1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

A
u
Yeyvaaa

/ HHS Public Access

Author manuscript
Circulation. Author manuscript; available in PMC 2019 January 16.

Published in final edited form as:
Circulation. 2018 January 16; 137(3): 222-232. d0i:10.1161/CIRCULATIONAHA.117.028021.

Phenotypic Consequences of a Genetic Predisposition to
Enhanced Nitric Oxide Signaling

Connor A. Emdin, DPhil1:23 Amit V. Khera, MD1:2:3| Derek Klarin, MD134, Pradeep
Natarajan, MD1:2:3, Seyedeh M. Zekavat, BSc1:2:3, Akihiro Nomura, MD1:2:3, Mary Haas,
PhD1.2:3 Krishna Aragam, MD12:3 Diego Ardissino, MD>8, James G. Wilson, MD’, Heribert
Schunkert, MD8, Ruth McPherson, MD?, Hugh Watkins, MD, PhD10:11 Roberto Elosua, MD,
PhD12.13.14 'Matthew J Bown, FRCS'5, Nilesh J Samani, FRCP1%, Usman Baber, MD16,
Jeanette Erdmann, PhD17, Padhraig Gormley, PhD-3, Aarno Palotie, MD, PhD13, Nathan O.
Stitziel, MD, PhD8, Namrata Gupta, PhD1:3, John Danesh, FRCP, DPhill%, Danish Saleheen,
MBBS, PhD20:21  Stacey Gabriel, PhD1:3, and Sekar Kathiresan, MD1-2:3

1Center for Genomic Medicine, Massachusetts General Hospital, Harvard Medical School,
Boston, MA

2Cardiology Division Department of Medicine, Massachusetts General Hospital, Harvard Medical
School, Boston, MA

SProgram in Medical and Population Genetics, Broad Institute, Cambridge, MA

“Department of Surgery, Massachusetts General Hospital, Harvard Medical School, Boston, MA
SDivision of Cardiology, Azienda Ospedaliero—Universitaria di Parma, Parma, Italy

6Associazione per lo Studio Della Trombosi in Cardiologia, Pavia, Italy

"Department of Physiology and Biophysics, University of Mississippi Medical Center, Jackson, MS

8Deutsches Herzzentrum Miinchen, Technische Universitat Miinchen, Deutsches Zentrum fiir
Herz-Kreislauf-Forschung, Miinchen, Germany

SUniversity of Ottawa Heart Institute, Ottawa, Ontario, Canada

10wellcome Trust Centre for Human Genetics, University of Oxford, Oxford, United Kingdom

Corresponding Author: Sekar Kathiresan, MD, Center for Genomic Medicine, Massachusetts General Hospital, 185 Cambridge Street,
CPZN 5.830, Boston, MA 02114, skathiresanl@mgh.harvard.edu, Phone: 617 643 6120.
Twitter: First author @connoremdin, Corresponding author @skathire

Disclosures

AVK is supported by a John S. LaDue Memorial Fellowship at Harvard Medical School, and a KL2/Catalyst Medical Research
Investigator Training award from Harvard Catalyst funded by the National Institutes of Health (NIH) (TR001100) and has received
consulting fees from Merck and Amarin. PN reports funding from the John S. LaDue Memorial Fellowship at Harvard Medical School
and has received consulting fees from Amarin. NOS reports funding from KO8HL114642 and RO1HL 131961, has received a research
grant from AstraZeneca and consulting fees from Regeneron. DJR has received consulting fees from Aegerion Pharmaceuticals,
Alnylam Pharmaceuticals, Eli Lilly and Company, Pfizer, Sanofi, and Novartis; is an inventor on a patent related to lomitapide that is
owned by the University of Pennsylvania and licensed to Aegerion Pharmaceuticals; and is a cofounder of Vascular Strategies and
Staten Biotechnology. SK is supported by a research scholar award from Massachusetts General Hospital, the Donovan Family
Foundation, and RO1 HL127564; he has received grants from Bayer Healthcare, Aegerion Pharmaceuticals, and Regeneron
Pharmaceuticals; and consulting fees from Merck, Novartis, Sanofi, AstraZeneca, Alnylam Pharmaceuticals, Leerink Partners, Noble
Insights, Quest Diagnostics, Genomics PLC, and Eli Lilly and Company; and holds equity in San Therapeutics and Catabasis
Pharmaceuticals. All other authors have reported that they have no relationships relevant to the contents of this paper to disclose.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Emdin et al. Page 2

