.

Individual-leveldata from 111 986 individualsofEuropean
ancestry from the UK Biobank, collected from 2007 to 2011,
werealsoused (Table; eMethodsC in theSupplement). TheUK
Biobank received ethical approval from the research ethics
committee (referencenumber 11/NW/0382).Analysisof theUK
Biobank datawas approved by the Partners Health Care insti-
tutional reviewboard (protocol2013P001840). Informedcon-
sent was obtained from all participants by the UK Biobank.

Key Points
Question Is genetic evidence consistent with a causal relationship
among waist-to-hip ratio adjusted for bodymass index (a measure
of abdominal adiposity), type 2 diabetes, and coronary heart
disease?

Findings In this mendelian randomization study, a polygenic risk
score for increased waist-to-hip ratio adjusted for bodymass index
was significantly associated with adverse cardiometabolic traits
and higher risks for both type 2 diabetes and coronary heart
disease.

Meaning These results provide evidence supportive of a causal
association between abdominal adiposity and the development of
type 2 diabetes and coronary heart disease.
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WHR adjusted for BMI was derived in the UK Biobank
through inverse normal transformation of WHR after adjust-
ment for age, sex, and BMI (as in the GIANT Consortium14).
Type 2 diabetes and CHD were both ascertained at baseline
by self-report, followed by a verbal interview with a trained
nurse to confirm the diagnosis (eTable 4 in the Supplement).
Type 2 diabetes was defined as report of type 2 diabetes,
report of type 2 diabetes unspecified, or current use of insu-
lin medication. CHD was defined as report of previous myo-
cardial infarction or diagnosis of angina or hospitalization

for myocardial infarction (International Statistical Classifica-
tion of Diseases and Related Health Problems, Tenth Revision
codes I21-I23).

In addition to theprimaryoutcomesof type2diabetes and
CHD, aphenome-wideassociation study (ananalysis of theas-
sociation of a genetic variant or polygenic risk score with a
broad range of diseases, outcomes, or both) for 35 additional
diseases, including endocrine, renal, urologic, gastrointesti-
nal, neurologic,musculoskeletal, respiratory, and cancer dis-
orders, was conducted in the UK Biobank to attempt to iden-

Figure 1. Assumptions of aMendelian Randomization Analysis

Unmediated association

Mediated association

Assumption 3
Genetic variants influence risk of the
outcome through the exposure, not
through other pathways

Assumption 2
Genetic variants are not associated
with confounders

Assumption 1
Genetic variants are 
associated with the exposure

Confounders

Exposure
WHR adjusted for BMI

Outcomes
Coronary heart disease, type
2 diabetes, or equivalent

Instrumental variable
Polygenic risk score for
WHR adjusted for BMI Mediator

Genetic variants, which are assigned at birth and largely randomly assorted in a
population, can be used as instrumental variables to estimate the causal
association of an exposure (eg, waist-to-hip ratio [WHR] adjusted for bodymass
index [BMI]) with an outcome of interest (eg, coronary heart disease). This
approach rests on 3 assumptions. First, the genetic variants must be associated
with the exposure (assumption 1). Second, the genetic variants must not be

associated with confounders (assumption 2). Third, the genetic variants must
influence risk of the outcome through the exposure and not through other
pathways (assumption 3). Mendelian randomization can be extended to
estimate the association of exposure with outcome that is mediated by a given
amediator (eg, triglycerides).

Figure 2. Study Design

Primary instrument
Polygenic risk score of 48 SNPs
associated with WHR adjusted
for BMI

Variants

Primary analyses
Coronary heart disease
Type 2 diabetes

Secondary analyses
Fifteen different
cardiometabolic traits

Secondary analyses
Phenome-wide association study
of 35 different phenotypes

Analyses Data sources

UK Biobank (N = 111 986) 
CARDIOGRAMplusC4D (N = 184 305)
DIAGRAM (N = 149 821)

UK Biobank (N = 111 986) 

UK Biobank (N = 111 986) 
GIANT (N = 322 154)
GLCC (N = 188 578)
MAGIC (N = 133 010)
CKDGen (N = 133 413)

A polygenic score of 48 single-nucleotide polymorphisms was used as an
instrument to estimate the causal association of waist-to-hip ratio (WHR)
adjusted for bodymass index (BMI) with cardiometabolic quantitative traits,
type 2 diabetes, and coronary heart disease; sources of data for analysis
included the UK Biobank and publicly available genome-wide association
studies. CARDIOGRAMplusC4D indicates Coronary Artery DIsease

Genome-wide Replication andMeta-analysis plus the Coronary Artery Disease
Genetics Consortium11; CKDGen, Chronic Kidney Disease Genetics
Consortium12; DIAGRAM, Diabetes Genetics Replication andMeta-analysis13;
GIANT, Genetic Investigation of Anthropometric Traits14,15; GLGC, Global Lipids
Genetics Consortium16; MAGIC, Meta-analyses of Glucose and Insulin-Related
Traits Consortium17; SNP, single-nucleotide polymorphism.
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tifywhether thepolygenic risk score forWHRadjusted forBMI
is associated with any additional disorders (eTable 4 in the
Supplement).

Statistical Analysis
Foranalysesofboth summary-leveldata andUKBiobankdata,
aweightedpolygenic risk scorewasderivedbasedon themag-
nitude of association of each SNPwithWHR adjusted for BMI
in the previously published GIANT analysis.19 The associa-
tion of polygenic risk scorewith each continuous trait and di-
chotomous outcome was then calculated after standardiza-
tion to a 1-SD predicted change in WHR adjusted for BMI.

For the summary-level data, this approach is equivalent
to an inverse-variance–weighted fixed-effects meta-analysis
of the association of each SNP with the trait or outcome of
interest (eg, CHD), divided by the association of each SNP
withWHR adjusted for BMI.21 Explicitly, if x is the association
of each SNP with the outcome of interest, and w the associa-
tion of each SNP with WHR adjusted for BMI, then the esti-
mated genetic association of WHR adjusted for BMI with the
outcome was calculated as a fixed-effects meta-analysis of
x/w for all SNPs.

To validate that the polygenic risk score for WHR ad-
justed for BMI was a strong instrument for WHR adjusted for
BMI (assumption 1 in Figure 1), an F statistic for the instru-
mentwas calculated in theUKBiobank.AnFstatistic is amea-
sure of the significance of an instrument (the polygenic risk
score) for prediction of the exposure (WHRadjusted for BMI),
controlling foradditional covariates (age, sex, 10principal com-
ponents of ancestry, and a dummy variable for the array type
used in genotyping). An F statistic greater than 10 is evidence
of a strong instrument.22

For individual-level data from theUKBiobank, logistic re-
gressionwasused todetermine associationof a polygenic risk
score for WHR adjusted for BMI and dichotomous outcomes
(type 2 diabetes, CHD, and 35 additional diseases) (eMethods
C in the Supplement).23 Linear regression was used for con-
tinuous traits (anthropometric traits andbloodpressure) in the
UKBiobank.AllUKBiobankanalyses includedadjustment for
age, sex, 10 principal components of ancestry, and a dummy
variable for the array type used in genotyping. The inclusion
of principal components of ancestry as covariates is com-
monly implemented to correct forpopulation stratificationac-
cording to ancestral background.24

Totestassumption2 (independenceofpolygenic risk score
for WHR adjusted for BMI from potential confounders)
(Figure 1), the relationshipof thepolygenic risk score to smok-
ing, alcoholuse, physical activity, vegetable consumption, red
meat consumption, andbreastfeeding status as a childwasde-
termined among individuals in theUKBiobank. Test for trend
was performed across quartiles of the polygenic risk score for
WHRadjusted for BMIusing logistic regression,with eachpo-
tential confounder as theoutcome.For comparison, individu-
als in the UK Biobank were stratified into quartiles by obser-
vational WHR adjusted for BMI and test for trend performed
using logistic regression.

Fiveadditional sensitivity analyseswere conducted to test
the robustness of the results (eMethods D in the Supplement).

Threeadditionalpolygenic risk scoreswereused, includingone
that included variants not significantly associatedwith BMI, a
secondthat includedvariantssignificantlyassociatedwithgene
expression in adipose tissue, anda third that includedvariants
significantly associatedwith increasedWHR adjusted for BMI
in women but not in men. The association of genetic variants
with BMI was adjusted for, and median regression was used
(eMethodsD in theSupplement).10The rationale for these sen-
sitivity analyses is provided in eMethods D.

Absolute increases associatedwithWHRadjusted forBMI
for type 2 diabetes and CHDwere calculated using the United
States population incidence of type 2 diabetes and CHD
(eMethods E in the Supplement). Tests for nonlinear associa-
tions of a genetic predisposition to increased WHR adjusted
for BMI with type 2 diabetes and CHD were performed using
nonlinear instrumental variable estimation (eMethodsF in the
Supplement).25

The threshold of statistical significance for type 2
diabetes and CHD (main outcome measures) was P < .025
(.05/2 = .025). The threshold of significance for the analysis
of 15 traits was P < .0033 (.05/15 = .0033). The threshold of
significance in the phenome-wide association analysis was
P < .0014 (.05/35 = .0014).

Mediation Analysis
Among continuous traits, the polygenic risk score for WHR
adjusted for BMI was most strongly associated with plasma
triglyceride levels. The extent to which the polygenic risk
score association with CHD was mediated by plasma triglyc-
erides was tested using mediation analysis, conducted post
hoc after triglyceride level was identified as the cardiometa-
bolic trait most strongly associated with WHR adjusted for
BMI. An estimate of the genetic association of triglyceride
level on CHD risk, previously derived by Do et al26 (odds ratio
[OR], 1.52 per 1-SD increase in triglyceride level),26 was used
to calculate the predicted magnitude of increased CHD risk
based on the observed association of the WHR adjusted for

Table. Characteristics of UK Biobank Participants

Characteristic No. (%) or Mean (SD)
No. Individuals 111 986

Age, mean (SD), y 56.9 (7.9)

Men, No. (%) 53 141 (47.5)

UK BiLEVE array, No. (%)a 38 505 (34.4)

Blood pressure, mean (SD), mm Hgb

Systolic 143.6 (21.8)

Diastolic 84.5 (11.8)

Body mass index, mean (SD)c 27.5 (4.8)

Waist-to-hip ratio, mean (SD) 0.875 (0.09)

Diabetes mellitus, No. (%) 5690 (5.1)

Coronary heart disease, No. (%) 5639 (5.0)

a Participants genotyped using the UK BiLEVE array rather than the UK Biobank
Axiom array.

bBaseline blood pressure wasmissing for 7681 individuals. Reported
measurements are after adjustment for treatment (addition of 15 mmHg
to systolic blood pressure and 10mmHg to diastolic blood pressure).

c Calculated as weight in kilograms divided by height in meters squared.
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BMI polygenic risk score with triglyceride level (estimated
using linear regression). To derive the remaining proportion
of CHD risk unaccounted for by an increase in triglyceride
levels, the magnitude of association of the change in triglyc-
eride level with CHD was subtracted from the estimate of the
genetic association of WHR adjusted for BMI with CHD (esti-
mated using logistic regression).

Analyseswere performed using R version 3.2.3 (R Project
for Statistical Computing) and Stata version 12 (StataCorp).

Results
The characteristics ofUKBiobankparticipants are reported in
the Table. The mean age was 56.9 (SD, 7.9) years, mean sys-
tolic bloodpressurewas 143.6mmHg(SD,21.8), andmeandia-
stolic blood pressurewas 84.5mmHg (SD, 11.8); 5639 partici-
pants (5.0%) had CHD, and 5690 (5.1%) had type 2 diabetes.

A 48-SNP polygenic risk score for WHR adjusted for BMI
was a strong instrumental variable (F = 1713), statistically ac-
counting for 1.5%of variance inWHR adjusted for BMI in the
UK Biobank, thus validating assumption 1 in Figure 1.

To test assumption2 (independenceofpolygenic risk score
for WHR adjusted for BMI from potential confounders,
Figure 1), the relationship of the polygenic risk score to smok-
ing, alcoholuse, physical activity, vegetable consumption, red
meat consumption, andbreastfeeding status as a childwasde-
termined among individuals in the UK Biobank. In each case,
no significant relationshipwas noted (eTable 5 in the Supple-
ment). For comparison, a similar analysis that categorized
individuals according to observedWHR adjusted for BMI (in-
stead of genetic predisposition toWHRadjusted for BMI)was
conducted (eTable 6 in the Supplement). In this observa-
tional epidemiology analysis, WHR adjusted for BMI was as-
sociated with each potential confounder.

A 1-SD increase in WHR adjusted for BMI due to the poly-
genic risk score was associated with a 1-point decrease in BMI
(95% CI, 0.87-1.1), a 2-cm increase in waist circumference
(95% CI, 1.5-2.4), a 4.1-cm decrease in hip circumference
(95% CI, 3.8-4.4), and an increase of 0.068 in WHR (95% CI,
0.066-0.070)( Figure 3). A 1-SD increase in WHR adjusted for
BMI due to the polygenic risk score was associated with
higher total cholesterol level (5.6 [95% CI, 3.9-7.3] mg/dL
[0.15 {95% CI, 0.10-0.19} mmol/L]), higher low-density

Figure 3. Association of 48-SNP Polygenic Risk Score forWHRAdjusted for BMIWith Cardiometabolic Quantitative Traits

0–1.0 0.5 1.0
Beta Coefficient (95% CI) in Units of SD per

1-SD Increase in WHR Adjusted for BMI

–0.5

P Value
Association in Clinical
Units (95% CI)aTrait

Anthropometric

Association in Units
of SD (95% CI)

<1.00 × 10–2000.068 (0.066 to 0.07)WHR 0.76 (0.74 to 0.78)
2.74 × 10–202 (1.5 to 2.4)Waist circumference, cm 0.14 (0.11 to 0.17)
2.23 × 10–160–4.1 (–4.4 to –3.8)Hip circumference, cm –0.44 (–0.47 to –0.41)
4.45 × 10–44–1.0 (–1.1 to –0.9)BMIb –0.21 (–0.24 to –0.18)

Lipids
1.42 × 10–105.6 (3.9 to 7.3)Total cholesterol, mg/dL 0.14 (0.10 to 0.18)
9.03 × 10–135.7 (4.1 to 7.2)LDL-C, mg/dL 0.16 (0.12 to 0.21)
8.56 × 10–74–6.0 (–6.6 to –5.3)HDL-C, mg/dL –0.39 (–0.43 to –0.35)
1.25 × 10–8927 (25 to 30)Triglycerides, mg/dL 0.42 (0.37 to 0.46)

Glycemic
.020.56 (0.11 to 1.0)Fasting glucose, mg/dL 0.04 (0.01 to 0.08)

Renal function
.430.70 (−1.1 to 2.5)eGFR, mL/min/1.73 m2 0.01 (–0.02 to 0.05)

3.15 × 10–220.07 (0.05 to 0.08)Fasting insulin, log (pmol/L) 0.15 (0.12 to 0.18)

Blood pressure
7.80 × 10–62.1 (1.2 to 3.0)Systolic, mm Hg 0.10 (0.06 to 0.15)
8.26 × 10–71.3 (0.8 to 1.8)Diastolic, mm Hg 0.12 (0.07 to 0.17)

.0014.1 (1.6 to 6.5)Two-hour glucose, mg/dL 0.40 (0.16 to 0.64)
4.65 × 10–50.05 (0.02 to 0.07)HbA1c, % 0.09 (0.05 to 0.13)

Results are standardized to a 1-SD increase in waist-to-hip ratio (WHR) adjusted
for bodymass index (BMI) due to polygenic risk score. For systolic blood
pressure, a 1-SD genetic increase inWHR adjusted for BMI is associated with a
2.1-mmHg higher systolic blood pressure (95% CI, 1.2-3.0) or a 0.1-SD increase
in systolic blood pressure (95% CI, 0.059-0.15). For anthropometric traits,
estimates from Genetic Investigation of Anthropometric Traits (GIANT) derived
using inverse variance–weighted fixed-effects meta-analysis14,15) were pooled
with data from the UK Biobank (derived instrumental variables regression
adjusting for age, sex, 10 principal components of ancestry, and array type)
using inverse variance–weighted fixed-effects meta-analysis. For lipids,
glycemic, and renal function traits, estimates were derived from genome-wide
association studies (Global Lipids Genetics,16 Meta-analyses of Glucose and
Insulin-Related Traits,17 and Chronic Kidney Genetics Consortia,12 respectively).

For blood pressure, estimates were derived fromUK Biobank. Two-hour glucose
refers to measured blood glucose levels 2 hours after consumption of dissolved
glucose. The threshold of significance was P < .0033 (.05/15 = .0033). Size of
data markers is inversely proportional to variance of estimate. To convert total
cholesterol, LDL-C, and HDL-C values to mmol/L, multiply by 0.0259;
triglyceride values to mmol, multiply by 0.0113; and glucose values to mmol/L,
multiply by 0.0555. eGFR indicates estimated glomerular filtration rate; HbA1c,
hemoglobin A1c; HDL-C, high-density lipoprotein cholesterol; LDL-C,
low-density lipoprotein cholesterol; OR, odds ratio; WHR, waist-to-hip ratio.
a Units reported in column 1.
b Calculated as weight in kilograms divided by height in meters squared.
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lipoprotein cholesterol level (5.7 [95% CI, 4.1-7.2] mg/dL
[0.15 {95% CI, 0.11-0.19} mmol/L]), higher triglyceride level
(27 [95% CI, CI, 25-30] mg/dL [0.31 {95% CI, 0.28-0.34}
mmol/L]), and lower high-density lipoprotein cholesterol
level (6.0 [95% CI, 5.3-6.6] mg/dL [0.16 {0.14-0.17} mmol/L]).
A 1-SD increase inWHR adjusted for BMI due to the polygenic
risk score was associated with higher log-transformed fasting
insulin levels (0.07 [95% CI, 0.05-0.08] log[pmol/L]), higher
2-hour glucose levels (4.1 [95% CI, 1.6-6.5] mg/dL [0.23 {95%
CI, 0.09-0.36} mmol/L), and higher systolic blood pressure
(2.1 [95% CI, 1.2-3.0] mmHg).

