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Abstract

BACKGROUND—Postoperative atrial fibrillation (AF) is a potentially life-threatening 

complication after coronary artery bypass graft (CABG) surgery. Genetic predisposition may 

predict risk for developing postoperative AF.

METHODS—Study subjects underwent CABG surgery with cardiopulmonary bypass at Duke 

University Medical Center. In a discovery cohort of 877 individuals from the Perioperative 

Genetics and Safety Outcomes Study (PEGASUS), we performed a genome-wide association 

study (GWAS) using a logistic regression model with a covariate adjustment for AF risk index. 

Single-nucleotide polymorphisms (SNPs) that met a P<5×10−5 were further tested using a 

replication dataset of 304 individuals from the CATHeterization GENetics (CATHGEN) 

biorepository, followed by meta-analysis. Potential pathways related to postoperative AF were 

identified through gene enrichment analysis using the top GWAS SNPs (P<10−4).

RESULTS—Nineteen SNPs met the a priori defined discovery threshold for replication, but only 

3 met nominal significance (P<0.05) in the CATHGEN group, with only one – rs10504554, in the 

intronic region in lymphocyte antigen 96 (LY96) – showing the same direction of the effect for 

postoperative AF (odds ratio [OR]=0.48; 95% CI: 0.34–0.68, P=2.9×10−5 vs OR=0.55; 95% CI: 

0.31–0.99, P=0.046), and strong overall association by meta-analysis (meta-P=4.0×10−6). Gene 

enrichment analysis highlighted the role of LY96 in pathways of biologic relevance to activation 
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and modulation of innate immune responses. Our analysis also showed potential association 

between LY96 and nuclear factor NF-kappa-B interaction, and postoperative AF through their 

relevance to inflammatory signaling pathways.

CONCLUSIONS—In patients undergoing CABG surgery, we found genetic polymorphisms in 

LY96 associated with decreased risk for postoperative AF.
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INTRODUCTION

Postoperative atrial fibrillation (AF) is one of the most common complications following 

coronary artery bypass graft surgery (CABG), occurring in 25% to 40% of patients.1 It is 

associated with an increased risk for adverse neurologic events, congestive heart failure, 

myocardial infarction, and perioperative mortality as well as prolonged hospital length of 

stay and increased hospital costs.1–3 Indeed, the impact of postoperative AF on hospital 

resources is substantial with extra costs exceeding $10,000 per patient, which translates into 

more than $2 billion each year in the United States alone.4

Several patient-specific and procedure-related risk factors associated with increased risk for 

postoperative AF have been described in cardiac surgery patients. These include advanced 

age, a history of atrial fibrillation, chronic obstructive pulmonary disease, valve surgery, and 

discontinuation of beta-blocker or angiotensin converting enzyme inhibitor therapy.1, 5 The 

identification of these risk factors led to the development and validation of several 

comprehensive risk indices that are used to predict postoperative AF and possible preventive 

strategies; 1, 5–7 however, their reliability and hence, generalizability remain limited due to 

significant differences in the risk factors that were selected and validated for each index. 

Indeed, advanced age is the only consistent independent risk factor for postoperative AF.6 

This suggests that the etiology of postoperative AF after cardiac surgery is multifactorial, 

and that genetic variations may play a significant role.8–10

Genetic predisposition in AF has been suggested by a few candidate gene and genome-wide 

association studies (GWAS). These variants, or single-nucleotide polymorphisms (SNPs), 

reported to date for AF have mostly been located in genes that modulate intrinsic cardiac 

pacemaker activity, signal transduction, and cardiopulmonary development.11, 12 However, 

most of these studies were performed in subjects selected from large-scale, community-

based cohort studies, and compared subjects with incident or prevalent AF vs subjects 

without AF. In the subsequent association analyses, the investigators adjusted only for a 

limited number of subject-specific characteristics such as age and gender. 11, 12 In contrast, 

only a few candidate gene studies have attempted to identify and/or validate genetic variants 

that are independently associated with new-onset postoperative AF in cardiac surgery 

patients.13, 14 Therefore, we conducted the first genome-wide association study to identify 

common genetic variants associated with new-onset postoperative AF in the setting of 

CABG surgery.
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MATERIALS AND METHODS

The study design and data reporting followed the recommendations of “Strengthening the 

Reporting of Genetic Association Studies” (STREGA).11 In the present study, 2 independent 

cohorts of patients who underwent CABG at the Duke Heart Center at Duke University 

Medical Center, Durham, North Carolina, were used for intial common variant discovery by 

GWAS, and replication analysis of top candidate SNPs. Each of the parent studies in our 

investigation was approved by the Institutional Review Board at Duke University Medical 

Center, and all subjects provided written informed consent.