Division of Cardiovascular Medicine, Radcliffe Department of Medicine, University of Oxford,
Oxford, United Kingdom

2Cardiovascular Epidemiology and Genetics, Hospital del Mar Research Institute, Barcelona,
Spain

13CIBER Enfermedades Cardiovasculares (CIBERCV), Barcelona, Spain
14Facultat de Medicina, Universitat de Vic-Central de Catalufia, Vic, Spain

15Department of Cardiovascular Sciences, University of Leicester, and NIHR Leicester Biomedicall
Research Centre, Leicester, United Kingdom

18The Zena and Michael A. Wiener Cardiovascular Institute, Icahn School of Medicine at Mount
Sinai, New York, New York

T Institute for Integrative and Experimental Genomics, University of Liibeck, Lubeck, Germany

18Cardiovascular Division, Department of Medicine, Department of Genetics, and McDonnell
Genome Institute, Washington University School of Medicine, Saint Louis MO

19Cardiovascular Epidemiology Unit, Department of Public Health and Primary Care, University of
Cambridge, Cambridge, UK; Wellcome Trust Sanger Institute, Hinxton, Cambridge, CB10 1SA,
UK; National Institute of Health Research Blood and Transplant; Research Unit in Donor Health
and Genomics, University of Cambridge

20Department of Biostatistics and Epidemiology, Perelman School of Medicine, University of
Pennsylvania, Philadelphia, PA

21Center for Non-Communicable Diseases, Karachi, Pakistan

Abstract

Background—Nitric oxide signaling plays a key role in 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
pharmacologic stimulation of the nitric oxide pathway as a therapeutic strategy.

Methods—We analyzed the association of common and rare genetic variants in two genes that
mediate nitric oxide signaling [Nitric Oxide Synthase 3 (MOS3) and Guanylate Cyclase 1, Soluble,
Alpha 3 (GUCY1A3)] with a range of human phenotypes. We selected two common variants
(rs3918226 in NOS3and rs7692387 in GUCY1A3) known to associate with increased NOS3and
GUCY1A3expression 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 seven 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 NOS3and GUCY1A3were 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 [OR 0.37 95% Cl 0.31, 0.45; p=5.5*10~26], peripheral
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arterial disease (OR 0.42 CI 0.26, 0.68; p=0.0005) and stroke (OR 0.53 ClI 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
GUCY1A3genes were associated with a 23 mm Hg higher systolic blood pressure (Cl 12, 34 mm
Hg; p=5.6*107°) and a three-fold higher risk of coronary heart disease (OR 3.03 Cl 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. Pharmacologic
stimulation of nitric oxide signaling may prove useful in the prevention or treatment of
cardiovascular disease.

Keywords
Genetics; nitric oxide; cardiovascular disease; nitric oxide synthase

Introduction

Nitric oxide signaling is a key regulator of vascular tone, blood pressure and platelet
aggregation.12 Endothelial nitric oxide synthase (eNOS), encoded 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 (sGC), a heterodimeric protein with
one subunit encoded by the gene GUCY1A334 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.
56 NOS3and GUCY1A3are thus key mediators of nitric oxide signaling and its
downstream effects (Figure 1).

Previous studies have noted increased blood pressure and atherosclerotic burden in eNOS™~
knockout mice,”:8 while loss of sSGC promotes thrombus formation.® Common noncoding
variants in the NOS3and GUCY1A3loci 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.10-12 Furthermore, a rare coding variant in
GUCY1A3was identified as associating with early-onset myocardial infarction in a German
family.? These findings in mice and humans suggest that stimulation of nitric oxide signaling
may be a useful therapeutic strategy for prevention of cardiovascular diseases.

DNA sequence variants in therapeutic target genes represent naturally-occurring, lifelong
variation of the gene (i.e., experiments of nature). Consequently, if a genetic predisposition
to enhanced nitric oxide signaling associates with reduced risk of cardiovascular and other
diseases, these results would support the therapeutic hypothesis that pharmacologic
stimulation of nitric oxide signaling (e.g., through soluble guanylyl cyclase stimulationl3)
will prevent and/or treat cardiovascular disease. Furthermore, if the association of nitric
oxide signaling with coronary heart disease (CHD) risk is partially mediated through blood
pressure-independent pathways, stimulation of nitric oxide signaling may represent an
approach for CHD prevention independent of current blood pressure lowering therapies.
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We therefore sought to use common and rare DNA sequence variants in NOS3and
GUCY1A3to: (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 variants in NOS3and GUCY1A3that are predicted to reduce
nitric oxide signaling associate with higher risk for CHD.