A 1-SD increase inWHR adjusted for BMI due to the poly-
genic risk scorewas associatedwith ahigher risk of type2dia-
betes (OR, 1.77 [95%CI, 1.57-2.00]; absolute risk increase per
1000participant-years,6.0 [95%CI,4.4-7.8];P = 7.30 × 10−21;
number of participantswith type2diabetes outcome,40530)
(Figure4). A 1-SD increase inWHRadjusted for BMIdue to the
polygenic risk scorewasalsoassociatedwithhigher riskofCHD
(OR, 1.46 [95% CI, 1.32-1.62]; absolute risk increase per 1000
participant-years, 1.8 [95%CI, 1.3-2.4];P = 9.90 × 10−14; num-
ber of participants with CHD outcome, 66440) (Figure 4).

Five sensitivity analyses (eMethods D, eFigures 1-9 in the
Supplement) of the genetic association of WHR adjusted for
BMIwithcardiometabolic traits, type2diabetes, andCHDwere
conducted to examine if resultswere influencedbypleiotropy
(ie, a violation of assumptions 2 or 3 in Figure 1). Four of the 5
sensitivity analyseswere consistentwith the results not being
influenced by pleiotropy (eFigures 1-7 in the Supplement). In
the fifth sensitivity analysis, 8 SNPs associated with in-
creased WHR adjusted for BMI in women but not men were
combined in an additive risk score. If increased WHR ad-
justed for BMI causes CHD (rather than results being due to
pleiotropy), then a risk score that increasesWHRadjusted for
BMI in women but not in men should increase risk of CHD in
women but not inmen. Although a numerically greater mag-
nitudeof associationwith type2diabetes andCHDwasnoted
inwomenascomparedwithmen,nosignificantdifferencewas

observed (P = 0.10 and P = 0.11, respectively, for interaction)
(eFigures 8 and 9, eMethods D in the Supplement).

Using the polygenic risk score of 48 SNPs associatedwith
WHR adjusted for BMI, a phenome-wide association study of
35 additional diseases in the UK Biobank was conducted
(Figure 5). There was no significant association of WHR ad-
justed for BMI with any of these diseases at the Bonferroni-
adjusted level of significance (P < .0014).

In mediation analysis, the association of polygenic risk
score forWHRadjusted forBMIwithCHDwasattenuated from
anOR of 1.46 (95%CI, 1.32-1.62) to anOR of 1.23 (95%CI, 1.11-
1.36), after accounting for the associationof thepolygenic risk
score with triglyceride level (eFigure 10 in the Supplement).

Discussion
Mendelianrandomizationanalyses tested ifhumangeneticevi-
dencesupportedacausal relationshipofWHRadjusted forBMI
(a measure of abdominal adiposity) with type 2 diabetes and
CHD. Genetic predisposition to higherWHR adjusted for BMI
was associated with increased levels of quantitative risk fac-
tors (lipids, insulin,glucose,andsystolicbloodpressure)aswell
as a higher risk for type 2 diabetes (OR, 1.77 [95% CI, 1.57-
2.00]per 1-SDhigherWHRadjusted forBMI)andCHD(OR, 1.46
[95%CI, 1.32-1.62] per 1-SD higher WHR adjusted for BMI).

These resultspermit several conclusions. First, these find-
ings lendhumangenetic support to previous observations as-
sociatingabdominal adipositywithcardiometabolicdisease.6,7
In the INTERHEART acute myocardial infarction case-
control study, a 1-SD higher WHR was associated with in-
creased odds ofmyocardial infarction (OR, 1.37 [95%CI, 1.33-
1.40]) afteradjustment forBMIandothercovariates.6However,
residual confounding or reverse causality may have contrib-
uted to these associations. Indeed, in this study, observa-
tionalWHRadjusted forBMIwas strongly associatedwithpo-
tential confounders, illustrating a limitation of observational

Figure 4. Association of 48-SNP Polygenic Risk Score forWHRAdjusted for BMIWith Type 2 Diabetes and Coronary Heart Disease

0.5 5.02.0
Odds Ratio (95% CI) per 1-SD Increase

in WHR Adjusted for BMI

1.0

P ValueCases, No. Controls, No.Instrument
Type 2 diabetes

Odds Ratio (95% CI)
per 1-SD Increase in
WHR Adjusted for BMI

1.88 × 10–1534 840 114 981DIAGRAM 1.79 (1.55-2.07)

Coronary heart disease

6.80 × 10–75690 106 296UK Biobank 1.73 (1.40-2.15)
7.30 × 10–21Fixed-effects model 1.77 (1.57-2.00)

P = .80 for interaction

7.58 × 10–1060 801 123 504CARDIOGRAMplusC4D 1.42 (1.27-1.59)
1.46 × 10–55639 106 347UK Biobank 1.64 (1.31-2.06)
9.90 × 10–14Fixed-effects model 1.46 (1.32-1.62)

P = .26 for interaction

Results are standardized to a 1-SD increase in waist-to-hip ratio adjusted for
bodymass index due to polygenic risk score. Estimates were independently
derived in genome-wide association studies (CARDIOGRAMplusC4D for
coronary heart disease and DIAGRAM for type 2 diabetes) and the UK Biobank.
The threshold of significance was P < .025 (0.05/2 = 0.025). Size of data

markers is inversely proportional to variance of estimate.
CARDIOGRAMplusC4D indicates Coronary Artery DIsease Genome-Wide
Replication andMeta-analysis plus the Coronary Artery Disease Genetics
Consortium; DIAGRAM, Diabetes Genetics Replication andMeta-analysis.
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epidemiology.Here, theseprior findingswereextendedbytest-
ing a polygenic risk score that appeared independent ofmea-
suredconfounders (eTable5 in theSupplement). Elevated lev-
els of triglyceride-rich lipoproteins, a risk factor for CHDwith
genetic and experimental evidence for causality,26,27 ap-
peared tomediateasubstantialproportionof the increasedrisk
for CHD.

Second, these results suggest that body fat distribution,
beyond simple measurement of BMI, could explain part of

the variation in risk of type 2 diabetes and CHD noted across
individuals and subpopulations. For example, increased
abdominal adiposity at a given BMI has been proposed as an
explanation for the excess risk of CHD observed in South
Asians.28 Similarly, greater abdominal adipose tissue at a
given BMI has been proposed to underlie the excess risk of
CHD at a given BMI among men compared with women.29 In
the INTERHEART study, which observed a similar strength of
association of WHR adjusted for BMI with myocardial infarc-

Figure 5. Phenome-Wide Association Study Testing if 48-SNP Polygenic Risk Score forWHRAdjusted for BMI Is Associated
With a Range of Disease Phenotypes

Odds Ratio (95% CI) per 1-SD Increase
in WHR Adjusted for BMI

P ValueCases, No. Controls, No.Outcome
Cardiovascular

Odds Ratio (95% CI)
per 1-SD Increase in
WHR Adjusted for BMI

.892035 109 951Stroke 1.03 (0.72-1.46)

.492194 109 792Atrial fibrillation or flutter 0.88 (0.62-1.26)

.58586 111 400Heart failure 1.21 (0.62-2.39)

Endocrine
.66866 111 120Hyperthyroidism 1.13 (0.65-1.96)
.675415 106 571Hypothyroidism 0.95 (0.76-1.19)

Renal or urologic
.451567 110 419Enlarged prostate 0.85 (0.57-1.29)
.831632 110 354Uterine fibroids 1.04 (0.71-1.54)

.731605 110 381Gout 0.93 (0.62-1.40)

Gastrointestinal
.184864 107 122Gastric reflux 1.18 (0.93-1.49)
.272672 109 314Irritable bowel syndrome 1.19 (0.87-1.62)
.561825 110 161Gallstones 1.12 (0.77-1.63)

Neurologic or psychiatric
.913155 108 831Migraine 0.98 (0.73-1.32)
.276636 105 350Depression 0.89 (0.73-1.09)
.741539 110 447Anxiety 0.93 (0.62-1.41)

.95190 111 796Aortic stenosis 0.97 (0.33-2.85)

.11682 111 304Peripheral vascular disease 1.65 (0.89-3.07)

.843271 108 715Venous thromboembolism 0.97 (0.73-1.30)

Cancer
.36113 111 873Lung 2.02 (0.46-8.90)
.752378 109 608Breast 0.95 (0.68-1.33)
.97610 111 376Colorectal 1.01 (0.52-1.97)
.372475 109 511Skin 1.16 (0.84-1.62)
.73835 111 151Prostate 1.10 (0.63-1.95)
.04870 111 116Cervical 0.56 (0.32-0.97)
.342398 109 588Other 1.17 (0.85-1.63)
.869494 102 492Any 1.02 (0.85-1.21)

Musculoskeletal
.46581 111 405Back pain 1.28 (0.66-2.49)
.92377 111 609Joint pain 1.04 (0.49-2.22)
.731730 110 256Osteoporosis 0.93 (0.63-1.39)
.949655 102 331Osteoarthritis 0.99 (0.84-1.18)

Respiratory
.0413 896 98 090Asthma 1.17 (1.01-1.35)
.812350 109 636COPD 0.96 (0.69-1.34)
.341576 110 410Pneumonia 0.82 (0.55-1.23)
.136251 105 735Hay fever 0.85 (0.70-1.05)

.331030 110 956Sciatica 1.28 (0.77-2.13)

.791849 110 137Prolapsed disk 1.05 (0.73-1.52)

5.01.00.5

Results are standardized to a 1-SD increase in waist-to-hip ratio adjusted for
bodymass index due to polygenic risk score. All estimates were derived in UK
Biobank using instrumental variables regression (adjusting for age, sex, and 10
principal components of ancestry). The threshold for significance was P < .0014

(0.05/35 = 0.0014). Size of data markers is inversely proportional to variance of
estimate. COPD indicates chronic obstructive pulmonary disease; OR, odds
ratio; SNP, single-nucleotide polymorphism.
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tion as the genetic estimate reported here, 33.7% of myocar-
dial infarctions were attributed to increased WHR compared
with 10.8% of infarctions attributed to overweight and obe-
sity (BMI >25).6 When combined with the evidence support-
ive of causality reported here, these results raise the potential
that abdominal adiposity, independent of elevated BMI, is a
major driver of global CHD burden.

Third,WHR adjusted for BMImight prove useful as a bio-
marker for thedevelopmentof therapies toprevent type2dia-
betes andCHD.Although a substantial focus of drug develop-
ment has been toward therapeutics to reduce overall
adiposity,30 there has been little effort toward the develop-
ment of therapies thatmodify body fat distribution to reduce
abdominal adiposity. Ongoing research to understand the
mechanistic links between the numerous genetic loci that in-
fluenceWHR adjusted for BMImay lead to novel therapeutic
strategies to reduce abdominal adiposity and reduce the risk
of type 2 diabetes and CHD.

The mendelian randomization approach used in this
study rests on 2major principles (Figure 1). First, it requires a
strong link between the genetic variants used as an instru-
ment and the exposure (WHR adjusted for BMI, assumption 1
in Figure 1). The 48-SNP polygenic risk score explained 1.5%
of variance in WHR adjusted for BMI and had an F statistic of
1713 in the UK Biobank, classifying it as a strong instrument
with negligible weak instrument bias.31 Second, mendelian
randomization assumes the absence of pleiotropy, that is,
it assumes that the genetic variants used as an instrument
affect the outcome (CHD) through the exposure (WHR
adjusted for BMI) and not through any other pathway or con-
founding factors (assumptions 2 and 3 in Figure 1). Although
it is not possible to directly test whether pleiotropy is present
in any mendelian randomization study,32 a number of steps
were taken in this study to reduce the risk of pleiotropy,
including use of 3 different genetic instruments, use of

weighted median regression, and use of an instrument asso-
ciated with higher WHR adjusted for BMI in women but not
men. Results from 4 of 5 of these sensitivity analyses were
consistent with the primary results. Tests for interaction
using sex-specific instruments for CHD and diabetes were
directionally consistent with expectation but did not demon-
strate significant heterogeneity of effect by sex. This analysis
required individual-level data available only in UK Biobank
participants and may have been underpowered to detect a
difference. Future research that explores such sex-specific
instruments in larger data sets may prove more conclusive.

This study has several limitations. First, although a num-
ber of approaches were used in an attempt to rule out pleio-
tropy, it is possible that these results represent a shared ge-
neticbasisbetweenWHRadjusted forBMIandCHDrather than
a causal relationship. Second, prevalent events largely de-
rived from a verbal interview with a nurse were used for the
phenome-wide association studyof 35differentdisorders.Al-
though these events are likely to be of greater specificity and
sensitivity than codedmortality data, they have not been in-
dependently validated. Third, the phenome-wide associa-
tion study may have been underpowered to detect an asso-
ciation of geneticWHRadjusted for BMIwith outcomes other
than type 2 diabetes and CHD. Fourth, this analysis was re-
stricted to individuals of European ancestry; the association
of geneticWHRadjusted forBMIwith type2diabetes andCHD
may differ by ethnicity or genetic ancestry.

Conclusions
A genetic predisposition to higherWHR adjusted for BMIwas
associated with increased risk of type 2 diabetes and CHD.
These results provide evidence supportive of a causal asso-
ciation between abdominal adiposity and these outcomes.
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DNA Sequence Variation in ACVR1C Encoding the Activin
Receptor-Like Kinase 7 Influences Body Fat Distribution
and Protects Against Type 2 Diabetes
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A genetic predisposition to higher waist-to-hip ratio ad-
justed for BMI (WHRadjBMI), a measure of body fat distri-
bution, associates with increased risk for type 2 diabetes.
We conducted an exome-wide association study of coding
variation in UK Biobank (405,569 individuals) to identify
variants that lower WHRadjBMI and protect against type
2 diabetes. We identified four variants in the gene ACVR1C
(encoding the activin receptor-like kinase 7 receptor
expressed on adipocytes and pancreatic b-cells), which
independently associated with reduced WHRadjBMI:
Asn150His (20.09 SD, P = 3.4 3 10217), Ile195Thr (20.15
SD, P = 1.0 3 1029), Ile482Val (20.019 SD, P = 1.6 3 1025),

and rs72927479 (20.035 SD, P = 2.6 3 10212). Carriers of
these variants exhibited reduced percent abdominal fat in
DEXA imaging. Pooling across all four variants, a 0.2 SD
decrease in WHRadjBMI through ACVR1Cwas associated
with a 30% lower risk of type 2 diabetes (odds ratio [OR]
0.70, 95% CI 0.63, 0.77; P = 5.6 3 10213). In an analysis of
exome sequences from 55,516 individuals, carriers of pre-
dicted damaging variants in ACVR1C were at 54% lower
risk of type 2 diabetes (OR 0.46, 95% CI 0.27, 0.81; P =
0.006). These findings indicate that variants predicted to
lead to loss of ACVR1C gene function influence body fat
distribution and protect from type 2 diabetes.
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Discovery of genetic variants that protect against disease
can identify novel mechanisms of disease and novel ther-
apeutic targets (1). For example, the discovery of low-
frequency coding variants in PCSK9 , ANGPTL3 , and
APOC3 that lower blood lipid levels and protect against
coronary artery disease catalyzed the development of novel
therapeutics for coronary artery disease (2–10). PCSK9
inhibitors are now approved for treatment of coronary
artery disease (4), while inhibitors of ANGPTL3 (7) and
APOC3 (11) are in clinical development.

Body fat distribution strongly influences the develop-
ment of type 2 diabetes (12–14). In a Mendelian random-
ization study of 296,291 individuals, we previously found
that a genetic predisposition to increased abdominal fat
distribution was associated with elevated triglyceride lev-
els, elevated blood pressure, and an increased risk of
coronary artery disease, independent of overall adiposity
(12). Furthermore, a genetic predisposition to increased
abdominal fat distribution was strongly associated
with the development of type 2 diabetes. For each 1 SD
genetic increase in waist-to-hip ratio adjusted for BMI
(WHRadjBMI) (a measure of body fat distribution), risk of
type 2 diabetes increased by 77% (12). These findings were
replicated in a separate Mendelian randomization study
(14).

These results suggest the hypothesis that genetic var-
iants that influence body fat distribution may also in-
fluence the risk of type 2 diabetes (12). Here, we test this
hypothesis by analyzing genetic variation in more than
400,000 individuals in UK Biobank to identify novel
genetic variants that lower WHRadjBMI and protect
against type 2 diabetes. Below, we demonstrate that
variants predicted to lead to loss of function of the
gene ACVR1C, which encodes the activin receptor-like
kinase 7 (ALK7), influence body fat distribution and pro-
tect against type 2 diabetes.

RESEARCH DESIGN AND METHODS

Study Design
In our discovery analysis, we analyzed the association of
614,042 coding variants with WHRadjBMI in 405,569
individuals in UK Biobank. Coding variants were defined
as missense variants or variants predicted to result in loss
of function of the protein: 1) nonsense mutations that
resulted in early termination of a protein, 2 ) frameshift
mutations due to insertions or deletions of DNA, or 2 )
splice-site mutations that result in an incorrectly spliced
protein. Only variants imputed with a quality score (info
score) .0.3 were analyzed. Threshold for significance was
defined as P , 5 3 1028 (genome-wide significance), and
analysis was performed using PLINK2 software (15). We
reported novel variants as those located more than one
megabase away from previously identified loci in the
Genetic Investigation of ANthropometric Traits (GIANT)
Consortium (16). We reported variants located outside of
the MHC locus separately from those within the MHC
locus, as variants within the MHC locus typically tag HLA

risk alleles and are thus associated with phenotypes due to
linkage disequilibrium with HLA alleles (17). We attemp-
ted to replicate the association of novel variants with
WHRadjBMI using data from the GIANT Consortium,
when the variant was available in the GIANT Consortium
(16).

Upon identification of variants in ACVR1C as signifi-
cantly associated with WHRadjBMI, a conditional analysis
was conducted to identify additional variants signifi-
cantly associated (P , 0.0001) with WHRadjBMI within
the ACVR1C locus (6250 kb of the lead variant rs55920843).
To replicate observed associations of ACVR1C variants
with WHRadjBMI, we examined whether carriers of these
variants had reduced WHRadjBMI in a meta-analysis
of the GIANT Consortium and two independent cohorts
(Atherosclerosis Risk in Communities [ARIC] and Fra-
mingham Heart Study). We also examined whether these
variants were associated with direct imaging-based mea-
surements of abdominal fat in 4,215 participants who
underwent DEXA imaging in UK Biobank.