The discovery cohort for GWAS was comprised of patients from the Perioperative Genetics 

and Safety Outcomes Study (PEGASUS), a longitudinal study that enrolled 1,004 patients 

who underwent isolated non-emergent CABG surgery with cardiopulmonary bypass (CPB) 

between 1997 and 2006.12 For patients who had more than one cardiac surgery during that 

period, only data from the first surgery were included. Of the original 1,004 patients, 877 

patients with self-reported European ancestry and complete phenotypic and genotypic data 

met our inclusion criteria for the discovery cohort.

The replication cohort for our study was selected from 475 patients in the CATHeterization 

GENetics (CATHGEN) study13 who underwent cardiac catheterization between 2001 and 

2010 to evaluate ischemic heart disease, and who subsequently underwent CABG surgery 

with CPB between 2006 and 2010. Of these, 304 patients without valve surgery met our 

inclusion criteria.

Intraoperative anesthetic, perfusion, and cardioprotective management was standardized. 

General anesthesia was maintained with a combination of fentanyl and isoflurane. Perfusion 

support consisted of nonpulsatile CPB (30°C– 32°C), crystalloid prime, pump flow rates 

>2.4 L/min/m2, cold blood cardioplegia, α-stat blood gas management, activated clotting 

times >450 seconds maintained with heparin, ε-aminocaproic acid infusion administered 

routinely, and serial hematocrits maintained at >0.18.

Data Collection and End-point Definition

Patient demographics, preoperative and procedural factors, and perioperative medication use 

are components1 of the postoperative AF Risk Index (Supplemental Table 1), were recorded 

and collated using the Duke Information System for Cardiovascular Care, an integral part of 

the Duke Databank for Cardiovascular Disease. The postoperative AF Risk Index is a 

predictor of postoperative AF in cardiac surgery patients. Diagnosis of new-onset 

postoperative AF was based on postoperative electrocardiogram or rhythm strip, or at least 2 

of the following forms of documentation: progress notes, nursing notes, discharge summary, 

or change in medication.

Genotyping and Quality Controls

Genotyping platforms and quality controls (QCs) for genotype and sample exclusion have 

been described previously.15 Briefly, 1004 samples from the PEGASUS cohort (discovery 

samples) were genotyped using the Illumina Human610-Quad BeadChip.Various QC 

criteria were applied to ensure the genotype quality. Markers were excluded if the GenCall 
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(http://support.illumina.com/downloads/gencall_software.html) score was ≤ 0.15, the 

genotype call frequency was < 98%, or gender errors were detected At the sample level, we 

checked cryptic relatedness and duplications. For a pair of samples with identity by descent 

(IBD) > 0.1875 (between 2nd and 3rd degree relative), one sample was excluded. At this 

stage, the QC’ed genotype dataset at this stage consisted of 960 subjects with 561,091 

markers. However, 83 subjects had missing data on postoperative AF status and therefore 

were excluded from subsequent analysis. Thus, the final discovery dataset (PEGASUS 

cohort) consisted of 877 patients, all of European descent who had both genotype and 

phenotype data available.

Population structure was investigated using the EigenSoft program16 to generate 15 

principal components (PCs). However, as expected, we did not find any PCs associated with 

AF since only patients with self-reported European ancestry were included in our dataset. 

Therefore, no PCs were included in the final association analysis model.