The data, analytic methods, and study materials is available to other researchers for purposes
of reproducing the results or replicating the procedure, with access maintained by UK
Biobank.14

Study design, data sources and study participants

Study design is shown in Supp. Figure 1. We used individual-level data from 335,464
individuals of European ancestry from the UK Biobank, a large population-based cohort
(Supplemental Methods A). Characteristics of individuals in UK Biobank are provided
(Supplemental Table 1). We 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 (Supplemental Methods B and Supp. Table 2).
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® to
examine whether rare variants in the NOS3-GUCY1A3 pathway associate with blood
pressure and CHD (Supplemental Methods C).

In our primary analysis, we 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 (Supplemental Table 3). We additionally examined the
effect of a genetic predisposition to enhanced nitric oxide signaling on 16 quantitative traits
(Supplemental Methods A and B): systolic blood pressure, diastolic blood pressure, waist-
to-hip ratio adjusted for body mass index1, 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
deviation (SD) units) to facilitate comparisons among traits (Supplemental Methods B).
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 (Supplemental Table 3).

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.
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Common variants in NOS3 and GUCY1A3

We leveraged common variants in the NOS3and GUCY1A3loci 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%; Supp. Table 4). 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.1”:18 Furthermore, the
minor allele of rs7692387 has also recently been characterized to reduce GUCY1A3
expression via disruption of a ZEB1 transcription factor site.19 We examined the effect of
these variants on NOS3and GUCY1A3expression levels in aortic and lung tissue in the
Genotype-Tissue Expression project database?? (Supplemental Methods D) 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, we pooled rs3918226 and rs7692387 into an additive genetic score (individuals had 0
to 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 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. 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 pharmacologic stimulator of soluble guanylate cyclase) on mean
arterial pressure in a recent randomized controlled trial.13 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.2
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 NOS3and GUCY1A3are associated
with systolic blood pressure, diastolic blood pressure and CHD (Supplemental Methods C).
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).
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For blood pressure, we tested whether presence of a predicted loss-of-function variant in
NOS3and GUCY1A3was associated systolic blood pressure or diastolic blood pressure in
the Type 2 Diabetes Genetics Exome Sequencing 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.1°
We used linear regression, adjusted for age, sex and five 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, 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, we pooled the effect of predicted loss-of-function variants in
NOS3and GUCY1A3on CHD using inverse variance weighted fixed effects meta-analysis.

Statistical analysis

For 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, 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.22

For our primary outcomes (nine cardiometabolic diseases), we set a Bonferroni adjusted
level of significance of p=0.05/9=0.0056. For our secondary analyses of 16 cardiometabolic
and pulmonary traits and our phenome wide association 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 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; Supplemental Methods E).11
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. 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 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).
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In the Genome Tissue Expression project database2?, the C allele of rs3918226 was
associated with increased NOS3expression 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 2). The A allele of rs7692387 was associated with increased
GUCY1A3expression 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*10726) and 0.32 mm Hg
lower mean arterial pressure (p=8.3*10714), respectively) (Figure 2)], replicating previously
reported associations of these variants with blood pressure at genome wide significance.17:18

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; Cl 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 3).

Enhanced nitric oxide signaling was significantly associated with higher forced expiratory
volume in 1 second (0.09 L; C1 0.05, 0.12 L; p = 5.6*107). We examined whether the
association of a genetic predisposition to enhanced nitric oxide signaling with pulmonary
function differed by baseline pulmonary function. No evidence of a trend by baseline
pulmonary function for FEV1 was observed (p=0.34, respectively, Supplemental Figure 2).
Enhanced nitric oxide signaling was not significantly associated with any other
cardiometabolic traits, including glycaemic traits or blood lipids (Figure 3).