To test whether identified ACVR1C variants were also
associated with risk of type 2 diabetes, we pooled data from
the DIAbetes Genetics Replication And Meta-analysis
(DIAGRAM) Consortium (ExTexT2D exome chip analysis
[18]) with UK Biobank. To test whether variation lead-
ing to loss of ACVR1C function protects against type 2
diabetes, we analyzed the sequences of the nine exons of
ACVR1C in 55,516 participants (31,672 from the Myocar-
dial Infarction Genetics Consortium [MIGen] [19,20],
5,388 from the ARIC study, and 18,456 from the Type
2 Diabetes Genetic Exploration by Next-generation se-
quencing in multi-Ethnic Samples [T2D-GENES] Consor-
tium [21]) and examined whether predicted damaging
variants in the gene associate with risk of type 2 diabetes.

A phenome-wide association study of ACVR1C in UK
Biobank was performed using an ACVR1C gene risk score
(22). Definitions for 31 different diseases analyzed in the
phenome-wide association study are provided (Supple-
mentary Table 1). Three metabolic traits available in UK
Biobank (urinary albumin-to-creatinine ratio, systolic
blood pressure, and diastolic blood pressure) were also
analyzed. A P value of 0.001 (0.05/34) was used for
significance in this analysis.

Data Sources
For the analysis of WHRadjBMI, individual-level data from
405,569 unrelated individuals from the UK Biobank
(335,660 individuals of European ancestry and 69,909
individuals of non-European ancestry) were analyzed.
UK Biobank received ethical approval from the Research
Ethics Committee (reference number 11/NW/0382). Anal-
ysis of UK Biobank was approved by the Partners Health
Care Institutional Review Board (protocol 2013P001840).
Informed consent was obtained from all participants by
UK Biobank. For replication, data for WHRadjBMI from
the GIANT Consortium (in which the Ile482Val variant
was available) were pooled with data from the ARIC and
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Framingham Heart Study data sets (in which Asn150His,
Ile195Thr, and rs72927479 variants were available). The
GIANT Consortium consisted of 224,459 participants
(210,088 of European ancestry and 14,371 of non-European
ancestry) genotyped using the MetaboChip (16). The ARIC
study is a community-based study of 15,792 white and
black participants, aged 45 to 64 years (23). The ARIC data
set consisted of 10,122 individuals (8,015 of European
ancestry and 2,107 of non-European ancestry) who were
genotyped and imputed, as previously described (24). For
5,388 participants, exome sequences were also available
for analysis. In the Framingham Heart Study, a community--
based study of 10,092 individuals of predominantly Euro-
pean ancestry, genotyped data were available from 6,073
individuals of European ancestry.

For the analysis of type 2 diabetes, estimates from UK
Biobank were pooled using inverse variance–weighted
fixed-effects meta-analysis with estimates from the DIA-
GRAM ExTexT2D exome chip analysis of 452,244 partic-
ipants (81,412 case subjects with diabetes and 370,832
control subjects) (18). In UK Biobank, type 2 diabetes was
defined as 1) self-report of type 2 diabetes, followed by
a verbal interview with a trained nurse to confirm the
diagnosis, or 2 ) hospitalization for ICD code E11. Because
the ExTexT2D analysis included 120,286 participants from
UK Biobank (18), these individuals were excluded from the
analysis of type 2 diabetes in UK Biobank to prevent
analysis of overlapping samples.

Sequence data for ACVR1C were extracted from exome
sequencing performed in MIGen as previously described
(19,20). The Burrows–Wheeler aligner algorithm was used
to align reads from participants to the reference genome
(hg19). The GATK HaplotypeCaller was used to jointly call
variants. Metrics including variant quality score recalibra-
tion, quality over depth, and strand bias were then used to
filter variants. The Jackson Heart Study (JHS) was ex-
cluded from analysis of MIGen, as it was included in the
T2D-GENES Consortium. Exome sequences from 5,388
participants in ARIC were analyzed as previously described
(25). Phenotype and genotype data were retrieved from
the National Center for Biotechnology Information dbGaP
server (accession phs000090.v3.p1 and phs000572.v6.p4).
Exome sequencing was performed in the T2D-GENES
Consortium as previously described (21). To analyze exome
sequences from the T2D-GENES Consortium, the online
Genetic Association Interactive Tool in the Type 2 Diabetes
Knowledge Portal was used (21).

Studies included in MIGen were 1) the Italian Athero-
sclerosis, Thrombosis, and Vascular Biology (ATVB) study
(dbGaP study accession phs000814.v1.p1); 2 ) the Exome
Sequencing Project Early-Onset Myocardial Infarction
(ESP-EOMI) study (9); 3 ) a nested case-control cohort
from the JHS; 4 ) the South German Myocardial Infarc-
tion study (dbGaP study accession phs000916.v1.p1); 5 )
the Ottawa Heart Study (OHS) (dbGaP study accession
phs000806.v1.p1); 6 ) the Precocious Coronary Artery
Disease (PROCARDIS) study (dbGaP Study Accession

phs000883.v1.p1) ; 7 ) the Pakistan Risk of Myocar-
dial Infarction Study (PROMIS) (dbGaP study accession
phs000917.v1.p1); 8 ) the Registre Gironí del COR (Gerona
Heart Registry or REGICOR) study (dbGaP study accession
phs000902.v1.p1); 9 ) the Leicester Myocardial Infarction
study (dbGaP study accession phs001000.v1.p1); 10 ) the
BioImage study (dbGaP study accession phs001058.v1.p1);
and 11) the North German Myocardial Infarction study
(dbGaP Study Accession phs000990.v1.p1).

Predicted damaging ACVR1C variants in the exome
sequencing analysis were defined as those that resulted
in loss of function of the protein (nonsense mutations that
resulted in early termination of ACVR1C, frameshift muta-
tions due to insertions or deletions of DNA, or splice-site
mutations that result in an incorrectly spliced protein) or
those labeled as damaging by each of five different algo-
rithms (LRT score, MutationTaster, PolyPhen-2 HumDiv,
PolyPhen-2 HumVar, and SIFT), as previously described
(19,26). The Variant Effect Predictor algorithm was used
to annotate predicted damaging variants (27).

Statistical Analysis
In UK Biobank, WHRadjBMI was derived through inverse
normal transformation of waist-to-hip ratio after adjust-
ment for age, sex, and BMI (as in the GIANT Consortium
[16]). In UK Biobank, linear regression was used to esti-
mate the association of variants with WHRadjBMI. All UK
Biobank analyses included adjustment for age, sex, 10 prin-
cipal components of ancestry, and a dummy variable for
the array type used in genotyping. Logistic regression was
used to estimate the association of variants with type
2 diabetes. Estimates of the association of each variant
with type 2 diabetes in UK Biobank were pooled with
estimates from the ExTexT2D Consortium using inverse
variant–weighted fixed-effects meta-analysis.

In the primary analysis of 405,569 individuals for
WHRadjBMI, we had 80% power to detect a minimum
effect of 0.05 SD with a minor allele frequency of 5% at
genome-wide significance (P , 5 3 1028). In the primary
analysis of 95,978 case subjects with type 2 diabetes and
646,985 control subjects, we had 80% power to detect
a minimum odds ratio (OR) of 1.05 at P, 53 1028. With
a minor allele frequency of 1%, we had 80% power to
detect a minimum effect of 0.1 SD for WHRadjBMI and an
OR of 1.10 for type 2 diabetes at P , 5 3 1028.

To estimate the overall association of variation in
ACVR1C with WHRadjBMI, we pooled across all vari-
ants using a gene risk score, weighted by the square root
of allele frequency (estimating a weighted mean effect
of ACVR1C variants on WHRadjBMI) (28). To estimate
the overall association of variation in ACVR1C with type
2 diabetes, we pooled across all variants in a gene risk
score, weighted by the association of each variant with
WHRadjBMI (29).

For analysis of exome sequencing data, logistic regres-
sion was performed with adjustment for sex, five principal
components of ancestry, and a dummy variable for each
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cohort to estimate the association of predicted damaging
variants with type 2 diabetes. Estimates from MIGen were
pooled with estimates from the T2D-GENES Consortium
using inverse variance–weighted fixed-effects meta-analysis.

For the phenome-wide association study, all four
ACVR1C variants were pooled in a gene risk score in UK
Biobank, as previously described (25,30). For each indi-
vidual in UK Biobank, the ACVR1C variants associated with
lower WHRadjBMI were weighted by their effect on
WHRadjBMI and summed. The association of this gene
risk score with 31 different diseases in UK Biobank and
three metabolic traits was tested using logistic regression
with adjustment for age, sex, 10 principal components of
ancestry, and a dummy variable for the array type used in
genotyping. Although exploratory due to the low number
of case subjects for certain diseases (e.g., 1,707 case
subjects for cervical cancer), we conducted this analysis
to detect possible adverse associations of ACVR1C with
diseases that could allow for prediction of adverse effects
of pharmacologic inhibition of ACVR1C.

Analyses were performed using R version 3.2.3 (R
Project for Statistical Computing).

RESULTS

Exome-Wide Association Study of Body Fat
Distribution in UK Biobank
Among 405,569 participants in UK Biobank, 54% were
female, the median age was 57 years, and the median
waist-to-hip ratio, measured at enrollment, was 0.87 (Ta-
ble 1). One SD in waist-to-hip ratio corresponded to an
absolute change of 0.09. In an analysis of 614,012 coding
variants in UK Biobank, no evidence of genomic inflation
was observed (l 1.08) (Supplementary Fig. 1).

We identified 16 low-frequency variants (,5%) asso-
ciated with WHRadjBMI outside of known loci (Sup-
plementary Table 2) (16). We identified an additional
43 novel common variants (frequency .5%) associated
with WHRadjBMI (Supplementary Table 3). We identified
94 independent variants in total, including variants at
known loci (Supplementary Data). Of 59 novel coding
variants, 34 variants were available in the GIANT Consor-
tium for replication (16). A strong correlation in the ef-
fect sizes of the association of variants with WHRadjBMI
in UK Biobank and GIANT was observed (R2 = 0.87). A
total of 24 variants were independently associated with

WHRadjBMI in GIANT (P , 0.05) (Supplementary Table
4). Of the 10 variants that were not significantly associated
with WHRadjBMI in GIANT (P . 0.05), only 3 variants
exhibited evidence of heterogeneity between estimates in
UK Biobank and GIANT, with the remaining 7 variants
showing similar estimates of association in UK Biobank
and GIANT (although not reaching significance in GIANT)
(Supplementary Table 4).

The lead novel low-frequency variant was a missense
variant in PNPLA2 (rs140201358, Asn252Lys) that asso-
ciated with elevated WHRadjBMI (0.09 SD, P = 3.2 3
10219). PNPLA2 encodes adipocyte triglyceride lipase,
which hydrolyzes triglycerides in adipose tissue to mobilize
fat stores (31). Two low-frequency missense variants in
ABHD15 , which encodes alpha/beta hydrolase domain-
containing protein 15, were found to be associated with
elevated WHRadjBMI. ABHD15 is also highly expressed in
adipocytes and has been reported to mediate insulin-in-
duced suppression of lipolysis in adipocytes (32). We also
identified a low-frequency variant in a known locus
(CALCRL Leu87Pro, 0.1% frequency) associated with lower
WHRadjBMI (20.14 SD, P = 1.9 3 10211). A common
noncoding variant in the CALCRL locus, encoding calcito-
nin receptor-like receptor, was previously identified in the
GIANT Consortium as associated with WHRadjBMI (16).
The identification of an independent low-frequency mis-
sense variant in the gene suggests that CALCRLmay be the
causal gene at this locus.

Variation Leading to Lower WHRadjBMI: The ACVR1C
Locus
We next focused on novel variant alleles leading to lower
WHRadjBMI. The lead novel low-frequency variant asso-
ciated with lower WHRadjBMI lay within the gene ACVR1C.
ACVR1C Asn150His (allele frequency 1.1%) associated
with 0.09 SD lower WHRadjBMI (P = 3.4 3 10217). An
independent missense variant in ACVR1C, Ile195Thr
(AF 0.4%), also associated with lower WHRadjBMI
(0.15 SD, P = 1.0 3 1029).

Upon conditioning on these two variants, we identified
an additional coding variant: Ile482Val (AF 7%), which
associated with 0.019 SD lower WHRadjBMI (P = 1.6 3
1025), and rs72927479, a noncoding variant, for which the
minor G allele (AF 5%) was associated with 0.035 SD lower
WHRadjBMI (P = 2.63 10212) (Table 2). Despite being an

Table 1—Baseline characteristics of participants in UK Biobank
All participants
(N = 405,569)

Type 2 diabetes case subjects
(N = 20,458)

Control subjects without diabetes
(N = 385,111)

Age, years 57 6 8.1 61 6 6.9 57 6 8.1

Female 218,376 (54) 7,801 (38) 210,575 (55)

UK BiLEVE array 48,625 (12.0) 3,097 (15) 45,528 (12)

BMI, kg/m2 27 6 4.8 32 6 5.9 27 6 4.6

Waist-to-hip ratio 0.87 6 0.09 0.95 6 0.08 0.87 6 0.09

Data are mean 6 SD or n (%).
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independent signal for WHRadjBMI, the noncoding vari-
ant rs72927479 is nominally correlated with Ile482Val
(r2 = 0.06 in UK Biobank). No other variants were corre-
lated with one another in UK Biobank (all r2 , 0.001).

Pooling across all four variants with weighting by
square root of allele frequency, ACVR1C variation was
associated with lower WHRadjBMI in UK Biobank
(20.07 SD, P = 2.6 3 10235). To replicate this finding,
we pooled data from the GIANT Consortium (in which the
Ile482Val variant was available, n = 224,156) with data
from ARIC and Framingham Heart Study data sets (in
which Asn150His, Ile195Thr, and rs72927479 variants
were available, n = 13,704). Pooling across all four variants
in these three replication studies, variation in ACVR1C was
associated with reduced WHRadjBMI (20.07 SD, P =
0.0005) (Supplementary Table 5).

Examining other anthropometric traits in UK Biobank,
variation in ACVR1C was associated with elevated hip
circumference (0.035 SD, P = 3 3 1028) and nominally
elevated BMI (0.02 SD, P = 0.002) and was unassociated
with waist circumference (20.007 SD, P = 0.20) or height
(0.005 SD, P = 0.23). In the Meta-Analyses of Glucose and
Insulin-related traits Consortium (MAGIC) analysis of in-
sulin resistance (HOMA-IR), Ile482Val (the only ACVR1C
variant available for analysis) was unassociated with
HOMA-IR (21.1%, P = 0.17) (33).

We examined whether ACVR1C variation also associ-
ated with direct imaging measurement of abdominal obe-
sity. A total of 4,215 participants in UK Biobank
underwent DEXA imaging to estimate abdominal fat
mass. Carriers of ACVR1C variants had lower percent
abdominal fat (P = 0.008) (Fig. 1). When one outlying
individual with four ACVR1C variants was excluded (Fig.
1), carriers of ACVR1C continued to have significantly
lower percent abdominal fat (P = 0.009).

Association of Variants in ACVR1C With Type
2 Diabetes
Genetic predisposition to increased WHRadjBMI strongly
predisposes to type 2 diabetes (12). We therefore exam-
ined whether variants in ACVR1C that lower WHRadjBMI
adiposity protect against type 2 diabetes. In a combined
analysis of UK Biobank and the DIAGRAM Consortium, all
four ACVR1C variants were found to independently pro-
tect against type 2 diabetes (OR 0.88, P = 8.7 3 1025 for

Asn150His; OR 0.79, P = 0.005 for Ile195Thr; OR 0.95, P =
4.8 3 1026 for Ile482Val; OR 0.93, P = 0.0006 for
rs72927479) (Table 1). Pooling across all four variants,
a 0.2 SD decrease in WHRadjBMI through ACVR1C was
associated with a 30% lower risk of type 2 diabetes (OR
0.70, 95% CI 0.63, 0.77; P = 5.63 10213) (Fig. 2). When we
excluded the noncoding variant rs72927479, which is
nominally correlated with Ile482Val (r2 = 0.06 in UK
Biobank), the ACVR1C gene risk score remained associated
with risk of type 2 diabetes (OR 0.71, 95% CI 0.64, 0.79;
P = 1.8 3 10210)

In three independent data sets with exome sequence
data—MIGen, ARIC, and the T2D-GENES Consortium—
we examined whether variants predicted to damage
ACVR1C gene function protect against type 2 diabetes.
The nine exons of the ACVR1C gene were sequenced in

Table 2—Association of variants in ACVR1C with WHRadjBMI and with type 2 diabetes

Variant
Minor allele

frequency (%)

WHRadjBMI Type 2 diabetes

b (95% CI) P value OR (95% CI) P value

Asn150His 1.1 20.089 (20.11, 20.067) 3.4 3 10217 0.88 (0.83, 0.94) 8.7 3 1025

Ile195Thr 0.2 20.15 (20.09, 0.19) 1.0 3 1029 0.79 (0.67, 0.93) 0.005

Ile482Val 7.2 20.019 (20.01, 20.027) 1.6 3 1025 0.95 (0.93, 0.97) 4.8 3 1026

rs72927479 5.1 20.035 (20.045, 20.025) 2.6 3 10212 0.93 (0.89, 0.97) 6.0 3 1024

Estimates for WHRadjBMI were derived through linear regression analysis in UK Biobank. Estimates for type 2 diabetes were derived
through meta-analysis of UK Biobank and the DIAGRAM ExTexT2D Consortium.

Figure 1—Across four ACVR1C genetic variants, association of
number of WHRadjBMI-lowering alleles with mean directly mea-
sured abdominal fat (percent abdominal fat of total body fat) in 4,215
participants who underwent DEXA scan in UK Biobank, adjusted for
age, sex, 10 principal components of ancestry, and array type.
Number of participants in each group is displayed in white for
each bar.
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55,516 individuals. A total of 105 predicted damaging
variants were identified (Supplementary Tables 6–8).
Among 16,452 case subjects with type 2 diabetes, the
frequency of predicted damaging variants in ACVR1C
was 0.1% (17) compared with 0.2% (88) among 39,064
control subjects without diabetes. Overall, carrying a pre-
dicted damaging variant in ACVR1C was associated with
54% lower risk of type 2 diabetes (OR 0.46, 95% CI 0.27,
0.81; P = 0.006) (Fig. 3). When we excluded 47 carriers of
I195T (annotated as a predicted damaging variant by five
of five algorithms) in the exome sequencing analysis,
carriers of predicted damaging variants in ACVR1C
remained protected from type 2 diabetes (OR 0.48, 95%
CI 0.24, 0.97; P = 0.04).