All CATHGEN samples were genotyped using the Illumina OMNI 1-Quad BeadChip, and 

subject to the same marker and sample QC criteria as described above. We selected a subset 

of CATHGEN samples for the replication dataset based on the availability of postoperative 

AF data. Since different genotype platforms were used for the discovery and replication 

samples, we used imputed markers to maximize the shared SNPs between the 2 datasets, and 

to fine map the regions of interest. The IMPUTE217 program was used for imputing untyped 

SNPs using the post-QCed PEGASUS genotype dataset (960 samples with 561,091 

markers) and phased haplotypes from the 1000 genome CEU reference panel. The best-

guess imputed genotype for any untyped SNP per sample was chosen as the genotype with 

the highest imputation probability (imputation score). If the highest imputation score for an 

imputed SNP of a sample was < 90%, a missing imputed genotype was assigned.

Statistical Analysis

Descriptive statistics of clinical variables are presented as frequency and percentage for 

categorical variables, and mean ± SD for continuous variables. Univariable logistic 

regression analysis was performed to test the differences in demographic, and clinical and 

procedural characteristics between patients with and without postoperative AF. P values (P) 

were derived from 2-sided Wald tests. Analyses of clinical variables were conducted using 

SAS Version 9.2 (SAS Institute Inc, Cary, NC).

All association analyses below were performed using PLINK (http://pngu.mgh.harvard.edu/

~purcell/plink/) for all genotyped and imputed markers. At the data analysis stage, we 

included additional QC criteria by excluding markers that were significantly deviated from 

Hardy-Weinberg Equilibrium (HWE) (P < 10−6) or had a minor allele frequency (MAF) < 

2%. For each of the SNPs, allelic associations with postoperative AF were assessed using 

logistic regression analyses adjusted for the postoperative AF Risk Index. These association 

tests, including those for imputed genotypes, were performed assuming an additive 

inheritance model (homozygote major allele vs heterozygote vs homozygote minor allele). 

Markers were considered to be significant genome-wide if P < 5 × 10−8, which is the most 

commonly accepted significant threshold for GWAS. In addition to this stringent criterion, a 

relaxed significance threshold of P < 5 × 10−5 was applied when choosing SNPs for 
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replication in the CATHGEN cohort.18 The same logistic regression model adjusted for the 

postoperative AF Risk Index was applied in the replication dataset.

To assess the overall effect of candidate SNPs, we then conducted a meta-analysis using the 

weighted Z-score meta-analysis as implemented in METAL (http://www.sph.umich.edu/csg/

abecasis/metal). The final candidate gene(s) were prioritized based on 1) meeting nominal 

significance in the CATHGEN cohort, 2) showing the direction of their effect for 

postoperative AF in the discovery dataset, and 3) reaching statistical significance in the 

meta-analysis. For the top candidate gene(s) or region(s), we increased marker density by 

using all imputed markers within the gene or region in the discovery dataset to examine the 

association pattern within the region. Within a gene or region of interest, we also assessed 

whether other SNPs showed independent association from the top SNP initially identified by 

performing a conditional association analysis that included the top SNP in the logistic 

regression model. Pairwise linkage disequilibrium (LD) between markers within the final 

candidate gene(s) was computed and quantified as r2 × 100, using Haploview (http://

www.broad.mit.edu/mpg/haploview/).

Pathway analysis was performed based on the Ingenuity Pathways Knowledge Base, a 

pathway database created by Ingenuity Systems Inc (http://www.ingenuity.com/products/

ipa). In brief, this database consists of gene regulatory and signaling pathways that are 

manually curated from the literature for the database. The database uses the Ingenuity 

Pathways Analysis (IPA®) software to view and analyze pathway data, and for a given gene 

set, the software automatically generates the pathways that are related to those genes (http://

www.ingenuity.com/wp-content/themes/ingenuity-qiagen/pdf/ipa/ipa_datasheet.pdf). First, 

top SNPs with P < 0.0001, based on the results of the discovery cohort, were selected and 

uploaded to IPA so that they could be mapped to their respective molecules. Next, the 

pathway analysis was performed based on these molecules and the results were compared to 

the reference set of molecules for each pathway. Using a right-tailed Fisher exact test, a 

pathway was considered statistically significant (P < 0.05) if the number of molecules in our 

dataset was significantly larger than the expected number of molecules by chance based on 

the reference set of molecules within that pathway. Finally, the convergence between the 

results of the enrichment analysis and GWAS results was examined to identify pathways 

that are significant and potentially relevant to postoperative AF.