The genetic nitric oxide signaling score was significantly associated with three of the nine
primary cardiometabolic outcomes. 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*1071/;
Supplemental Figure 3) in the CARDIOGRAMPIusC4D Consortium data. We replicated this
association in UK Biobank participants (OR 0.39 CI 0.29, 0.52; p=1.1*10710), with an
overall pooled 63% reduction in CHD risk (OR 0.37 CI 0.31, 0.45; p=5.5*10"2%; Figure 4).

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 ClI
0.37, 0.76; p=0.0006) and a nominally (p<0.05) reduced risk of chronic kidney disease (OR
0.46 CI1 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 4). In sensitivity 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
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39% (OR 0.61 CI 0.56, 0.67) and 86% lower risk of CHD (OR 0.14 CI 0.10, 0.20),
respectively (Supplemental Figure 4).

When an interaction term between the NOS3and 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 NOS3and GUCY1A3loci
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
C10.31, 0.45 prior to adjustment, OR 0.46 CI 0.38, 0.55 after adjustment; Supplemental
Figure 5), 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 5).

In contrast to common variants that promote increased nitric oxide signaling, we sought to
test the hypothesis that rare inactivating variants in NOS3or GUCY1A3would be
associated with increased blood pressure and risk of CHD. 27 participants with predicted
loss-of-function variants in NOS3or GUCY1A3were identified in the T2D GENES study
(Supplemental Table 5). Presence of a predicted loss-of-function variant in NOS3 or
GUCY1A3was associated with increased systolic blood pressure (22.8 mm Hg ClI 11.7,
33.9, p = 5.6*107°, respectively; Figure 6) and diastolic pressure (9.7 mm Hg; CI 3.5, 15.9
mm Hg, p= 0.002, Supplemental Figure 6). 27 individuals with predicted loss-of-function
variants were identified in Myocardial Infarction Genetics Consortium studies (Supp. Table
6). Prediced 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 6).

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 CI1 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
NOS3or GUCY1A3associated 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 hypertension!3, 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
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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.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 atherosclerotic cardiovascular disease.12425

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.19

Third, these results suggest that stimulation of nitric oxide signaling may improve renal and
pulmonary 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. Increased nitric oxide
signaling was also associated with improved pulmonary function. Although medications to
stimulate of nitric oxide signaling is effective and approved for treatment of pulmonary
hypertension’:13, these results suggest that stimulation 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 GUCY1A3and
NOS3loci 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 GUCY1A3and NOS3expression in
vascular and pulmonary tissues, and we observed consistent effects of rare, predicted loss-
of-function variants in GUCY1A3and NOS3on blood pressure and CHD, suggesting that
the common variants mediated their effects through the NOS3-GUCY1A3nitric 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 GUCY1A3function; the prevalence of missense
mutations that impair the NOS3-GUCY 1A3 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.2

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
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pulmonary function. Stimulation of nitric oxide signaling may prove useful for the
prevention and treatment of a range of diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Clinical Perspective
What is new?

. A genetic predisposition to enhanced nitric oxide signaling, as mediated by
common variants in the NOS3and GUCY1A3 genes, was associated with
lower blood pressure and a reduced risk of coronary heart disease, peripheral
arterial disease and stroke.

. Rare variants that inactivate either the NOS3 or the GUCY1A3 gene were
associated with increased blood pressure and higher risk of coronary heart
disease.

What are the clinical implications?

. The results suggest that pharmacologic stimulation of nitric oxide signaling
may be an effective therapy for prevention or treatment of atherosclerotic
cardiovascular disease.
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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 one subunit encoded by the gene GUCY1AS3. 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 2. 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 3. Association of the nitric oxide signaling genetic score with cardiometabolic traits

(secondary outcomes)

Abbreviations: SD, standard deviation; eGFRcrea, serum creatinine-estimated glomerular
filtration rate; eGFRcys, cystatin-C-estimated glomerular filtration rate; HbAlc, hemoglobin
Alc; SBP, systolic blood pressure; DBP, diastolic blood pressure; BMI, body mass index;
WHRadjBMI, waist-to-hip ratio adjusted for body mass index; LDL cholesterol, low-density
lipoprotein cholesterol; HDL cholesterol, high-density lipoprotein cholesterol; FEV1, forced
expiratory volume in 1 second; FVC, forced vital capacity. P-values that reach Bonferroni-
adjusted level of statistical significance (p<0.001) are bolded.
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Figure 4. 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 Dlsease 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 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 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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