To further examine whether loss of ACVR1C function
lowers WHRadjBMI, we examined whether the non-
coding variant rs72927479 associates with ACVR1C
expression. The minor allele of rs72927479 (G, fre-
quency 5%) associated with lower WHRadjBMI
(b 20.035, P = 2.6 3 10212) and type 2 diabetes (OR
0.93, P = 0.0006). In the Genotype-Tissue Expression
(GTEx) data set (34), the minor allele of rs72927479
associated with reduced expression of ACVR1C in sub-
cutaneous adipose tissue (P = 0.02) and pancreas (P =
0.02) (Supplementary Fig. 2).

Phenome-Wide Association Study of ACVR1C in
UK Biobank
To anticipate whether ACVR1C inhibition may be associ-
ated with on-target adverse effects, we conducted a phe-
nome-wide association study of 31 disease phenotypes in
UK Biobank. We did not observe any significant associa-
tions between the ACVR1C gene risk score and the

31 diseases analyzed (Fig. 4). The ACVR1C gene risk score
was unassociated with coronary artery disease (OR 1.01,
P = 0.86). We also examined whether ACVR1C variation
associates with three metabolic traits currently available in
UK Biobank: urinary albumin, systolic blood pressure, and
diastolic blood pressure. While the ACVR1C gene risk score
did not significantly associate with urinary albumin levels,
it associated with significantly lower diastolic blood pres-
sure (20.6 mmHg, P = 0.0004) and nominally lower
systolic blood pressure (20.6 mmHg, P = 0.03).

DISCUSSION

In this study, four genetic variants in ACVR1C, ranging in
frequency from 0.2 to 7.2%, independently associated with
lower WHRadjBMI and protected against type 2 diabetes.
Furthermore, damaging variants in ACVR1C protected
against type 2 diabetes in an analysis of exome sequences
from 55,516 individuals. An ACVR1C gene risk score did
not associate with any of 31 additional diseases in UK
Biobank but did nominally associate with lower blood
pressure.

These results permit several conclusions. First, phar-
maceutical inhibition of ACVR1C may be useful in the
treatment of type 2 diabetes. ACVR1C encodes ALK7,
a transforming growth factor-b family receptor highly
expressed on pancreatic islet cells (35,36) and adipocytes
(37). Overexpression of AKL7 induces growth inhibition
and apoptosis of pancreatic b-cells (36,38), suggesting that
it is a negative regulator of b-cell mass. A number of
findings from model systems also suggest that ALK7 may
be useful as a therapeutic target for abdominal obesity,
type 2 diabetes, and other metabolic diseases. ACVR1C-
deficient mice have been reported to have reduced body fat
when fed a high-fat diet (37,39) and have improved glucose
tolerance and insulin sensitivity when obese (37). Chem-
ical inhibition of ACVR1C has also been shown to reduce
fat accumulation and increase lipolysis in mice (40). Rats
with streptozocin-induced diabetes show elevated ALK7
expression, and shRNA knockdown of ACVR1C reduces
arterial stiffness in this model (41). In combination with
the human genetic results presented here, these findings
suggest that inhibition of ACVR1C may prove useful to
modify body fat distribution and lower risk for type 2 di-
abetes.

Figure 2—Association of four variants in ACVR1C with WHRadjBMI
(x-axis) and type 2 diabetes (T2D) (y-axis).

Figure 3—Association of predicted damaging variants in ACVR1C
with type 2 diabetes (T2D) from sequences in MIGen, ARIC, and the
T2D-GENES Consortium (T2D Genes).
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Second, the lack of association of the ACVR1C gene risk
score with 31 different diseases in UK Biobank suggests
that therapeutic ACVR1C inhibition may not have adverse
on-target effects. In the Exome Aggregation Consortium
(ExAC), ACVR1C is tolerant of loss-of-function variants,
with 18 of 66,720 individuals of European ancestry
carrying an early stop codon (Leu32Ter) in ACVR1C
(42). In combination with the phenome-wide association
study presented here, these findings suggest that ACVR1C
could be safely inhibited. However, due to the small
number of case subjects for many of the analyzed diseases

and the multiple diseases tested in the phenome-wide
association study, modest associations of ACVR1C vari-
ation with the analyzed phenotypes cannot excluded.
Furthermore, many common adverse effects of therapeutics,
such as elevations in liver function enzymes, could not be
analyzed due to a lack of available data in UK Biobank. In
particular, ALK7-deficient mice have been reported to
have lengthened QT intervals (43), a phenotype that was
unavailable for analysis in UK Biobank. The association of
the ACVR1C gene risk score with nominally lower di-
astolic and systolic blood pressure suggests that ACVR1C

Figure 4—Association of ACVR1C gene risk score with 31 disease phenotypes in UK Biobank. COPD, chronic obstructive pulmonary
disease.
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inhibition may have the additional benefit of lowering
blood pressure. However, this finding, which did not
reach genome-wide significance, requires replication in
independent data sets.

The primary strength of the analysis is the use of
multiple data sources to replicate the association of ACVR1C
variation with WHRadjBMI and type 2 diabetes. We dem-
onstrated associations of ACVR1C with WHRadjBMI and
type 2 diabetes to greater than genome-wide significance
(P = 2.6 3 10235 for WHRadjBMI and P = 5.6 3 10213 for
type 2 diabetes). We further showed that variants leading to
loss of ACVR1C function protected against diabetes in an
analysis of predicted damaging variants in exome sequences
of 55,516 individuals. A primary limitation of the analysis is
that we did not experimentally characterize the analyzed
variants. The consistent protective associations observed
with three different ACVR1Cmissense variants, with a non-
coding variant that reduces ACVR1C expression, and with
variants predicted to truncate the ACVR1C protein or
predicted to damage ACVR1C function by five different
algorithms suggest that variants leading to loss of ACVR1C
function protect against type 2 diabetes. However, experi-
mental demonstration that ACVR1C variants that lower
WHRadjBMI and protect against type 2 diabetes actually
reduce ALK7 receptor function is necessary before it can be
concluded that ACVR1C deficiency will protect against type
2 diabetes. A second limitation is that pharmaceutical
ACVR1C inhibition may be associated with off-target effects
that cannot be characterized in a human genetic study.

In summary, variants predicted to damage ACVR1C gene
function lower WHRadjBMI and protect against type 2 di-
abetes. These findings provide human genetic validation for
the ACVR1C gene as a therapeutic target for type 2 diabetes.
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BACKGROUND: Nitric oxide signaling plays a key role in the regulation of 
vascular tone and platelet activation. Here, we seek to understand the impact 
of a genetic predisposition to enhanced nitric oxide signaling on risk for 
cardiovascular diseases, thus informing the potential utility of pharmacological 
stimulation of the nitric oxide pathway as a therapeutic strategy.

METHODS: We analyzed the association of common and rare 
genetic variants in 2 genes that mediate nitric oxide signaling (Nitric 
Oxide Synthase 3 [NOS3] and Guanylate Cyclase 1, Soluble, Alpha 
3 [GUCY1A3]) with a range of human phenotypes. We selected 2 
common variants (rs3918226 in NOS3 and rs7692387 in GUCY1A3) 
known to associate with increased NOS3 and GUCY1A3 expression and 
reduced mean arterial pressure, combined them into a genetic score, 
and standardized this exposure to a 5 mm Hg reduction in mean arterial 
pressure. Using individual-level data from 335 464 participants in the UK 
Biobank and summary association results from 7 large-scale genome-wide 
association studies, we examined the effect of this nitric oxide signaling 
score on cardiometabolic and other diseases. We also examined whether 
rare loss-of-function mutations in NOS3 and GUCY1A3 were associated 
with coronary heart disease using gene sequencing data from the 
Myocardial Infarction Genetics Consortium (n=27 815).

RESULTS: A genetic predisposition to enhanced nitric oxide signaling was 
associated with reduced risks of coronary heart disease (odds ratio, 0.37; 
95% confidence interval [CI], 0.31‒0.45; P=5.5*10–26], peripheral arterial 
disease (odds ratio 0.42; 95% CI, 0.26‒0.68; P=0.0005), and stroke (odds 
ratio, 0.53; 95% CI, 0.37‒0.76; P=0.0006). In a mediation analysis, the 
effect of the genetic score on decreased coronary heart disease risk extended 
beyond its effect on blood pressure. Conversely, rare variants that inactivate 
the NOS3 or GUCY1A3 genes were associated with a 23 mm Hg higher 
systolic blood pressure (95% CI, 12‒34; P=5.6*10–5) and a 3-fold higher risk 
of coronary heart disease (odds ratio, 3.03; 95% CI, 1.29‒7.12; P=0.01).

CONCLUSIONS: A genetic predisposition to enhanced nitric oxide signaling 
is associated with reduced risks of coronary heart disease, peripheral arterial 
disease, and stroke. Pharmacological stimulation of nitric oxide signaling 
may prove useful in the prevention or treatment of cardiovascular disease.
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Nitric oxide signaling is a key regulator of vas-
cular tone, blood pressure, and platelet aggre-
gation.1,2 Endothelial nitric oxide synthase, en-

coded by the gene NOS3, generates nitric oxide in the 
vascular endothelium (Figure 1).3 Nitric oxide acts as a 
signaling molecule to activate soluble guanylyl cyclase, 
a heterodimeric protein with 1 subunit encoded by the 
gene GUCY1A3.3,4 Cyclic guanosine monophosphate  
produced by soluble guanylyl cyclase then activates 
downstream signaling molecules, leading to vasodila-
tion, blood pressure lowering, inhibition of platelet ag-
gregation, and other cardiometabolic effects.5,6 NOS3 
and GUCY1A3 are thus key mediators of nitric oxide 
signaling and its downstream effects (Figure 1).

Previous studies have noted increased blood pressure 
and atherosclerotic burden in endothelial nitric oxide 
synthase‒/‒ knockout mice,7,8 whereas loss of soluble 
guanylyl cyclase promotes thrombus formation.9 Com-
mon noncoding variants in the NOS3 and GUCY1A3 loci 
associate with blood pressure and coronary heart disease 
(CHD) in genome-wide association studies, consistent 
with a role of nitric oxide signaling in the regulation of 
arterial blood pressure.10–12 Furthermore, a rare coding 
variant in GUCY1A3 was identified as associating with 
early onset myocardial infarction in a German family.9 
These findings in mice and humans suggest that stimula-
tion of nitric oxide signaling may be a useful therapeutic 
strategy for the prevention of cardiovascular diseases.

DNA sequence variants in therapeutic target genes 
represent naturally occurring, lifelong variation of the 
gene (ie, experiments of nature). Consequently, if a ge-
netic predisposition to enhanced nitric oxide signaling 
associates with a reduced risk of cardiovascular and oth-
er diseases, these results would support the therapeutic 

hypothesis that pharmacological stimulation of nitric ox-
ide signaling (eg, through soluble guanylyl cyclase stimu-
lation13) will prevent or treat cardiovascular disease. Fur-
thermore, if the association of nitric oxide signaling with 
CHD risk is partially mediated through blood pressure-
independent pathways, stimulation of nitric oxide signal-
ing may represent an approach for CHD prevention in-
dependent of current blood pressure-lowering therapies.

We therefore sought to use common and rare DNA se-
quence variants in NOS3 and GUCY1A3 to: (1) determine 
the effects of a genetic predisposition to enhanced nitric 
oxide signaling on a range of cardiometabolic and other 
diseases, (2) assess whether the effect of nitric oxide sig-
naling on CHD is primarily mediated through blood pres-
sure, and (3) determine whether rare inactivating variants 
in NOS3 and GUCY1A3 that are predicted to reduce nitric 
oxide signaling associate with higher risk for CHD.

METHODS
The data, analytic methods, and study materials are avail-
able to other researchers for the purposes of reproducing the 
results or replicating the procedure, with access maintained 
by UK Biobank.14

Study Design, Data Sources, and Study 
Participants
The study design is shown in Figure I in the online-only Data 
Supplement. We used individual-level data from 335 464 indi-
viduals of European ancestry from the UK Biobank, a large 
population-based cohort (Methods A in the online-only Data 
Supplement). Characteristics of individuals in UK Biobank 
are provided (Table I in the online-only Data Supplement). 
We supplemented this individual-level data with 7 genome-
wide association study consortia examining blood lipids, 
anthropometric traits, glycemic traits, diabetes mellitus, CHD, 
migraine, and renal dysfunction, all predominantly contain-
ing individuals of European descent (Methods B and Table II 
in the online-only Data Supplement). Finally, we used gene 
sequence data from 27 815 participants from the Myocardial 
Infarction Genetics Consortium and 16 857 participants from 
the T2D GENES study (Type 2 Diabetes Genetic Exploration 
by Next-Generation Sequencing in Multi-Ethnic Samples)15 to 
examine whether rare variants in the NOS3-GUCY1A3 path-
way associate with blood pressure and CHD (Methods C in 
the online-only Data Supplement).

In our primary analysis, we examined the effect of a 
genetic predisposition to enhanced nitric oxide signaling on 9 
different cardiometabolic diseases: CHD, stroke, heart failure, 
atrial fibrillation, aortic stenosis, peripheral vascular disease, 
venous thromboembolism, diabetes mellitus, and chronic 
kidney disease (Table III in the online-only Data Supplement). 
We additionally examined the effect of a genetic predispo-
sition to enhanced nitric oxide signaling on 16 quantitative 
traits (Methods A and B in the online-only Data Supplement): 
systolic blood pressure, diastolic blood pressure, waist-to-hip 
ratio adjusted for body mass index,16 body mass index, total 
cholesterol, low-density lipoprotein cholesterol, high-density 
lipoprotein cholesterol, triglycerides, fasting glucose, fasting 

Clinical Perspective

What Is New?
• A genetic predisposition to enhanced nitric oxide 

signaling, as mediated by common variants in the 
NOS3 and GUCY1A3 genes, was associated with 
lower blood pressure and a reduced risk of coro-
nary heart disease, peripheral arterial disease, and 
stroke.

• Rare variants that inactivate either the NOS3 or 
GUCY1A3 gene were associated with increased 
blood pressure and a higher risk of coronary heart 
disease.

What Are the Clinical Implications?
• The results suggest that the pharmacological stim-

ulation of nitric oxide signaling may be an effective 
therapy for the prevention or treatment of athero-
sclerotic cardiovascular disease.
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insulin, 2-hour glucose, hemoglobin A1C, serum creatinine-
estimated glomerular filtration rate, cystatin-C-estimated 
glomerular filtration rate, forced expiratory volume in 1 
second, and the ratio of forced expiratory volume in 1 sec-
ond to forced vital capacity. All traits were standardized (ie, 
reported in standard deviation [SD] units) to facilitate com-
parisons among traits (Methods B in the online-only Data 
Supplement). Using the UK Biobank cohort, we conducted a 
phenome-wide association study for 26 additional diseases, 
including endocrine, renal, urologic, gastrointestinal, neuro-
logical, musculoskeletal, respiratory, and neoplastic disorders 
(Table III in the online-only Data Supplement).

Analysis of the UK Biobank data was approved by the 
Partners Health Care institutional review board (protocol 
2013P001840; application 7089). Informed consent was 
obtained from all participants by the UK Biobank.

Common Variants in NOS3 and GUCY1A3
We leveraged common variants in the NOS3 and GUCY1A3 
loci to characterize the effects of a genetic predisposition 
to enhanced nitric oxide signaling. Two common variants 
were selected as instruments for a genetic predisposition to 
enhanced nitric oxide signaling: a promoter variant of NOS3 
(rs3918226; minor allele frequency 8%) and an intronic vari-
ant of GUCY1A3 (rs7692387; minor allele frequency 19%) 
(Table IV in the online-only Data Supplement). These variants 
were selected because they: (1) have been robustly associ-
ated with blood pressure (a downstream effect of nitric oxide 
signaling); and (2) are located within the endothelial nitric 
oxide synthase-soluble guanylyl cyclase signaling pathway.17,18 
Furthermore, the minor allele of rs7692387 has also recently 
been characterized to reduce GUCY1A3 expression via dis-
ruption of a ZEB1 transcription factor site.19 We examined 

the effect of these variants on NOS3 and GUCY1A3 expres-
sion levels in aortic and lung tissue in the Genotype-Tissue 
Expression project database20 (Methods D in the online-only 
Data Supplement) and the effect of these variants on mean 
arterial pressure in the UK Biobank.

To examine the effects of increased nitric oxide signaling 
on cardiometabolic and other traits, we pooled rs3918226 
and rs7692387 into an additive genetic score (individuals 
had 0–4 risk alleles). We derived this score by multiplying the 
number of risk alleles by the association of each allele with 
mean arterial pressure in the UK Biobank (0.68 mm Hg for 
rs3918226 and 0.32 mm Hg for rs7692387). For example, if 
an individual had 2 risk alleles for rs3918226 and 1 risk allele 
for rs7692387, the genetic score was calculated as 2*0.68 
mm Hg + 0.32 mm Hg = 1.68 mm Hg. Individuals missing 1 
variant (either rs3918226 or rs7692387; n=6036 [1.8%]) 
were imputed at the mean allele frequency for the variant 
prior to calculation of the genetic score. We standardized the 
nitric oxide signaling genetic score to a 5 mm Hg reduction in 
mean arterial pressure, corresponding to the effect of 1.5 mg 
of riociguat (a pharmacological stimulator of soluble guanyl-
ate cyclase) on mean arterial pressure in a recent random-
ized controlled trial.13 The standardization was performed 
by dividing the genetic nitric oxide score by 5 mm Hg (eg, 
1.68 mm Hg/5 mm Hg=0.34). We also report estimates stan-
dardized to a 2.5 mm Hg and 10 mm Hg lower mean arterial 
pressure to clarify the expected reduction in risk of cardiomet-
abolic outcomes with different levels of nitric oxide signaling.