We further investigated potential gene-gene interaction between candidate gene(s) identified 

from our association study, and other genes of interest within the same pathway. We 

selected the most significant SNP within each gene of interest as the representative marker 

for the gene. The SNP-SNP interaction term was tested for its association with postoperative 

AF using the logistic regression model adjusted for individual SNP effect and the AF Risk 

Index.

Finally, we also examined SNPs within previously identified genes or loci for postoperative 

AF in our dataset. The same logistic regression model adjusted for the AF Risk Index was 

performed for these analyses.

Kertai et al. Page 5

Am Heart J. Author manuscript; available in PMC 2016 March 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.sph.umich.edu/csg/abecasis/metal
http://www.sph.umich.edu/csg/abecasis/metal
http://www.broad.mit.edu/mpg/haploview/
http://www.broad.mit.edu/mpg/haploview/
http://www.ingenuity.com/products/ipa
http://www.ingenuity.com/products/ipa
http://www.ingenuity.com/wp-content/themes/ingenuity-qiagen/pdf/ipa/ipa_datasheet.pdf
http://www.ingenuity.com/wp-content/themes/ingenuity-qiagen/pdf/ipa/ipa_datasheet.pdf


Sources of Funding

This work was supported, in part, by National Institutes of Health grants HL075273 and 

HL092071 (to Dr. Podgoreanu); AG09663, HL054316, and HL069081 (to Dr. Newman); 

HL096978, HL108280, and HL109971 (to Dr. Mathew); HL095987 (to Dr. Shah); and 

HL101621 (to Dr. Kraus); and by American Heart Association grants 9970128N (to Dr. 

Newman), 9951185U (to Dr. Mathew), and 0120492U (to Dr. Podgoreanu). CATHGEN 

provided logistics support. The authors are solely responsible for the design and conduct of 

this study, all study analyses, the drafting and editing of the paper and its final contents.

RESULTS

Our study consisted of 877 patients in the discovery dataset and 304 patients in the 

replication dataset. Demographics and clinical characteristics of the patients in these 2 

datasets, stratified according to the documented presence or absence of postoperative AF, 

are shown in Table 1. The mean age was 63.3 ± 10.2 years in the discovery dataset and 60.7 

± 10.7 years in the replication dataset. Both datasets had higher proportions of male patients 

(656 [74.8%] in the discovery dataset and 198 [65.1%] in the replication dataset). The 

median [IQR] postoperative AF risk scores were similar between the 2 datasets (12 [6–22] 

vs 11 [2–18]). Of the 877 patients in the discovery cohort, 257 (29.3%) developed 

postoperative AF. These subjects had a significantly higher median postoperative AF risk 

score compared to controls without postoperative AF (22 [12–31] vs 11 [3–17]; OR = 1.10; 

95% CI: 1.08–1.11; P < 0.0001). Similarly, patients in the replication dataset with 

postoperative AF had a significantly higher median postoperative AF risk score compared to 

patients without postoperative AF (20 [11–30] vs 6 [0–13]; OR = 1.11; 95% CI: 1.08–1.14; 

P < 0.0001).

A total of 561,091 genotyped markers were available for analysis after our initial QCs. Of 

these, we excluded 13 SNPs due to deviation from HWE, and an additional 36,103 SNPs 

due to an MAF < 0.02. The remaining 524,975 markers were analyzed in the 877 subjects in 

the discovery cohort for any association with postoperative AF. The GWAS results in the 

discovery cohort are depicted using a Manhattan plot (Supplemental Figure 1A) and a 

quantile-quantile (QQ) plot, which showed good adherence to null expectations 

(Supplemental Figure 1B). None of the SNPs reached genome-wide significance. However, 

19 SNPs met the a priori defined discovery threshold of P < 5×10−5, and were subsequently 

analyzed in the replication cohort (Table 2).

Of the 19 SNPs analyzed in the replication cohort (Table 2), 10 SNPs were based on the 

imputed genotype, due to the difference between the 2 BeadChips used in these 2 datasets. 

We identified 3 SNPs with nominal significance (P < 0.05) in the replication dataset. 