Rare Predicted Loss-of-Function Variants 
in NOS3 and GUCY1A3
Common noncoding variants may influence the expression of 
several nearby genes.21 Therefore, to provide complementary 

Figure 1. Role of NOS3 and GUCY1A3 in nitric oxide signaling.  
Endothelial nitric oxide synthase, encoded by the gene NOS3, generates nitric oxide in the vascular endothelium. Nitric oxide 
acts as a signaling molecule to activate soluble guanylyl cyclase, a heterodimeric protein with 1 subunit encoded by the gene 
GUCY1A3. Cyclic guanosine monophosphate produced by soluble guanylyl cyclase then activates downstream signaling mol-
ecules, leading to vasodilation, blood pressure lowering, inhibition of platelet aggregation, and other cardiometabolic effects. 
cGMP indicates cyclic guanosine monophosphate; and NO, nitric oxide.
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evidence that the NOS3‒GUCY1A3 pathway influences blood 
pressure and CHD risk, we examined whether rare (minor 
allele frequency <1%) predicted loss-of-function variants in 
NOS3 and GUCY1A3 are associated with systolic blood pres-
sure, diastolic blood pressure, and CHD (Methods C in the 
online-only Data Supplement). Predicted loss-of-function vari-
ants were defined as: (1) insertions or deletions of DNA that 
modify the reading frame of protein translation (frameshift); 
(2) point mutations at conserved splice site regions that alter 
the splicing process (splice-site); or (3) point mutations that 
change an amino acid codon to a stop codon, leading to the 
truncation of a protein (nonsense).

For blood pressure, we tested whether presence of a pre-
dicted loss-of-function variant in NOS3 and GUCY1A3 was 
associated with systolic blood pressure or diastolic blood 
pressure in the T2D GENES study (n=16 857). We examined 
whether predicted loss-of-function variants were associated 
with systolic and diastolic blood pressure using the Genetic 
Association Interactive Tool on the Type 2 Diabetes Knowledge 
Portal.15 We used linear regression and adjusted for age, sex, 
and 5 principal components of ancestry.

For CHD, we tested whether presence of a predicted 
loss-of-function variant was associated with CHD in the 
Myocardial Infarction Genetics Consortium (n=27 815) study 
using logistic regression, adjusted for sex, 5 principal compo-
nents of ancestry, and a dummy variable for each cohort. To 
examine whether variants in the NOS3‒GUCY1A3 pathway 
associate with CHD risk, we pooled the effect of predicted 
loss-of-function variants in NOS3 and GUCY1A3 on CHD 
using inverse variance weighted fixed effects meta-analysis.

Statistical Analysis
For the UK Biobank, we estimated the association of the nitric 
oxide signaling genetic score (standardized to a 5 mm Hg 
decrease in mean arterial pressure) with each outcome using 
a logistic regression model adjusting for age, sex, 10 princi-
pal components of ancestry, and a dummy variable for array 
type. For the summary-level data, this approach is equivalent 
to an inverse variance weighted fixed effects meta-analysis 
of the effect of each variant on traits or outcome of interest 
per 5 mm Hg lower mean arterial pressure. Tests for interac-
tion between UK Biobank and summary-level estimates were 
calculated as the difference in log-transformed relative risks, 
as previously described.22

For our primary outcomes (9 cardiometabolic dis-
eases), we set a Bonferroni adjusted level of significance of 
P=0.05/9=0.0056. For our secondary analyses of 16 cardio-
metabolic and pulmonary traits and our phenome-wide asso-
ciation study of 26 phenotypes, we set a level of significance 
of P=0.05/42=0.001.

To examine whether an observed reduction in risk of CHD 
was caused by reduced blood pressure, a mediation analy-
sis was conducted. An estimate of the causal effect of sys-
tolic blood pressure on CHD risk was derived from a recent 
genome-wide association study (odds ratio [OR],  1.21; 95% 
confidence interval [CI], 1.17‒1.24 per 5 mm Hg higher 
systolic blood pressure) (Methods E in the online-only Data 
Supplement).11 This effect was then multiplied by the decrease 
in systolic blood pressure because of nitric oxide signaling to 
estimate the decrease in CHD risk mediated by systolic blood 

pressure. We then subtracted this estimate from the overall 
estimate of the nitric oxide genetic score with CHD to derive 
the remaining proportion of CHD risk unaccounted for by a 
decrease in systolic blood pressure. For example, if the odds 
ratio for CHD for the genetic score was 0.5 but the odds ratio 
for CHD from the systolic blood pressure decrease was 0.75, 
the OR for CHD independent of systolic blood pressure was 
calculated as exp(log(0.5) – log(0.75))=0.67. 

All analyses were performed using R version 3.2.3 soft-
ware (The R Project for Statistical Computing).

RESULTS
In the Genome Tissue Expression project database,20 
the C allele of rs3918226 was associated with in-
creased NOS3 expression in lung tissue (48% higher ex-
pression; P=0.002) but was not significantly associated 
with NOS3 expression in aortic tissue (23% higher ex-
pression; P=0.21) (Figure 2). The A allele of rs7692387 
was associated with increased GUCY1A3 expression in 
aortic tissue (20% higher expression; P=0.012) but was 
not significantly associated with GUCY1A3 expression 
in lungs (7% higher expression, P=0.20). As expected 
for variants that enhance nitric oxide signaling, both 
rs3918226 and rs7692387 were associated with lower 
mean arterial pressure among UK Biobank participants 
(0.68 mm Hg lower mean arterial pressure [P=1.3*10–

26] and 0.32 mm Hg lower mean arterial pressure 
[P=8.3*10–14], respectively) (Figure 2), replicating previ-
ously reported associations of these variants with blood 
pressure at genome-wide significance.17,18

When combined into a nitric oxide-signaling ge-
netic score and standardized to a 5 mm Hg reduction 
in mean arterial pressure, a genetic predisposition to 
enhanced nitric oxide signaling was nominally associ-
ated with improved renal function, as assessed by both 
cystatin C-estimated glomerular filtration rate (7.6 mL/
min; 95% CI, 2.9–12 mL/min; P=0.0015) and creati-
nine-estimated glomerular filtration rate (2.8 mL/min; 
95% CI, 0.57–5.1 mL/min; P=0.014) (Figure 3).

Enhanced nitric oxide signaling was significantly 
associated with higher forced expiratory volume in 1 
second (0.09 L; 95% CI, 0.05‒0.12; P=5.6*10–7). We 
examined whether the association of a genetic predis-
position to enhanced nitric oxide signaling with pulmo-
nary function differed by baseline pulmonary function. 
No evidence of a trend by baseline pulmonary function 
for forced expiratory volume in 1 second was observed 
(P=0.34, respectively) (Figure II in the online-only Data 
Supplement). Enhanced nitric oxide signaling was not 
significantly associated with any other cardiometabolic 
traits, including glycemic traits or blood lipids (Figure 3).

The genetic nitric oxide signaling score was signifi-
cantly associated with 3 of the 9 primary cardiometa-
bolic outcomes. A genetic predisposition to enhanced 
nitric oxide signaling was associated with reduced risk 
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of CHD (OR, 0.36; 95% CI, 0.29‒0.46; P=7.0*10–17) 
(Figure III in the online-only Data Supplement) in the 
CARDIoGRAMPlusC4D Consortium data. We repli-
cated this association in UK Biobank participants (OR, 
0.39; 95% CI, 0.29‒0.52; P=1.1*10-10), with an overall 
pooled 63% reduction in CHD risk (OR, 0.37; 95% CI, 
0.31‒0.45; P=5.5*10–26) (Figure 4).

Beyond CHD, the nitric oxide signaling genetic score 
was associated with a reduced risk of peripheral arterial 

disease (OR, 0.42; 95% CI, 0.26‒0.68; P=0.0005). This 
association persisted in a sensitivity analysis that exclud-
ed individuals with concomitant CHD (OR, 0.41; 95% 
CI, 0.23‒0.74; P=0.003). The genetic score was also 
associated with a reduced risk of stroke (OR, 0.53; 95% 
CI, 0.37‒0.76; P=0.0006) and a nominally (P<0.05) re-
duced risk of chronic kidney disease (OR, 0.46; 95% CI, 
0.25‒0.83; P=0.011), heart failure (OR, 0.59; 95% CI, 
0.38‒0.92; P=0.02), and diabetes mellitus (OR, 0.81; 

Figure 2. Association of NOS3 and  
GUCY1A3 variants with gene expression 
and blood pressure.  
Association of rs3918226 and rs7692387 
with (A) NOS3 or GUCY1A3 expression levels 
in aortic and lung tissue, and (B) mean arte-
rial pressure among UK Biobank participants. 
Effect of variants on expression levels were 
obtained from the Genotype-Tissue Expres-
sion project. Effect of variants on mean arte-
rial pressure were derived in the UK Biobank 
using linear regression adjusted for age, sex, 
10 principal components of ancestry, and 
array type (least squares means estimates). 
rs3918226 was associated with signifi-
cantly elevated NOS3 expression in the lung. 
rs7692387 was associated with significantly 
elevated GUCY1A3 expression in the aorta. 
MAP indicates mean arterial pressure.

Figure 3. Association of the nitric oxide signaling genetic score with cardiometabolic traits (secondary outcomes).  
BMI indicates body mass index; eGFRcrea, serum creatinine-estimated glomerular filtration rate; eGFRcys, cystatin-C-estimated 
glomerular filtration rate; DBP, diastolic blood pressure; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity; 
HbA1c, hemoglobin A1c; HDL cholesterol, high-density lipoprotein cholesterol; LDL cholesterol, low-density lipoprotein choles-
terol; SBP, systolic blood pressure; SD, standard deviation; and WHRadjBMI, waist-to-hip ratio adjusted for body mass index. P 
values that reach a Bonferroni-adjusted level of statistical significance (P<0.001) are in boldface.
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95% CI, 0.67‒0.99; P=0.037). In a phenome-wide as-
sociation study of 26 different diseases, enhanced nitric 
oxide signaling was not significantly associated with 
any other disease, including a variety of gastrointes-
tinal diseases, musculoskeletal diseases, and cancers 
(Figure 4). In sensitivity analyses, when standardized to 
a 2.5 or 10 mm Hg lower mean arterial reduction, the 
nitric oxide signaling genetic score was associated with 
a 39% (OR, 0.61; 95% CI, 0.56‒0.67) and 86% lower 
risk of CHD (OR, 0.14; 95% CI, 0.10‒0.20), respectively 
(Figure IV in the online-only Data Supplement).

When an interaction term between the NOS3 and 
GUCY1A3 genetic loci was included, no evidence of 
an interaction in the association of nitric oxide signal-

ing with systolic blood pressure (P interaction=0.76) or 
diastolic blood pressure (P interaction=0.49) was ob-
served. Similarly, no evidence of an interaction between 
the NOS3 and GUCY1A3 loci was observed for CHD (P 
interaction=0.53).

We performed mediation analysis to determine 
whether the degree to which the change in blood pres-
sure associated with the nitric oxide signaling score 
explained the protective effect on CHD. Adjustment 
for the effect on systolic blood pressure led only to a 
modest attenuation of the association of the nitric ox-
ide signaling genetic score with CHD (OR, 0.37; 95% 
CI, 0.31‒0.45 prior to adjustment; OR, 0.46; 95% CI, 
0.38‒0.55 after adjustment) (Figure V in the online-

Figure 4. Association of the nitric oxide-signaling genetic score with cardiometabolic (primary) and other diseases 
(secondary).  
Estimates were derived in the UK Biobank using logistic regression, adjusted for age, sex, 10 principal components, and array 
type, with the exception of chronic kidney disease, which was derived using summary statistics from CKDGen. Estimates for 
coronary heart disease, diabetes mellitus, and migraine additionally included summary estimates from CARDIOGRAM (Coro-
nary Artery Disease Genome Wide Replication and Meta-Analysis), DIAGRAM (Diabetes Genetics Replication and Meta-Anal-
ysis), and IHGC (International Headache Genetics Consortium) and were pooled using inverse variance weighted fixed effects 
meta-analysis. COPD indicates chronic obstructive pulmonary disease; MAP, mean arterial pressure; OR, odds ratio; PheWAS, 
phenome-wide association study; and SD, standard deviation. Significant P values are in boldface.
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only Data Supplement), suggesting that much of the 
decrease in CHD risk through increased nitric oxide sig-
naling seems to be through pathways other than blood 
pressure. Indeed, the effect size of rs3918226 (NOS3) 
and rs7692387 (GUCY1A3) on CHD deviated substan-
tially from an estimate based on just the systolic blood 
pressure effects of these variants (Figure 5).

In contrast to common variants that promote in-
creased nitric oxide signaling, we sought to test the 
hypothesis that rare inactivating variants in NOS3 or 
GUCY1A3 would be associated with increased blood 
pressure and risk of CHD. Twenty-seven participants 
with predicted loss-of-function variants in NOS3 or GU-
CY1A3 were identified in the T2D GENES study (Table 
V in the online-only Data Supplement). Presence of a 
predicted loss-of-function variant in NOS3 or GUCY1A3 
was associated with increased systolic blood pressure 
(22.8 mm Hg; 95% CI, 11.7‒33.9; P=5.6*10–5, respec-
tively) (Figure 6) and diastolic pressure (9.7 mm Hg; 95% 
CI 3.5‒15.9; P=0.002) (Figure VI in the online-only Data 
Supplement). Twenty-seven individuals with predicted 

loss-of-function variants were identified in Myocardial 
Infarction Genetics Consortium studies (Table VI in the 
online-only Data Supplement). Predicted loss-of-func-
tion variants in the NOS3‒GUCY1A3 pathway were as-
sociated with a 3-fold higher risk of CHD (OR, 3.03; 
95% CI, 1.29‒7.12; P=0.01) (Figure 6).

DISCUSSION
A genetic predisposition to enhanced nitric oxide sig-
naling was associated with reduced blood pressure, im-
proved renal and pulmonary function, and significantly 
reduced risks of CHD (OR, 0.37; 95% CI, 0.31‒0.45), pe-
ripheral arterial disease (OR, 0.42; 95% CI, 0.26‒0.68), 
and stroke (OR, 0.53; 95% CI, 0.37‒0.76). Mediation 
analysis suggested that this protective effect is medi-
ated only in part by blood pressure-related pathways. In 
contrast, mutations predicted to truncate NOS3 or GU-
CY1A3 are associated with higher blood pressure and a 
≈3-fold higher risk of CHD.

These results permit several conclusions. First, stimu-
lation of nitric oxide signaling may prevent atheroscle-
rotic cardiovascular disease. The use of an oral soluble 
guanylyl cyclase stimulator has proven effective in the 
treatment of pulmonary hypertension,13 reinforcing the 

Figure 5. Association of common variants in the NOS3 
(rs3918226) and GUCY1A3 (rs7692387) loci with systolic 
blood pressure and coronary heart disease.  
Solid line represents the estimated effect of systolic blood 
pressure on coronary heart disease from 54 distinct blood 
pressure loci from GWAS. A test for heterogeneity compar-
ing the association for the genetic nitric oxide score to other 
blood pressure loci was significant (P<0.001). Estimates for 
systolic blood pressure were derived from the UK Biobank 
with adjustment for age, sex, and 10 principal components. 
Estimates for coronary heart disease were derived from in-
verse variance fixed effects meta-analyses of CARDIOGRAM 
(Coronary Artery Disease Genome Wide Replication and 
Meta-Analysis)and the UK Biobank. CHD indicates coronary 
heart disease; and SBP, systolic blood pressure.

Figure 6. Association of rare, predicted loss-of-function 
variants in the NOS3‒GUCY1A3 nitric oxide-signaling 
pathway with systolic blood pressure and coronary 
heart disease.  
A, Estimates for systolic blood pressure and diastolic blood 
pressure from T2D GENES study (Type 2 Diabetes Genetic 
Exploration by Next-Generation Sequencing in Multi-Ethnic 
Samples) were derived using linear regression with adjust-
ment for 5 principal components of ancestry. B, Estimates 
for CHD from the Myocardial Infarction Genetics Consortium 
were derived using logistic regression, with adjustment for 
sex, cohort, and 5 principal components of ancestry. CHD 
indicates coronary heart disease; CI indicates confidence in-
terval; LOF, loss of function; OR, odds ratio; and SBP, systolic 
blood pressure.

D
ow

nloaded from
 http://ahajournals.org by on February 10, 2020



Genetic Enhancement of Nitric Oxide Signaling

Circulation. 2018;137:222–232. DOI: 10.1161/CIRCULATIONAHA.117.028021 January 16, 2018 229

ORIGINAL RESEARCH 
ARTICLE

potential to target this pathway using a small-molecule 
approach. The 63% and 58% reductions in CHD and 
peripheral arterial disease, respectively, observed in this 
study are likely to be of greater magnitude than what 
would be observed in a randomized trial of a nitric ox-
ide signaling stimulator because genetic estimates rep-
resent the effect of increased nitric oxide signaling over 
a lifetime rather than an intervention later in life and for 
a more limited duration.23 However, the significant and 
large risk reductions in cardiovascular disease observed 
in this study lend support to efforts to target nitric oxide 
signaling in the prevention or treatment of atheroscle-
rotic cardiovascular disease.1,24,25

Second, stimulation of nitric oxide signaling may rep-
resent a pathway for CHD prevention that is indepen-
dent of current approaches. A genetic predisposition 
to nitric oxide signaling was not associated with lipid, 
glycemic, or anthropometric traits. Furthermore, the 
majority of the reduction in risk of CHD with increased 
nitric oxide signaling appeared to be independent of 
the variant’s impact on blood pressure. Consistent with 
these findings, a recent functional characterization of 
the lead GUCY1A3 variant rs7692387 observed carriers 
of the risk allele of this variant to have elevated levels 
of platelet aggregation and increased vascular smooth 
muscle cell migration on stimulation of soluble guanylyl 
cyclase.19

Third, these results suggest that stimulation of ni-
tric oxide signaling may improve renal and pulmonary 
function. A genetic predisposition to enhanced nitric 
oxide signaling was associated with a higher glomeru-
lar filtration rate as determined by either cystatin C or 
creatinine, a finding that awaits further confirmation 
in larger studies. Increased nitric oxide signaling was 
also associated with improved pulmonary function. Al-
though medications to stimulate nitric oxide signaling 
are effective and approved for treatment of pulmonary 
hypertension,1,13 these results suggest that the stimula-
tion of nitric oxide signaling may prove useful for other 
populations with reduced pulmonary function.