However, only the minor allele of rs10504554, in the intronic region of the lymphocyte 

antigen 96 gene (LY96, allele G), had the same direction of the effect indicating a decreased 

risk for postoperative AF in both datasets (discovery dataset: OR = 0.48; 95% CI: 0.34–0.68; 

P = 2.9×10−5, and replication dataset: OR = 0.55; 95% CI: 0.31–0.99; P = 0.046). The meta-

analysis of both datasets by METAL showed that this SNP remained significantly associated 

with postoperative AF (meta-P = 4.0×10−6) (Table 2).
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We increased the marker density in LY96 using a total of 71 imputed markers (MAF ≥ 0.02) 

to identify the SNP that was most strongly associated with postoperative AF, and potentially 

close to the causal variant in this gene. The average distance between markers is 526.71 bp 

(SD, 677.21 bp). Figure 1 depicts all genotyped and imputed markers investigated in this 

gene. The imputed SNP rs16938758 showed the most significant association with 

postoperative AF from the meta-analysis, and rs10504554 remained the most significant 

marker among the genotyped and imputed markers (Supplemental Table 2). Furthermore, 

when we adjusted for the effect of rs10504554 via the conditional association analysis, none 

of the SNPs, including rs16938758 (P=0.7) in LY96 gene region showed significant 

association with postoperative AF while rs10504554 remained significantly associated with 

postoperative AF. This was due to the strong LD between rs10504554 and rs16938958 

(r2=0.97), as also indicated by Figure 2 where rs10504554 and rs16938758 are in the same 

LD block.

In parallel, 32 SNPs with P < 0.0001 in the discovery cohort were selected and uploaded 

into the IPA program for gene enrichment analysis. These SNPs were mapped to 12 unique 

genes, and the subsequent pathway analysis identified 19 nominally significant pathways (P 

< 0.05, Supplemental Table 3). We then examined the convergence between the results of 

the enrichment analysis and the results of the GWAS. This analysis highlighted the role of 

LY96 in several canonical pathways that are associated with activation and modulation of 

innate immune responses, and are potentially relevant to postoperative AF (Supplemental 

Figure 2 and Table 3). Of these pathways, the iNOS pathway (Figure 3), which is activated 

via toll-like receptor 4 (TLR-4)-LY96 receptor complex activation, has been previously 

identified as a relevant pathway to AF.19 Therefore, we analyzed the potential gene-gene 

interaction between LY96 SNP and each of the 4 functionally relevant candidate genes in the 

iNOS-related signaling pathway (Figure 3 and Supplemental Table 4) in terms of their 

association with postoperative AF. We found a nominally significant interaction between 

rs230530 in nuclear factor NF-kappa-B (NFκB1) and rs10504554 in LY96 that was 

associated with a decreased risk for postoperative AF (OR = 0.50; 95% CI: 0.29–0.86; P = 

0.01), and that had the same level and direction of the effect as the rs10504554 alone (OR = 

0.48; 95% CI: 0.34–0.68; P = 2.9 × 10−5).

Finally, we examined the relationship between SNPs identified in prior GWAS of AF and 

postoperative AF in our discovery dataset. Nominally significant associations were found 

between some of these genetic variants and incident postoperative AF (Supplemental Table 

5), but these associations did not reach our pre-defined discovery threshold of P < 5 × 10−5 

that was required to be selected for replication in the CATHGEN cohort. Further, we found 

no evidence for an association between incident postoperative AF in our covariate-adjusted 

analysis and the genetic variations at the 4q25 (PITX2) locus (Supplemental Table 6), which 

were previously found to be associated with AF in both ambulatory11, 12 and cardiac surgery 

cohorts.13

CONCLUSIONS

Using a genome-wide approach, we identified genetic variants in the LY96 gene that was 

associated with a reduced risk for postoperative AF in patients who underwent CABG with 
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CPB. The encoded protein for the LY96 gene, LY96, is also known as myeloid 

differentiation protein 2 (MD-2), and is an essential co-receptor for TLR-4 signaling. 

Importantly, our findings suggest an independent association even after adjusting for clinical 

and procedural variables known to predict a risk for postoperative AF. Consistent with this 

finding, which was based on a combination of the genome-wide association results and a 

gene enrichment analysis, we also found several innate immune signaling pathways that 

were significant and potentially relevant to the development of postoperative AF. Within 

one of these pathways – the inducible nitric oxide synthase (iNOS) pathway – we observed a 

significant gene-gene interaction between LY96 and NFκB1. These findings add to mounting 

data that implicate a central role for inflammation in the development of postoperative AF, 

and suggest that LY96 may represent a novel target in a strategy to prevent postoperative AF 

after CABG surgery.

TLR4 is a prominent member of a family of pattern-recognition receptors that initiate the 

innate immune response to microbial pathogens.20 While TLR4 is expressed primarily by 

cells of myeloid lineage, it is also expressed in tissues without a recognized immune 

function, such as the heart and vasculature.21 In the heart, TLR4 is essential for LPS-

induced LV dysfunction and for myocardial expression of tumor necrosis factor α (TNFα), 

interleukin (IL)-1β, and iNOS.22, 23 Furthermore, TLR4 plays a critical role in initiating the 

intense inflammatory response to myocardial ischemia-reperfusion, since TLR4-deficient 

murine strains are protected from myocardial infarction caused by ischemia-reperfusion 

injury.24

As noted above, the encoded protein for the LY96 gene is the TLR-4 co-receptor LY96, 

which is associated with the extracellular domain of TLR-4. This co-receptor is essential for 

TLR-4 pathway activation, whether by LPS,20 or through the binding of endogenous ligands 

such as heat-shock proteins (HSP) or fibrinogen.25 Indeed, ischemia-reperfusion injury in 

myocardial cells after CABG surgery with CPB induces the release of HSP70, an 

intracellular protein involved in protein folding and transport.26 Dybdahl et al21 discovered 

an early peak in inducible HSP70 in plasma after CABG surgery, which may originate from 

myocardial and coronary endothelial cells stressed by ischemia, or from blood cells 

damaged by the CPB machine. Their additional experiments also revealed that HSP70 is 

involved in activating the innate immune system by binding to the TLR-4 complex as an 

endogenous ligand. However, the downstream effect of TLR-4 complex activation and the 

resulting cytokine response to HSP70 could be inhibited by TLR-4 monoclonal antibodies.21

Few have studied the functional role and consequences of genetic variations in LY96. 

Nevertheless, recent evidence suggests that genetic variations in LY96 may have biological 

significance in the pathogenesis of sepsis and multiorgan dysfunction syndrome. For 

example, an SNP (rs11465996) within LY96 in the Chinese Han population has been 

associated with a higher sepsis morbidity rate and higher multiple organ dysfunction scores 

in patients with major trauma.27 This polymorphism was also associated with significantly 

higher TNFα production by peripheral blood leukocytes in response to LPS stimulation.27 

Notably, this SNP was not represented on the Illumina Human610-Quad BeadChip used to 

genotype our discovery cohort. Using imputed genotype data for this SNP in the discovery 

cohort did not show a statistically significant association with postoperative AF 
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(rs11775193: OR = 1.09; 95% CI: 0.85–1.40; P = 0.49; and rs2291217: OR = 1.06; 95% CI: 

0.82–1.35; P = 0.67). Likewise, in a Caucasian patient undergoing surgery for cancer, 

Hanmann et al28 found that a rare coding mutation within the first exon in LY96 caused an 

amino acid exchange from threonine 35 to alanine, resulting in reduced LPS-induced 

signaling.

Together, these findings indicate a potential role for LY96 genetic variations in LPS 

responsiveness and disease susceptibility, and also highlight the potential importance of 

LY96 with its co-receptor TLR-4 in noninfectious disease processes such as activation of the 

innate immune system in response to myocardial ischemia-reperfusion injury.29 In fact, 

inhibition of the TLR-4-LY96 complex with eritoran, a synthetic analog of lipid A and a 

competitive antagonist of the LY96 receptor, terminates TLR-4-LY96-mediated signaling, 

due to proximal inhibition of innate immune responses.30 Furthermore, by inhibiting the 

TLR-4-LY96 complex, eritoran attenuates the inflammatory response to myocardial 

ischemia-reperfusion injury, as evidenced by decreased NFκB nuclear translocation, and 

decreased expression of inflammatory mediators.29

Consistent with the single-marker analysis above, we also identified several innate immune 

cellular pathways that were significant and potentially relevant to postoperative AF. 