Our study has several limitations. First, we used 
common variants in the GUCY1A3 and NOS3 loci to 
estimate the phenotypic effects of increased nitric ox-
ide signaling. It is possible that these variants may be 
in linkage disequilibrium with other variants that have 
phenotypic effects independent of nitric oxide-signal-
ing pathways. However, the common variants were 
associated with direct measurement of GUCY1A3 and 
NOS3 expression in vascular and pulmonary tissues, 
and we observed consistent effects of rare predicted 
loss-of-function variants in GUCY1A3 and NOS3 on 
blood pressure and CHD, suggesting that the common 
variants mediated their effects through the NOS3‒
GUCY1A3 nitric oxide-signaling pathway. Second, the 
phenome-wide association study to determine the full 
spectrum of associations in the UK Biobank may have 

been underpowered to detect associations for some 
diseases. Third, our rare variant analysis was restricted 
to variants predicted to lead to loss of NOS3 or GU-
CY1A3 function; the prevalence of missense mutations 
that impair the NOS3‒GUCY1A3 pathway may be 
much larger than the prevalence of rare predicted loss-
of-function variants observed in this study. Finally, the 
majority of participants in this study were of European 
ancestry, and, as such, these observations need valida-
tion in ancestries outside of Europe because ethnic dif-
ferences in nitric oxide-mediated responses have been 
previously reported.26

In conclusion, a genetic predisposition to enhanced 
nitric oxide signaling was associated with reduced risks 
of CHD and peripheral arterial disease and improved 
renal and pulmonary function. Stimulation of nitric ox-
ide signaling may prove useful for the prevention and 
treatment of a range of diseases.
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Analysis of predicted loss-of-function variants in
UK Biobank identifies variants protective for
disease
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Less than 3% of protein-coding genetic variants are predicted to result in loss of protein

function through the introduction of a stop codon, frameshift, or the disruption of an essential

splice site; however, such predicted loss-of-function (pLOF) variants provide insight into

effector transcript and direction of biological effect. In >400,000 UK Biobank participants,

we conduct association analyses of 3759 pLOF variants with six metabolic traits, six

cardiometabolic diseases, and twelve additional diseases. We identified 18 new

low-frequency or rare (allele frequency < 5%) pLOF variant-phenotype associations. pLOF

variants in the gene GPR151 protect against obesity and type 2 diabetes, in the gene IL33

against asthma and allergic disease, and in the gene IFIH1 against hypothyroidism. In the

gene PDE3B, pLOF variants associate with elevated height, improved body fat distribution

and protection from coronary artery disease. Our findings prioritize genes for which

pharmacologic mimics of pLOF variants may lower risk for disease.
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A focused investigation of predicted loss-of-function
(pLOF) variants provides several advantages when
compared with analysis of other types of variants. First,

analysis of pLOF variants may allow for the direct identification
of a gene rather than a locus containing many candidate genes1.
Second, pLOF variants provide directionality of effect, unlike
non-coding regulatory variants which may increase or decrease
expression of a given gene. Third, identification of pLOF variants
which protect against disease may aid with prioritization of
therapeutic target genes (e.g., the recent development of inhibi-
tors of PCSK9 or ANGPTL3 which mimic human pLOF
mutations protective against cardiovascular disease)2–6.

Here, we analyse pLOF variants in UK Biobank and other
datasets to identify genes for which pharmacologic inhibition may
protect against disease. We identify associations of pLOF variants
with cardiometabolic and immune disease, prioritizing the
genes GPR151, IL33, GSDMB, IFIH1, and PDE3B as potential
therapeutic targets.

Results
Analysis of loss-of-function variants. In 405,569 individuals in
UK Biobank (335,660 individuals of European ancestry and
69,909 individuals of Non-European ancestry, Supplementary
Table 1), we analyzed the association of 3759 pLOF variants with
six metabolic traits [body mass index (BMI), waist-to-hip ratio
adjusted for body mass index (WHRadjBMI), height, systolic
blood pressure (SBP), diastolic blood pressure (DBP), forced
expiratory volume to forced vital capacity ratio (FEV1/FVC)], six
cardiometabolic diseases (coronary artery disease, type 2 diabetes,
atrial fibrillation, stroke, heart failure, venous thromboembolism)
and twelve diseases with more than 5000 cases (allergic rhinitis,
asthma, anxiety, breast cancer, cataract, cholelithiasis, depression,
hypothyroidism, gastric reflux, osteoporosis, osteoarthritis, and
psoriasis). The Variant Effect Predictor and associated LOFTEE
plugin7,8 algorithms were used to annotate variants which were
pLOF (1) nonsense mutations that resulted in early termination
of a protein; (2) frameshift mutations due to insertions or
deletions of DNA; or (3) splice-site mutations which result in an
incorrectly spliced protein. For coronary artery disease, we pooled

UK Biobank estimates with estimates from the CARDIoGRAM
Exome consortium9. For height, we pooled UK Biobank estimates
with estimates from the GIANT Exome Consortium10. Variants
with a P < 5.5 × 10−7 [0.05/(24 outcomes × 3759 variants) in the
combined analysis were considered significant. Quantile–quantile
analysis was used to examine for the presence of population
stratification. No evidence of inflation was observed (inflation
factors <1.1; Supplementary Fig. 1).

We identified 18 new low-frequency or rare (<5%) pLOF
variants associated with traits and diseases in UK Biobank
(Table 1 and Supplementary Table 2). We also discovered 26 new
common frequency (≥5%) pLOF variants associated with UK
Biobank phenotypes (Supplementary Table 3). Variants identified
within the same locus in prior genome-wide association studies
(+500 Kb; 1 Mb total) for the same phenotype are provided
(Supplementary Tables 4 and 5).

A locus-wide conditional analysis (±500 kb of the pLOF
variant) was performed to determine the extent to which the
identified pLOF variant signal was independent of other genetic
variation at the locus. Independence of pLOF variants may
provide increased confidence for a causal association. Indepen-
dent variants at the loci of rare and low frequency pLOFs are
reported in Supplementary Data 1 and independent variants at
the loci of common frequency pLOFs are reported in
Supplementary Data 2. Of the 16 low frequency pLOF variants
outside of the MHC locus, 14 were identified as independent
variants in the locus-wide conditional analysis. These include the
IL33 variant rs146597587, the GPR151 variant rs114285050, the
IFIH1 variant rs35337543, and the PDE3B variant rs15009066
which are further analyzed in the text of this manuscript. Below,
we highlight several of these associations.

GPR151, obesity, and type 2 diabetes. In GPR151 (encoding
G-protein coupled receptor 151), the p.Arg95Ter variant
(rs114285050, allele frequency 0.8% in European ancestry) was
associated with reduced BMI (beta −0.07 standard deviations,
−0.36 kg/m2, P= 4.9 × 10−8). We replicated this association in
an independent cohort, the Myocardial Infarction Genetics
Consortium (MIGen), where p.Arg95Ter carriers had reduced

Table 1 Predicted loss-of-function variants with minor allele frequency <5% which are significantly associated with traits or
diseases in UK Biobank

Outcome Gene pLOF variant Location EA RA AA change Freq (%) Beta SE P-value Novel? MHC locus?
Asthma FLG rs61816761 1:152285861 A G p.Arg501Ter 1.51 0.21 0.03 1.51 × 10−15 Yes No
Asthma HLA-DQB1 rs28688207 6:32628660 C T Splice Acceptor c.773−1A > G 3.14 −0.17 0.02 3.11 × 10−15 Yes Yes
Asthma IL33 rs146597587 9:6255967 C G Splice Acceptor c.487−1G > C 0.44 −0.54 0.06 7.79 × 10−17 No15 No
BMI GPR151 rs114285050 5:145895394 A G p.Arg95Ter 0.78 −0.07 0.01 4.89 × 10−8 Yes No
BMI PKHD1L1 rs533623778 8:110523131 T C p.Arg769Ter 1.0 × 10−4 5.30 0.99 9.45 × 10−8 Yes No
DBP ENPEP rs33966350 4:111431444 A G p.Trp413Ter 1.19 0.06 0.01 8.12 × 10−10 No39 No
DBP BTN3A2 rs58367598 6:26370833 G T Splice Donor c.715+ 2T > G 3.75 0.03 0.01 2.03 × 10−8 Yes Yes
DBP TMC3 rs150843673 15:81624929 T G p.Ser1045Ter 2.14 0.05 0.01 8.16 × 10−9 Yes No
Height PDE11A rs76308115 2:178879181 A G p.Arg57Ter 0.52 0.07 0.01 6.20 × 10−11 Yes No
Height CLHC1 rs114931154 2:55407644 T A Splice Donor c.1384+ 2T > A 1.26 −0.05 0.01 1.54 × 10−11 Yes No
Height CCDC66 rs150364083 3:56628033 T C p.Arg427Ter 0.58 0.05 0.01 2.09 × 10−7 Yes No
Height DAP rs201354802 5:10761153 A C p.Glu10Ter 0.24 0.13 0.02 1.68 × 10−8 Yes No
Height TRIM40 rs115651142 6:30115320 T G Splice Donor c.602+ 1G > T 0.63 −0.08 0.01 1.16 × 10−9 Yes Yes
Height MICA rs181430930 6:31378575 A G Splice Donor c.286+ 1G > A 0.26 −0.12 0.02 7.87 × 10−8 Yes Yes
Height PDE3B rs150090666 11:14865399 T C p.Arg783Ter 0.06 0.24 0.04 9.32 × 10−9 Yes No
Height APOLD1 rs202116412 12:12879031 A G Splice Donor c.96+ 1G > A 0.03 0.12 0.02 3.06 × 10−8 Yes No
Hypothyroidism IFIH1 rs35337543 2:163136505 G C Splice Donor c.1641+ 1G > C 1.45 −0.27 0.04 2.95 × 10−9 Yes No
Psoriasis ZKSCAN3 rs73387810 6:28318166 A G Splice Donor c.−63+ 1G > A 0.86 0.55 0.08 4.18 × 10−11 Yes Yes
Psoriasis EGFL8 rs141826798 6:32134395 G C p.Arg74Ter 0.53 0.90 0.08 2.19 × 10−26 Yes Yes
SBP ENPEP rs33966350 4:111431444 A G p.Trp413Ter 1.19 0.06 0.01 3.46 × 10−9 No39 No
SBP GEM rs138582164 8:95264265 A G p.Arg199Ter 0.04 0.30 0.06 1.93 × 10−7 No40 No
WHRadjBMI PYGM rs116987552 11:64527223 A G p.Arg50Ter 0.39 0.09 0.02 1.32 × 10−7 Yes No

Beta in terms of standard deviations and reported for the effect allele
pLOF predicted loss-of-function, EA effect allele, RA reference allele, AA Change amino acid change, Freq(%) Frequency(%); BMI body mass index, DBP diastolic blood pressure, SBP systolic blood
pressure, WHRadjBMI waist-to-hip ratio adjusted for body mass index
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BMI (beta −0.14, P= 0.04; pooled beta −0.07, P= 9.8 × 10−9;
Fig. 1). UK Biobank participants who carry one copy of
p.Arg95Ter were at 12% lower odds of clinical obesity
(BMI > 30 kg/m2). As obesity is a causal risk factor for type 2
diabetes and coronary artery disease, we examined whether
p.Arg95Ter may provide protection against both diseases.
p.Arg95Ter was associated with 14% lower odds of type 2 diabetes
(OR 0.86; P= 0.006) and 9% lower odds of coronary artery
disease (OR 0.91; P= 0.01; Fig. 1). Although GPR151 encodes a
G-protein coupled receptor of unknown function whose
expression is limited to the central nervous system, recent studies
tracing the lineage of neurons expressing GRP151 have localized
connections to hypothalamic neurons, a region of the brain
important in the control of appetite11.

IL33, GSDMB, and asthma. We identified several pLOF variants
that associated with lower risk of asthma (Table 1). At GSDMB
encoding gasdermin B, splice acceptor variant c.662-2A > G
(rs11078928, allele frequency 46% in European ancestry) pro-
tected against asthma (OR 0.90 CI 0.89, 0.91, P= 6.7 × 10−50;
Supplementary Table 3). This variant is in tight linkage dis-
equilibrium (r2= 0.99) with a previously identified non-coding
variant in the GSDMB locus (rs2305480) associated with lower
risk of asthma (P= 9.6 × 10−8)12. GSDMB c.662-2A > G is
associated with lower expression of GSDMB transcripts13.
Furthermore, overexpression of GSDMB causes airway remodel-
ing and asthma symptoms in a mouse model14, suggesting that
loss of GSDMB function may protect against asthma.

At the IL33 gene, a splice acceptor site variant c.487-1G > C
(rs146597587, allele frequency 0.004 in European ancestry) was

observed to protect against asthma (OR 0.58 CI 0.51, 0.66,
P= 7.8 × 10−17). This variant was recently identified as associated
with lower blood eosinophil concentration at genome-wide
significance and with lower risk of asthma at more modest levels
of significance (P= 1.8 × 10−4)15. To further replicate the
association of IL33 c.487-1G > C with asthma, we examined the
association of IL33 c.487-1G > C with asthma in individuals from
three additional studies (Partners Biobank, the Vanderbilt
eMERGE network, and the Women’s Genome Health Study).
IL33 c.487-1G > C was associated with a protective effect of
asthma in each data set. Overall, IL33 c.487-1G > C was
associated with 43% lower odds of asthma (OR 0.57 CI 0.51,
0.65, P= 9.6 × 10−19, Fig. 2), suggesting that IL33 inhibition may
be a useful approach for treatment of asthma. Of note, an
inhibitor of IL33 is currently under development for treatment of
asthma16.

Asthma is often associated with other allergic phenotypes—
atopic dermatitis, food allergy, and allergic rhinitis17. We
therefore examined whether asthma-associated pLOF variants
in GSDMB and IL33 associate with a lower risk of other
atopic disorders in UK Biobank. Both pLOF variants also
protected against allergic rhinitis (Fig. 3). In contrast, nominal
associations with atopic dermatitis and food allergy were not
observed, although point estimates for food allergy were similar
to asthma.

IFIH1 and autoimmune disorders. A splice donor variant in
IFIH1 (interferon induced with helicase C domain 1), c.1641+
1G > C (rs35337543, allele frequency 1.5% in European ancestry),
is associated with a reduced risk of hypothyroidism in UK
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Fig. 1 Association of a loss-of-function variant (p.Arg95Ter) in GPR151 with a body mass index, b type 2 diabetes, and c coronary artery disease. Estimates
were derived in UK Biobank using logistic regression, adjusted for age, sex, ten principal components of ancestry, and array type
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Biobank participants (OR 0.77 CI 0.70, 0.85; P= 5 × 10−9;
Table 1). A gene-based test combining four additional
pLOF variants in IFIH1 (rs35732034, rs201026962, rs35744605,
rs148590996) similarly demonstrated protection against
hypothyroidism in UK Biobank (OR 0.79 CI 0.72, 0.86; P= 4.4 ×
10−8). Carriers of pLOF variants in IFIH1 were also protected
against hyperthyroidism (OR 0.84 CI 0.73, 0.96; P= 0.01; Fig. 4).

Common variants in the IFIH1 locus have previously been
associated with psoriasis18 and vitiligo19, while rare pLOF
variants in IFIH1 have been associated with a reduced risk of
type 1 diabetes20. We therefore examined whether carriers of
pLOF variants in IFIH1 in UK Biobank were protected against
these diseases. Carriers of pLOF variants in IFIH1 were protected
against type 1 diabetes, psoriasis, and vitiligo in UK Biobank
(Fig. 4). These results suggest that IF1H1 pLOF variants alter risk
for a range of autoimmune diseases.

In addition, an exploratory analysis demonstrated a nominally
lower risk of coronary artery disease among IFIH1 pLOF carriers.
Pooling UK Biobank and MIGen, IFIH1 pLOF carriers were
protected against coronary artery disease (OR 0.92 CI 0.87, 0.98;
P= 0.009). To examine whether this may be a chance finding, we
examined whether the common IFIH1 missense variant
rs1990760, previously identified as associated with autoimmune
disorders, also associated with risk of coronary artery disease. The
T allele of rs1990760 (frequency 41%) associated with a reduced
risk of hypothyroidism (OR 0.92 CI 0.90, 0.94; P= 9.3 × 10−17) in
UK Biobank. Pooling UK Biobank and CARDIOGRAM Exome,
the T allele of rs1990760 also associated with a lower risk of

coronary artery disease (OR 0.97 CI 0.96, 0.99; P= 2.5 × 10−5),
providing complementary evidence that IFIH1 may influence
coronary artery disease risk.

PDE3B and body fat distribution. At PDE3B encoding the
gene phosphodiesterase 3B, p.Arg783Ter (rs150090666, allele
frequency 0.0006 in European ancestry) associated with elevated
height (beta 0.24, P= 9.3 × 10−9). Targeted deletion of Pde3b in
mice leads to white adipose tissue gaining characteristics of
brown adipose tissue21, a reduction in adipocyte size22, smaller fat
deposits23 and reduced atherosclerosis24. We therefore studied
the association of PDE3B p.Arg783Ter with metabolic pheno-
types in UK Biobank and/or MIGen, where 36,581 individuals
have been sequenced for the 16 exons of the PDE3B gene. In UK
Biobank, which lacks direct measurements of blood lipids,
carriers of p.Arg783Ter carriers were at reduced risk of physician-
diagnosis of hypercholesterolemia (OR 0.52, P= 0.0002). Pooling
UK Biobank and MIGen, pLOF carriers in PDE3B had reduced
WHRadjBMI (beta −0.15, P= 0.0005). As genetic predisposition
to improved body fat distribution has been associated with a
lower risk of coronary artery disease25, we examined whether loss
of PDE3B function protects against coronary artery disease. We
aggregated rare PDE3B pLOFs in cases and compared this count
with that controls. Across 14,805 cases in UK Biobank, the carrier
frequency of pLOF in cases was 0.1% and in controls 0.2%. Across
20,186 cases in MIGen, the carrier frequency of pLOF was 0.05%
and 0.1% in controls. Collectively, carrier status for PDE3B
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pLOFs was associated with reduced risk for coronary artery
disease (OR 0.65 CI 0.43, 0.97; P= 0.03; Fig. 5).

Presence of homozygote individuals for pLOF variants in target
genes may provide an in vivo demonstration of safety of
pharmacologic inhibition of target genes. We therefore examined
whether homozygotes for these pLoF variants were present in UK
Biobank and in the gnomAD database26. At least one individual
homozygous for a pLOF variant was identified in UK Biobank or
the gnomAD database for the genes GPR151, GSDMB, IL33 and
IFIH1, and PDE3B (Supplementary Table 6).