Intriguingly, the most significant of these was the “hepatic fibrosis/hepatic stellate cell 

activation” pathway. The activation and signaling events of this pathway are similar to the 

fibroproliferative signaling pathways observed in the development and modulation of atrial 

fibrosis.12 Atrial fibrosis may result from a variety of cardiac pathological processes 

including senescence, cardiac dysfunction, mitral valve disease, and possibly myocardial 

ischemia.31 Indeed, Sinno et al32 proposed that coronary artery disease predisposes the atria 

to chronic ongoing ischemia, creating a substrate for atrial conduction slowing, and 

modulation of electrical remodeling processes leading to increased vulnerability to AF.12, 31

We also found that the iNOS signaling pathway, which can be activated via TLR-4-LY96 

complex activation, is another potentially relevant pathway in the pathogenesis of AF.33 

When we performed a gene-gene interaction analysis of the genes encoding the functional 

signaling molecules of this pathway, we observed a nominally significant interaction 

between LY96 and NFκB1, indicating that epistasis of the genes in this pathway can 

potentially contribute to changes in the response to activation of the TLR4-LY96 signaling 

and expression of NFκB that are potentially relevant to postoperative AF..

Injury caused by reperfusion after myocardial ischemia is associated with induction and 

activation of macrophages, neutrophils, endothelial cells, and cardiomyocytes, which release 

proinflammatory mediators such as cytokines and iNOS.34 In the atrial myocardium, 

expression of iNOS results in excess nitric oxide production, which in turn, leads to the 

generation of reactive oxygen species and oxyradical-mediated myocardial injury.33 The 

resulting oxidative damage to the atrial myocardium can contribute to atrial contractile 

dysfunction, which has been previously implicated in the pathogenesis of AF.35

In support of a role for local inflammatory responses in AF, a recent study of human atrial 

samples from patients with persistent AF who underwent cardiac surgery, revealed active 
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adhesion and recruitment of macrophages across the endocardium in human fibrillating 

atria, indicating a potential role for immune cells in oxidative stress-mediated atrial 

pathogenesis and AF.36 Similarly, Han et al19 demonstrated that patients with persistent AF 

who underwent mitral valve replacement surgery, expressed higher levels of iNOS 

compared to patients with normal sinus rhythm. This finding was associated with protein 

nitration, cardiomyocyte apoptosis, and increased atrial and systemic inflammation. Indeed, 

selective inhibition of iNOS reduced myocyte apoptosis and myocardial damage in an 

animal ischemia-reperfusion model.37, 38 Although the time sequence and interrelationship 

between inflammation and AF perpetuation in the setting of cardiac surgery-related 

postoperative AF have not yet been explored, these preliminary observations support the 

notion that induction of iNOS and activation of subsequent inflammatory responses 

contribute to the substrates for AF.

The etiology of postoperative AF after cardiac surgery is multifactorial. Several potential 

genetic and nongenetic factors have been implicated. Among the previously implicated 

genetic factors, noncoding polymorphisms within the chromosome 4q25 region are 

associated with the development of postoperative AF in both ambulatory11, 12 and cardiac 

surgery cohorts.13 Although in our study, the direction of the effect size of the most 

frequently described SNP for PITX2 – rs2200733 – compared favorably to these previous 

studies, its magnitude was smaller (OR = 1.33 in our study; 1.71 in ambulatory patients;12 

and 2.14 in cardiac surgery patients13). This discrepancy may be due to differences in 

sample size, variation in study design and patient population, or differences in allele 

frequencies. In our recent candidate gene study, we found an association between variants of 

G protein-coupled receptor kinase 5 (GRK5) gene polymorphisms and postoperative AF in 

the discovery and replication datasets from a subset of patients who exclusively received 

perioperative beta-blocker therapy.15 In the current larger dataset, this association was still 

present in our discovery dataset (Supplemental Table 5), but did not reach our discovery 

threshold of P < 5 × 10−5 that was required for replication in the CATHGEN cohort. This 

may be due to the fact that in the current study, we expanded our study cohorts to include 

patients with and without perioperative beta-blocker therapy.

This study has potential limitations. First, since the identified SNP is a tagging marker in the 

intronic region of the LY96, the observed association could be due to changes in regulation 

of gene expression, or linkage disequilibrium with the true unobserved causal SNP(s). 