Discussion
In this study, we identified pLOF variants that protect against
obesity (GPR151), asthma (GSDMB, IL33), autoimmune
disorders (IFIH1), and coronary artery disease (PDE3B),
prioritizing genes and pathways for which pharmacologic
attempts to mimic these protective mutations might ameliorate
disease.

Identification of protective loss-of-function variants has led to
the development of therapeutics. Most notably, the discovery of
missense and loss-of-function variants in PCSK9 that lower LDL
cholesterol and protect against coronary artery disease suggested
that inhibition of PCSK9 may be a useful therapeutic strategy for
prevention and treatment of cardiovascular disease3,27. These
genetic studies were validated by a large-scale randomized trial
demonstrating that a monoclonal antibody directed against
PCSK9 reduced the risk of recurrent cardiovascular events4. More
recently, the discovery of loss-of-function variants in ANGPTL3
that lower blood triglyceride levels and protect against coronary
artery disease has suggested that ANGPTL3 inhibition may reduce
blood triglyceride levels and risk of coronary artery disease28,29.
ANGTPL3 inhibitors are in clinical development and have now
been demonstrated to reduce blood triglyceride levels5,6.

Our findings identify putative therapeutic targets that, similar to
PCSK9 and ANGPTL3, may be useful for prevention of disease.
For obesity and type 2 diabetes, these results hightlight GPR151 as
a potential therapeutic target. GPR151 encodes a largely

uncharacterized G protein-coupled receptor. The mechanism by
which it influences risk of obesity and type 2 diabetes is unclear.
However, it is highly expressed in the hypothalamus, a region of
the brain known to be involved in appetite regulation11. Indeed,
genetic variation in MC4R, which encodes the melanocortin 4
receptor, strongly influences obesity risk at a population level30.
Similar to GPR151, MC4Ris highly expressed in the hypothalamus
and is involved in appetite regulation31.

PDE3B inhibition may be a useful therapeutic strategy to
improve body fat distribution and reduce risk of coronary artery
disease. Unlike GPR151, for which no pharmacologic inhibitor is
currently in clinical use, an inhibitor of PDE3B is available.
Cilostazol is a non-selective pharmacologic inhibitor of both
phosphodiesterase 3B and the related isoform phosphodiesterase
3A32. In a small randomized trial including 211 participant,
cilostazol significantly reduced restenosis after percutaneous
coronary balloon angioplasty33. The association of PDE3B pLOFs
with improved body fat distribution, reduced risk of hypercho-
lesterolemia and reduced risk of coronary artery disease suggests
that selective inhibition of PDE3B may be useful for multiple
features of metabolic syndrome.

We identified pLOF variants in IL33 (encoding interleukin 33)
and GSDMB (encoding gasdermin B) as associated with a lower
risk of asthma. The IL33 variant rs146597587 was recently found
to be associated with lower blood eosinophil concentration at
genome-wide significance and with lower risk of asthma at more
modest levels of significance (P= 1.8 × 10−4)15. Consistent with
these findings, induction of antibodies against IL33 by vaccina-
tion induces protection against airway inflammation in a mouse
model of asthma34. An inhibitor of IL33 is currently under
development for treatment of asthma16. In contrast to IL33,
no inhibitor for GSDMB is in clinical development. These
findings suggest that IL33 and GSDMB inhibition may both be
useful therapeutic strategies for treatment of asthma and allergic
disease.

Although our restriction of the present analysis to pLOF
variants increases the likelihood of identifying causal variants
substantially, it remains possible that a highly correlated nearby
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Fig. 4 Association of predicted loss-of-function variants in IFIH1 with thyroid disorders, type 1 diabetes, psoriasis, and vitiligo in UK Biobank. Estimates were
derived in UK Biobank using logistic regression, adjusted for age, sex, ten principal components of ancestry, and array type
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Fig. 5 Association of predicted loss-of-function variants in PDE3B with coronary artery disease. Estimates were derived in UK Biobank using logistic
regression, adjusted for age, sex, ten principal components of ancestry, and array type. Estimates were derived in MIGEN (Myocardial Infarction Genetics
Consortium) using logistic regression, adjusted for sex and five principal components of ancestry
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variant could be driving the association in some cases. Future
functional studies may permit additional validation of causal
variants.

In summary, we associated pLOF variants with a range of
biomarker and disease phenotypes in a large, national biobank
and identified several new genes in which pLOF variants protect
against disease, prioritizing these genes for therapeutic targeting.
More generally, large-scale analysis of pLOF variants is emerging
as a useful tool for therapeutic target identification and validation.

Methods
Gene and variant annotation. Variants in hg19 coordinates were annotated with
information from Ensembl release 82 using Variant Effect Predictor (VEP)7. Only
pLOFs, defined as premature stop (nonsense), canonical splice-sites (splice-donor
or splice-acceptor) or insertion/deletion variants that shifted frame (frameshift)
were annotated as predicted loss-of-function (pLOF), using the “--pick-allele”
annotation. PLOFs as defined by VEP were then merged with publicly available
data from the Exome Aggregation Consortium (ExAC), Version 0.3.1, to confirm
consistency in variant annotation26.

We identified 3759 pLOF variants in UK Biobank with an info score greater
than 0.3 (Supplementary Table 1). We used a Bonferroni corrected P value of 5.5 ×
10−7 to denote significance [0.05/(3759 variants × 24 outcomes)= 5.5 × 10−7] in
our primary pLOF analysis.

Study design. We analyzed the association of pLOF variants with 24 phenotypes:
cardiovascular, metabolic and pulmonary phenotypes: six metabolic traits (body
mass index, waist-to-hip ratio, height, systolic blood pressure, diastolic blood
pressure, and forced expiratory volume to forced vital capacity ratio), six cardio-
metabolic diseases (coronary artery disease, type 2 diabetes, atrial fibrillation,
stroke, heart failure, and venous thromboembolism) and 12 diseases with more
than 5000 cases (allergic rhinitis, asthma, anxiety, breast cancer, cataract, cho-
lethiasis, depression, hypothyroidism, gastric reflux, osteoporosis, osteoarthritis,
and psoriasis; Supplementary Table 4). All six metabolic traits were inverse nor-
malized prior to analysis, with adjustment for age and sex. Forced expiratory
volume to forced vital capacity ratio was additionally adjusted for height. To adjust
for the presence of antihypertensive medication, we added 15 mm Hg to systolic
blood pressure and 10 mm Hg to diastolic blood pressure of individuals on anti-
hypertensive medication at baseline, as in the International Consortium for Blood
Pressure genome-wide association study35. Definitions for disease outcomes in UK
Biobank are provided (Supplementary Table 7).

In UK Biobank, analysis was performed separately in unrelated individuals of
European and Non-European ancestry. Estimates for variants were then pooled
using inverse-variance weighted-fixed effects meta-analysis. For coronary artery
disease, estimates for variants from UK Biobank were additionally pooled with the
effect of variants in the CARDIOGRAM Exome consortium using inverse variance
weighted-fixed effects meta-analysis9. For height, estimates of variants in UK
Biobank were pooled with the GIANT Height Exome consortium using inverse
variance weighted-fixed effects meta-analysis10.

Genotyping and quality control. Phasing and imputation were performed cen-
trally, by UK Biobank, using a reference panel combining UK10k and 1000 Gen-
omes samples. 39,235,157 variants included in the Haplotype Reference
Consortium were imputed. As recommended by UK Biobank, we excluded any
samples with an imputation quality <0.3 as well as pLOF variants which were not
included in the Haplotype Reference Consortium. Mitochondrial genetic data and
sex chromosomes were excluded from this analysis. Individual level genetic data
was available from individuals in UK Biobank, after excluding one related indi-
vidual of each related pair of individuals, individuals whose genetic sex did not
match self-reported sex and individuals with an excess of missing genotype calls or
more heterozygosity than expected.

We analysed 3759 variants identified as pLOF variants in UK Biobank. PLINK
2 software was used to examine the association of these variants with traits and
disease in UK Biobank under the assumption of additive effects (https://www.cog-
genomics.org/plink/2.0/). Adjustment was performed for age, sex, ten principal
components of ancestry, and array type.

Conditional analysis. A locus-wide conditional analysis (±500 kb of the pLOF
variant) was performed to determine the extent to which the identified pLOF
variant signal was independent of other genetic variation at the locus. We itera-
tively performed association analyses conditional on the top variants at each locus,
until no variants were below the Bonferroni-adjusted threshold for significance (P
< 5.5 × 10−7). A statistically significant and independent signal for the pLOF var-
iant provides increased confidence for a causal association.

Analysis of PDE3B association with coronary artery disease. We aimed to
analyse the association of pLOF variants in PDE3B with coronary artery disease in

a combined analysis of UK Biobank and the Myocardial Infarction Genetics
Consortium (MIGen). Replication was performed in MIGen rather than the
CARDIOGRAM Exome consortium as rs150090666 was not included in the exome
chip analysis of the CARDIOGRAM Exome consortium9. Estimates of the asso-
ciation of rs150090666 with coronary artery disease in UK Biobank were derived as
described above, using logistic regression with adjustment for age, sex, ten principal
components of ancestry, and a dummy variable for array type. An additional pLOF
variant, rs535108921, present in UK Biobank, was also analysed for association
with coronary artery disease, as above.

pLOFs variants in PDE3B were identified in the MIGen Consortium using
exome sequencing or whole genome sequencing, as previously described36–38.
Studies included in the MIGen consortium were: (1) the Italian Atherosclerosis
Thrombosis and Vascular Biology (ATVB) study (dbGaP Study Accession
phs000814.v1.p1); (2) the Exome Sequencing Project Early-Onset Myocardial
Infarction (ESP-EOMI) study(9); (3) a nested case-control cohort from the Jackson
Heart Study (JHS); (4) the South German Myocardial Infarction study (dbGaP
Study Accession phs000916.v1.p1); (5) the Ottawa Heart Study (OHS) (dbGaP
Study Accession phs000806.v1.p1); (6) the Precocious Coronary Artery Disease
(PROCARDIS) study (dbGaP Study Accession phs000883.v1.p1); (7) the Pakistan
Risk of Myocardial Infarction Study (PROMIS) (dbGaP Study Accession
phs000917.v1.p1); (8) the Registre Gironi del COR (Gerona Heart Registry or
REGICOR) study (dbGaP Study Accession phs000902.v1.p1); (9) the Leicester
Myocardial Infarction study (dbGaP Study Accession phs001000.v1.p1); (10) the
BioImage study (dbGaP Study Accession phs001058.v1.p1); (11) the North
German Myocardial Infarction study (dbGaP Study Accession phs000990.v1.p1);
(12) Multi-Ethnic Study of Atherosclerosis (dbGaP Study Accession: phs000209.v2.
p1); (13) Variation In Recovery: Role of Gender on Outcomes of Young AMI
cohort; and (14) Taiwan Metabochip Consortium.

The Burrows–Wheeler Aligner algorithm was used to align reads from
participants to the reference genome (hg19). The GATK HaploTypeCaller
was used to jointly call variants. Metrics including Variant Quality Score
Recalibration (VQSR), quality over depth, and strand bias were then used
to filter variants. We excluded samples which were related to other samples,
which had high ratios of heterozygous to non-reference homozygous genotypes,
which had high missing genotypes, which had a discordant genetic gender
relative to reports gender, and samples which were discordant relative to
genotype data.

After variant calling and quality control, the Variant Effect Predictor7,8

was used to annotate variants which were pLOF: (1) nonsense mutations that
resulted in early termination of PDE3B (2) frameshift mutations due to insertions
or deletions of DNA; or (3) splice-site mutations which result in an incorrectly
spliced protein (Supplementary Table 8). For analysis of rare pLOF variants, we
pooled rare pLOF variants in MIGen, testing for the association of a pLOF with
coronary artery disease using logistic regression, after adjustment for age, sex,
cohort, and five principle components of ancestry. We meta-analysed the
association of pLOFs with coronary artery disease in MIGen combined with UK
Biobank.

Replication of IL33 finding. To replicate the association of rs146597587, a
splice site variant in IL33, with asthma, we pooled estimates of the association
of rs146597587 with asthma from Partners Biobank, from the Vanderbilt
eMERGE network and from the Women’s Genome Health Study. In Partners
Biobank, rs146597587 was imputed (info score of 0.77) in 2542 individuals.
The association of rs146597587 with asthma (hospitalization for ICD9 code 493)
was estimated using logistic regression, adjusted for age, sex, and five principal
components of ancestry. In the Vanderbilt eMERGE network, rs146597587
was genotyped in 25,363 individuals using the Illumina Exome BeadChip.
The association of rs146597587 with asthma (hospitalization for ICD9 code 493)
was estimated using logistic regression, adjusted for age, sex, and principal
components of ancestry. In Women’s Genome Health Study, rs14659758 was
genotyped in 22,618 individuals using the Illumina Exome. The association of
rs14659758 with asthma (hospitalization for ICD9 code 493 or ICD10 code J45)
was estimated using logistic regression, adjusted for age and principal components
of ancestry.

Data availability. All individual-level data from UK Biobank can be accessed by
applying to the UK Biobank Central Access Committee (http://www.ukbiobank.ac.
uk/register-apply/).
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BACKGROUND
Both genetic and lifestyle factors contribute to individual-level risk of coronary artery 
disease. The extent to which increased genetic risk can be offset by a healthy lifestyle 
is unknown.

METHODS
Using a polygenic score of DNA sequence polymorphisms, we quantified genetic risk 
for coronary artery disease in three prospective cohorts — 7814 participants in the 
Atherosclerosis Risk in Communities (ARIC) study, 21,222 in the Women’s Genome 
Health Study (WGHS), and 22,389 in the Malmö Diet and Cancer Study (MDCS) — 
and in 4260 participants in the cross-sectional BioImage Study for whom genotype 
and covariate data were available. We also determined adherence to a healthy lifestyle 
among the participants using a scoring system consisting of four factors: no current 
smoking, no obesity, regular physical activity, and a healthy diet.

RESULTS
The relative risk of incident coronary events was 91% higher among participants at 
high genetic risk (top quintile of polygenic scores) than among those at low genetic 
risk (bottom quintile of polygenic scores) (hazard ratio, 1.91; 95% confidence interval 
[CI], 1.75 to 2.09). A favorable lifestyle (defined as at least three of the four healthy 
lifestyle factors) was associated with a substantially lower risk of coronary events 
than an unfavorable lifestyle (defined as no or only one healthy lifestyle factor), re-
gardless of the genetic risk category. Among participants at high genetic risk, a favor-
able lifestyle was associated with a 46% lower relative risk of coronary events than 
an unfavorable lifestyle (hazard ratio, 0.54; 95% CI, 0.47 to 0.63). This finding cor-
responded to a reduction in the standardized 10-year incidence of coronary events 
from 10.7% for an unfavorable lifestyle to 5.1% for a favorable lifestyle in ARIC, from 
4.6% to 2.0% in WGHS, and from 8.2% to 5.3% in MDCS. In the BioImage Study, a 
favorable lifestyle was associated with significantly less coronary-artery calcification 
within each genetic risk category.

CONCLUSIONS
Across four studies involving 55,685 participants, genetic and lifestyle factors were 
independently associated with susceptibility to coronary artery disease. Among par-
ticipants at high genetic risk, a favorable lifestyle was associated with a nearly 50% 
lower relative risk of coronary artery disease than was an unfavorable lifestyle. 
(Funded by the National Institutes of Health and others.)
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Both genetic and lifestyle factors 
are key drivers of coronary artery disease, 
a complex disorder that is the leading 

cause of death worldwide.1 A familial pattern in 
the risk of coronary artery disease was first de-
scribed in 1938 and was subsequently confirmed 
in large studies involving twins and prospective 
cohorts.2-6 Since 2007, genomewide association 
analyses have identified more than 50 indepen-
dent loci associated with the risk of coronary 
artery disease.7-15 These risk alleles, when aggre-
gated into a polygenic risk score, are predictive 
of incident coronary events and provide a continu-
ous and quantitative measure of genetic suscep-
tibility.16-24

Much evidence has also shown that persons 
who adhere to a healthy lifestyle have markedly 
reduced rates of incident cardiovascular events.25-30 
The promotion of healthy lifestyle behaviors, 
which include not smoking, avoiding obesity, 
regular physical activity, and a healthy diet pat-
tern, underlies the current strategy to improve 
cardiovascular health in the general population.31

Many observers assume that a genetic predis-
position to coronary artery disease is determin-
istic.32 However, genetic risk might be attenuated 
by a favorable lifestyle. Here, we analyzed data 
for participants in three prospective cohorts and 
one cross-sectional study to test the hypothesis 
that both genetic factors and baseline adherence 
to a healthy lifestyle contribute independently to 
the risk of incident coronary events and the 
prevalent subclinical burden of atherosclerosis. 
We then determined the extent to which a healthy 
lifestyle is associated with a reduced risk of coro-
nary artery disease among participants with a 
high genetic risk.

Me thods

Study Populations
The Atherosclerosis Risk in Communities (ARIC) 
study is a prospective cohort that enrolled white 
participants and black participants between the 
ages of 45 and 64 years, starting in 1987.33 For 
data from this study, we retrieved genotype and 
clinical data from the National Center for Bio-
technology Information dbGAP server (accession 
number, phs000280.v3.p1). The Women’s Genome 
Health Study (WGHS) is a prospective cohort of 
female health professionals derived from the 

Women’s Health Study, a clinical trial initiated 
in 1992 to evaluate the efficacy of aspirin and 
vitamin E in the primary prevention of cardio-
vascular disease.34 The Malmö Diet and Cancer 
Study (MDCS) is a prospective cohort that en-
rolled participants between the ages of 44 and 
73 years in Malmö, Sweden, starting in 1991.35 In 
this study, participants with prevalent coronary 
disease at baseline were excluded. The BioImage 
Study enrolled asymptomatic participants between 
the ages of 55 and 80 years who were at risk for 
cardiovascular disease, beginning in 2008. This 
study included quantification of subclinical cor-
onary artery disease in Agatston units, a metric 
that combines the area and density of observed 
coronary-artery calcification.36

Polygenic Risk Score
We derived a polygenic risk score from an analy-
sis of up to 50 single-nucleotide polymorphisms 
(SNPs) that had achieved genomewide signifi-
cance for association with coronary artery dis-
ease in previous studies. Details regarding the 
cohort-specific genotyping platform and risk 
scores are provided in Table S1 in the Supplemen-
tary Appendix, available with the full text of this 
article at NEJM.org.11-14 An example of the calcu-
lation of the polygenic risk score is provided in 
Table S2 in the Supplementary Appendix. Indi-
vidual participant scores were created by adding 
up the number of risk alleles at each SNP and 
then multiplying the sum by the literature-based 
effect size.17 The genetic substructure of the 
population was assessed by calculating the prin-
cipal components of ancestry.37

Healthy Lifestyle Factors
We adapted four healthy lifestyle factors from 
the strategic goals of the American Heart Asso-
ciation (AHA) — no current smoking, no obesity 
(body-mass index [the weight in kilograms divid-
ed by the square of the height in meters], <30), 
physical activity at least once weekly, and a healthy 
diet pattern.31 A healthy diet pattern was ascer-
tained on the basis of adherence to at least half 
of the following recently endorsed characteris-
tics38: consumption of an increased amount of 
fruits, nuts, vegetables, whole grains, fish, and 
dairy products and a reduced amount of refined 
grains, processed meats, unprocessed red meats, 
sugar-sweetened beverages, trans fats (WGHS 
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only), and sodium (WGHS only). Because a de-
tailed food-frequency questionnaire was not per-
formed in the BioImage Study, diet scores in that 
cohort focused on self-reported consumption of 
fruits, vegetables, and fish. Additional details 
regarding cohort-specific metrics for lifestyle fac-
tors are provided in Table S3 in the Supplemen-
tary Appendix.

Study End Points
The primary study end point for the prospective 
cohort populations was a composite of coronary 
artery disease events that included myocardial 
infarction, coronary revascularization, and death 
from coronary causes. End-point adjudication was 
performed by a committee review of medical rec-
ords within each cohort. In the BioImage Study, 
a cross-sectional analysis of baseline scores for 
coronary-artery calcification was performed.

Statistical Analysis
We used Cox proportional-hazard models to test 
the association of genetic and lifestyle factors 
with incident coronary events. We compared haz-
ard ratios for participants at high genetic risk 
(i.e., highest quintile of polygenic scores) with 
those at intermediate risk (quintiles 2 to 4) or 
low risk (lowest quintile), as described previ-
ously.22,23 Similarly, we compared a favorable life-
style (which was defined as the presence of at 
least three of the four healthy lifestyle factors) 
with an intermediate lifestyle (two healthy lifestyle 
factors) or an unfavorable lifestyle (no or only one 
healthy lifestyle factor). The primary analyses 
included adjustment for age, sex, self-reported 
education level, and the first five principal com-
ponents of ancestry (unavailable in MDCS). In 
addition, WGHS analyses were adjusted for 
initial trial randomization to aspirin versus pla-
cebo and vitamin E versus placebo. We used Cox 
regression to calculate 10-year event rates, which 
were standardized to the mean of all predictor 
variables within each population. Because of a 
skewed distribution of scores for coronary-artery 
calcification in the BioImage Study, linear regres-
sion was performed on natural log-transformed 
calcification scores with an offset of 1. Predicted 
values were then reverse-transformed to calcu-
late standardized scores, with higher values indi-
cating an increased burden of coronary athero-
sclerosis. All the analyses were performed with 

the use of R software, version 3.1 (R Project for 
Statistical Computing).

R esult s

The populations in the prospective cohort stud-
ies included 7814 of 11,478 white participants in 
the ARIC cohort, 21,222 of 23,294 white women 
in the WGHS cohort, and 22,389 of 30,446 par-
ticipants in the MDCS cohort for whom geno-
type and covariate data were available (Table 1). 
During follow-up, 1230 coronary events were 
observed in the ARIC cohort (median follow-up, 
18.8 years), 971 coronary events in the WGHS 
cohort (median follow-up, 20.5 years), and 2902 
coronary events in the MDCS cohort (median 
follow-up, 19.4 years) (Table S4 in the Supple-
mentary Appendix). Categories of genetic and 
lifestyle risk were mutually independent within 
each cohort (Fig. S1 in the Supplementary Ap-
pendix).

Polygenic risk scores approximated a normal 
distribution within each cohort (Fig. S2 in the 
Supplementary Appendix). A risk gradient was 
noted across quintiles of genetic risk such that 
the participants at high genetic risk (i.e., in the 
top quintile of the polygenic scores) were at sig-
nificantly higher risk of coronary events than 
those at low genetic risk (i.e., in the lowest quin-
tile), with adjusted hazard ratios of 1.75 (95% 
confidence interval [CI], 1.46 to 2.10) in the 
ARIC cohort, 1.94 (95% CI, 1.58 to 2.39) in the 
WGHS cohort, and 1.98 (95% CI, 1.76 to 2.23) in 
the MDCS cohort (Fig. 1, and Table S5 and Fig. S3 
in the Supplementary Appendix). Across all three 
cohorts, the relative risk of incident coronary 
events was 91% higher among participants at 
high genetic risk than among those at low genetic 
risk (hazard ratio, 1.91; 95% CI, 1.75 to 2.09). A 
family history of coronary artery disease was an 
imperfect surrogate for genotype-defined risk, 
although the prevalence of such a self-reported 
family history tended to be higher among par-
ticipants at high genetic risk than among those 
at low genetic risk. Levels of low-density lipopro-
tein (LDL) cholesterol were modestly increased 
across categories of genetic risk within each co-
hort. By contrast, genetic risk categories were 
independent of other cardiometabolic risk fac-
tors and 10-year cardiovascular risk as predicted 
by the pooled cohorts equation of the American 
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Figure 1 (facing page). Standardized Coronary Events Rates, According to Genetic and Lifestyle Risk in the Prospective 
Cohorts.

Shown are the standardized rates of coronary events, according to the genetic risk and lifestyle risk of participants 
in the Atherosclerosis Risk in Communities (ARIC) cohort, the Women’s Genome Health Study (WGHS) cohort, 
and the Malmö Diet and Cancer Study (MDCS) cohort. The 95% confidence intervals for the hazard ratios are pro-
vided in parentheses. Cox regression models were adjusted for age, sex (in ARIC and MDCS), randomization to re-
ceive vitamin E or aspirin (in WGHS), education level, and principal components of ancestry (in ARIC and WGHS). 
Standardization was performed to cohort-specific population averages for each covariate.

Characteristic

Atherosclerosis Risk 
in Communities 

(N = 7814)

Women’s Genome 
Health Study 
(N = 21,222)

Malmö Diet and 
Cancer Study 
(N = 22,389)

BioImage Study 
(N = 4260)

Age — yr 54±5.7 54.2±7.1 58.0±7.7 69.1±6.0

Male sex — no. (%) 3555 (45) 0 8,515 (38) 1879 (44)

Clinical history — no./total no. (%)

Hypertension 2020/7784 (26) 5164/21,217 (24) 13,553/22,389 (61) 2576/4258 (60)

Diabetes mellitus 632/7799 (8) 519/21,222 (2) 904/22,389 (4) 522/4257 (12)

Family history of premature coro-
nary artery disease†

751/6812 (11) 2476/19,121 (13) 7,225/22,389 (32) 1717/4054 (42)

Body-mass index‡ 26.9±4.8 25.9±4.9 25.7±3.9 28.8±5.5

Lipid levels — mg/dl§

LDL cholesterol 136.7±38.7 124±34 161.2±38.6 113±33

HDL cholesterol 37.6±10.9 54±15 53.7±14.7 56±16

Median triglycerides (IQR) 110 (79–156) 119 (84–176) 102 (76–143) 148 (107–210)

Use of lipid-lowering medication  
— no. (%)

45 (1) 690 (3) 488 (2) 1467 (34)

Healthy lifestyle factors — no. (%)

No current smoking 5873 (75) 18,784 (89) 16,162 (72) 3887 (91)

No obesity 6093 (78) 17,566 (83) 19,507 (87) 2729 (64)

Regular physical activity 2743 (35) 9,256 (44) 9,093 (41) 1967 (46)

Healthy diet 1515 (19) 7,251 (34) 2,795 (12) 610 (14)

Healthy lifestyle score — no. (%)

3 or 4 healthy lifestyle factors 2459 (31) 10,516 (50) 7,210 (32) 1564 (37)

2 healthy lifestyle factors 3162 (40) 7,385 (35) 10,234 (46) 1598 (38)

0 or 1 healthy lifestyle factor 2193 (28) 3,321 (16) 4,945 (22) 1098 (26)

Genetic risk category — no. (%)

Low 1563 (20) 4,280 (20) 4,478 (20) 846 (20)

Intermediate 4688 (60) 12,716 (60) 13,434 (60) 2557 (60)

High 1563 (20) 4,226 (20) 4,477 (20) 857 (20)

*  Plus–minus values are means ±SD. P values for the differences between the study groups in each individual cohort at baseline are provided 
in the tables in the Supplementary Appendix. To convert the values for cholesterol to millimoles per liter, multiply by 0.02586. To convert 
the values for triglycerides to millimoles per liter, multiply by 0.01129. HDL denotes high-density lipoprotein, IQR interquartile range, and 
LDL low-density lipoprotein.

†  A family history of premature coronary artery disease refers to a self-reported parental history of myocardial infarction before the age of 60 
years. In the BioImage Study and the Malmö Diet and Cancer Study (MDCS), participants were asked about a parental history of myocardial 
infarction without an age restriction.

‡  The body-mass index is the weight in kilograms divided by the square of the height in meters.
§  Lipid levels were available in a subgroup of 4303 participants in the MDCS study.

Table 1. Characteristics of the Participants at Baseline.*
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College of Cardiology–AHA (Tables S6 through 
S9 in the Supplementary Appendix).

Each of the four healthy lifestyle factors was 
associated with a decreased risk of coronary 
events in a combined analysis of the prospective 
cohorts: no current smoking (hazard ratio, 0.56; 
95% CI, 0.47 to 0.66), no obesity (hazard ratio, 
0.66; 95% CI, 0.58 to 0.76), regular physical ac-
tivity (hazard ratio, 0.88; 95% CI, 0.80 to 0.97), 
and healthy diet (hazard ratio, 0.91; 95% CI, 0.83 
to 0.99) (Table S10 in the Supplementary Appen-
dix). Coronary risk increased among participants 
with fewer healthy lifestyle factors within each 
cohort (Table S11 in the Supplementary Appendix).

Each cohort was divided into three lifestyle 
risk categories: favorable (at least three of the 
four healthy lifestyle factors), intermediate (two 
healthy lifestyle factors), or unfavorable (no or 
only one healthy lifestyle factor). Participants 
with an unfavorable lifestyle had higher rates of 
baseline hypertension and diabetes, a higher 
body-mass index, and less favorable levels of 
circulating lipids than did those with a favorable 
lifestyle (Tables S12, S13, and S14 in the Supple-
mentary Appendix). An unfavorable lifestyle was 
associated with a higher risk of coronary events 
than a favorable lifestyle, with an adjusted hazard 
ratio of 1.71 (95% CI, 1.47 to 1.98) in the ARIC 
cohort, 2.27 (95% CI, 1.92 to 2.67) in the WGHS 
cohort, and 1.77 (95% CI, 1.61 to 1.95) in the 
MDCS cohort (Fig. 1, and Fig. S3 in the Supple-
mentary Appendix).

Within each category of genetic risk, lifestyle 
factors were strong predictors of coronary events 
(Fig. 2). Adherence to a favorable lifestyle, as com-
pared with an unfavorable lifestyle, was associ-
ated with a 45% lower relative risk among par-
ticipants at low genetic risk, a 47% lower relative 
risk among those at intermediate genetic risk, 
and a 46% lower relative risk (hazard ratio, 0.54; 
95% CI, 0.47 to 0.63) among those at high genet-
ic risk. Among participants at high genetic risk, 
the standardized 10-year coronary event rates were 
10.7% among those with an unfavorable lifestyle 
and 5.1% among those with a favorable lifestyle 
in the ARIC cohort, 4.6% and 2.0%, respectively, 
in the WGHS cohort, and 8.2% and 5.3% in the 
MDCS cohort (Fig. 3). Similarly, a low genetic 
risk was largely offset by an unfavorable life-
style. Among participants at low genetic risk, 
standardized 10-year coronary event rates were 
5.8% among those with an unfavorable lifestyle 

and 3.1% among those with a favorable lifestyle 
in the ARIC cohort, 1.8% and 1.2%, respectively, 
in the WGHS cohort, and 4.7% and 2.6% in the 
MDCS cohort. Similar patterns were noted after 
the exclusion of coronary revascularization from 
the composite end point (Fig. S4 in the Supple-
mentary Appendix). Adjustment for traditional 
risk factors attenuated estimates, although the 
decreased risk among participants with a favor-
able lifestyle within each genetic risk category 
remained apparent (Table S15 and Fig. S5 in the 
Supplementary Appendix).

Despite a paucity of well-validated genetic loci 
in black populations, we observed similar find-
ings among black participants and white partici-
pants in the ARIC cohort (Fig. S6 in the Supple-
mentary Appendix). However, additional data are 
needed to confirm the consistency of the effect 
in populations of African ancestry.

A cross-sectional analysis of 4260 of 4301 
white participants with available data from the 
BioImage Study showed that both genetic and 
lifestyle factors were associated with coronary-
artery calcification (stratified according to the 
baseline characteristics in Tables S16 and S17 in 
the Supplementary Appendix). The standardized 
calcification score was 46 Agatston units (95% 
CI, 39 to 54) among participants at high genetic 
risk, as compared with 21 Agatston units (95% 
CI, 18 to 25) among those at low genetic risk 
(P<0.001). The calcification score was similarly 
higher among participants with an unfavorable 
lifestyle than among those with a favorable life-
style: 46 Agatston units (95% CI, 40 to 53) versus 
28 Agatston units (95% CI, 25 to 31) (P<0.001). 
Within each subgroup of genetic risk, a significant 
trend was observed toward decreased coronary-
artery calcification among participants who were 
more adherent to a healthy lifestyle (Fig. 4).

Discussion

In this study, we have provided quantitative data 
about the interplay between genetic and lifestyle 
risk factors for coronary artery disease in three 
prospective cohorts and one cross-sectional study. 
High genetic risk was independent of healthy 
lifestyle behaviors and was associated with an 
increased risk (hazard ratio, 1.91) of coronary 
events and a substantially increased burden of 
coronary-artery calcification. However, within 
any genetic risk category, adherence to a healthy 
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Figure 2. Risk of Coronary Events, According to Genetic and Lifestyle Risk in the Prospective Cohorts.

Shown are adjusted hazard ratios for coronary events in each of the three prospective cohorts, according to genetic 
risk and lifestyle risk. In these comparisons, participants at low genetic risk with a favorable lifestyle served as the 
reference group. There was no evidence of a significant interaction between genetic and lifestyle risk factors (P = 0.38 for 
interaction in the Atherosclerosis Risk in Communities (ARIC) cohort, P = 0.31 in the Women’s Genome Health Study 
(WGHS) cohort, and P = 0.24 in the Malmö Diet and Cancer Study (MDCS) cohort). Unadjusted incidence rates are re-
ported per 1000 person-years of follow-up. A random-effects meta-analysis was used to combine cohort-specific results.
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lifestyle was associated with a significantly de-
creased risk of both clinical coronary events and 
subclinical burden of coronary artery disease.

The results of this analysis support three 
noteworthy conclusions. First, our data indicate 
that inherited DNA variation and lifestyle factors 
contribute independently to a susceptibility to 
coronary artery disease. Our finding that a poly-
genic risk score has robust associations with 
incident coronary events is well aligned with 
previous studies of both primary and secondary 
prevention populations.16-24 Such findings sup-
port long-standing beliefs that genetic variants 
that are identifiable from birth alter coronary 
risk.2-4 Aside from slight differences in LDL cho-
lesterol levels and a family history of coronary 
artery disease, genetic risk was independent of 
traditionally measured risk factors.

Second, a healthy lifestyle was associated with 
similar relative risk reductions in event rates 
across each stratum of genetic risk. Although 
the absolute risk reduction that was associated 
with adherence to a healthy lifestyle was greatest 
in the group at high genetic risk, our results 
support public health efforts that emphasize a 
healthy lifestyle for everyone. An alternative ap-
proach is to target intensive lifestyle modifica-
tion to those at high genetic risk, with the expec-

tation that disclosure of genetic risk can motivate 
behavioral change. However, whether the provi-
sion of such information can improve cardiovas-
cular outcomes remains to be determined.

Third, patients may equate DNA-based risk 
estimates with determinism, a perceived lack of 
control over the ability to improve outcomes.32 
However, our results provide evidence that life-
style factors may powerfully modify risk regard-
less of the patient’s genetic risk profile. Indeed, 
alternative analytic approaches that incorporate 
more stringent cutoffs or weight the relative effect 
for each healthy lifestyle factor may lead to an 
even more pronounced coronary risk gradient.

Our study has several limitations. First, be-
cause adherence to a healthy lifestyle was not 
randomized, the association of lifestyle factors 
with the risk of coronary events cannot be taken 
as a causal relationship. Second, investigators in 
each cohort used slightly different methods to 
assess lifestyle at baseline. Behavioral changes 
before or after ascertainment or competing risks 
of other illnesses may have had an effect on risk 
estimates. Third, although we included up to 50 
previously validated genetic polymorphisms in the 
polygenic risk score, the inclusion of even more 
variants may prove useful in future analyses.24 
Finally, even though we provide evidence con-

Figure 3. 10-Year Coronary Event Rates, According to Lifestyle and Genetic Risk in the Prospective Cohorts.

Shown are standardized 10-year cumulative incidence rates for coronary events in the three prospective cohorts, according to lifestyle 
and genetic risk. Standardization was performed to cohort-specific population averages for each covariate. The I bars represent 95% 
confidence intervals.
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firming a relationship between a polygenic risk 
score and coronary events among black partici-
pants, the generalizability of our findings should 
be tested in more diverse populations as more 
robust ethnicity-specific data regarding genetic 
association become available.

In conclusion, after quantifying both genetic 
and lifestyle risk among 55,685 participants in 
three prospective cohorts and one cross-sectional 
study, we found that adherence to a healthy life-
style was associated with a substantially reduced 
risk of coronary artery disease within each cat-
egory of genetic risk.
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