Therefore, future research to identify casual SNP(s) and to decipher their relationship to 

expression or protein level of LY96 is important. Second, based on current sample size and 

an incidence of postoperative AF of 25%, allele frequency of 0.16 as our top SNP 

(rs10504554), and complete LD between SNP and causal variant, our power calculations 

show that our study has 83% power to detect a genotypic relative risk of 0.56, which is 

equivalent to an odds ratio of 0.45. Thus, although we used a relatively large population of 

cardiac surgery patients, this study is powered to detect only common variants with 

relatively large effect sizes. Since only variants with minor allele frequencies > 0.02 were 

assessed, the possibility of rare genetic variants that drive a pronounced clinical phenotype 

was not explored. Third, non-genetic factors associated with postoperative AF include a 

number of transient phenomena such as heightened parasympathetic tone, atrial stretch, 
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electrolyte shifts, metabolic abnormalities, and pericarditis.39 Due to our study design, we 

were not able to explore the effect of these factors on postoperative AF. Finally, patients 

enrolled in our study were Caucasians, and therefore our findings cannot be generalized to 

other ethnic groups.

In conclusion, we present the results of a genome-wide association study in a cohort of 

patients at risk for postoperative AF after CABG surgery. Based on our integrated approach 

using postoperative AF as a well defined phenotype, and performing single-marker, 

pathway, and gene-gene interaction analyses, we identified a single-nucleotide 

polymorphism in the LY96 gene and its gene-gene interaction with NFκB1 in the iNOS-

related signaling pathway. Not only does this finding add to the mounting evidence that 

innate immune responses play a central role in the development of postoperative AF, but it 

also provides novel targets for intervention to prevent this potentially devastating 

complication.
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Figure 1. 
Association plot of the LY96 region with high-density coverage by genotyped and imputed 

markers in the discovery dataset. Two adjacent SNPs, rs16938758 (imputed) and 

rs10504554 (genotyped), showed consistent association with postoperative AF in both 

discovery (PEGASUS: Perioperative Genetics and Safety Outcome Study) and replication 

datasets (CATHGEN: catheterization genetics).
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Figure 2. 
Haploview plot of linkage disequilibrium for single-nucleotide polymorphisms (SNPs) in 

LY96 gene based on the discovery dataset. Each diamond represents the correlation (r2) 

between each pair of SNPs with darker shades representing stronger linkage disequilibrium. 

True haplotype blocks in the population are marked with black lines in the correlation plot. 

The green triangle indicates the location of the SNP we identified in the LY96 gene, based 

on the UCSC Genome Browser (http://genome.ucsc.edu). SNPs highlighted in bold are 

present in LD blocks. Uploaded markers are highlighted in green, and markers downloaded 

by Haploview are highlighted in black. The SNP, rs10504554 identified in our study from 

GWAS is highlighted in a white rectangle.
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Figure 3. The inducible nitric oxide synthase pathway
AP-1, activator protein-1; CALM, calmodulin; CBP, cAMP response element-binding 

protein; CD14, cluster of differentiation; HMGIY, high-mobility group protein; Iκ-B, 

inhibitor of kappaB protein; IFNγ, interferon gamma; IFNGR, interferon-gamma receptor; 

IκB-NFκB, inhibitor of kappaB protein-NFkappaB; IKK, inhibitor-of-kappaB-protein 

kinase; iNOS, inducible nitric oxide synthase; IRAK, interleukin-1 receptor-associated 

kinase; IRF1, interferon regulatory factor-1; JAK, janus kinase; LBP, lipopolysaccharide 

binding protein; LPS, lipopolysaccharide; LY96, lymphocyte antigen 96; MyD88, myeloid 

differentiation primary response 88; NF-κB, nuclear factor-kappaB; NO, nitric oxide; 

p38MAPK, p38 mitogen-activated protein kinase; STAT1, signal transducer and activator of 

transcription 1; STAT1 dimer, signal transducer and activator of transcription 1 dimer; 

TAB1, transforming growth factor-beta activated kinase 1; TLR4, toll-like receptor 4; 

TRAF6, tumor necrosis factor receptor-associated factor 6.
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