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Abstract

Background—Prior transcriptional studies of atrial fibrillation (AF) have been limited to 

specific transcripts, animal models, chronic AF, right atria, or small samples. We sought to 

characterize the left atrial transcriptome in human AF to distinguish changes related to AF 

susceptibility and persistence.

Methods and Results—Left atrial appendages from 239 patients stratified by coronary artery 

disease, valve disease and AF history (No AF history, AF history in sinus rhythm at surgery, AF 

history in AF at surgery) were selected for genome-wide mRNA microarray profiling. Transcripts 

were examined for differential expression with AF phenotype group. Enrichment in differentially 

expressed genes was examined in 3 gene set collections: A transcription factor (TF) collection, 

defined by shared conserved cis-regulatory motifs; a miRNA collection, defined by shared 3′UTR 

motifs; and a molecular function collection, defined by shared Gene-Ontology molecular function. 

AF susceptibility was associated with decreased expression of the targets of CREB/ATF family, 

HSF1, ATF6, SRF, and E2F1 TFs. Persistent AF activity was associated with decreased 
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expression in genes and gene sets related to ion channel function consistent with reported 

functional changes.

Conclusions—AF susceptibility was associated with decreased expression of targets of several 

transcription factors related to inflammation, oxidation, and cellular stress responses. In contrast, 

changes in ion channel expression were associated with AF activity, but were limited in AF 

susceptibility. Our results suggest that significant transcriptional remodeling marks susceptibility 

to AF, while remodeling of ion channel expression occurs later in the progression or as a 

consequence of AF.
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Introduction

AF is the most common clinically encountered arrhythmia, and AF prevalence is projected 

to rise with the aging population and the increased prevalence of comorbid diseases. AF is 

associated with significant morbidity and mortality, including a quadrupled risk of heart 

failure and a nearly doubled risk of death.1 In addition, AF induces electrical, structural, and 

autonomic changes that facilitate AF persistence and recurrence after intervention.2 As such, 

it is imperative to understand the early and causative changes in AF pathogenesis.

Known risk factors for AF are diverse and include advancing age, hypertension, valvular 

disease, coronary artery disease (CAD), endocrine disorders, and genetic polymorphisms. 

Various pathophysiological mechanisms have been implicated in the development of AF.2 

Current models involve the interplay of ectopic triggers within pulmonary vein ostia and 

reentrant circuits within an anatomically and electrically remodeled atrium.1, 2 As the insults 

leading to AF are varied and AF is associated with AF-initiated pro-arrhythmic changes, the 

unifying mechanisms that precede chronic forms of AF remain uncertain. While recent 

genome-wide association studies have implicated loci near or in embryonic active genes that 

may promote pulmonary vein susceptibility, it remains unclear why AF usually does not 

develop until many decades after pulmonary vein development.

Microarray expression analyses of atrial tissues can provide a global unbiased framework to 

characterize the transcriptional changes associated with AF susceptibility and progression. 

Initial transcriptional studies of AF focused on restricted sets of candidate transcripts chosen 

for biological plausibility. These studies associated remodeling in AF with changes in the 

expression of ion channels and components of cellular signaling cascades.3,4 Moreover, 

prior trancriptomic, proteomic, and metabalomic investigations of AF have been mostly 

limited to animal models, right atria, and chronic AF.5–9 While these studies have correlated 

transcriptional and functional changes with many aspects of AF-associated remodeling, it 

remains undetermined whether the demonstrated changes are commonly present in human 

left atria, the chamber most associated with AF initiation, and whether they are causative or 

are caused by AF, and to what degree concomitant cardiovascular diseases contributes.
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Approximately 70–80% of patients with AF have structural heart disease.1 With access to a 

significantly larger sample size than used in prior studies, we sought to characterize 

alterations of the left atrial transcriptome associated with paroxysmal or non-persistent AF 

susceptibility in patients with underlying CAD or valvular disease and to relate these 

changes to those seen with more advanced, persistent AF.

Methods

Patient and Tissue Characteristics

Atrial tissues of 239 patients were selected from a repository of left atrial appendage (LAA) 

tissues obtained from patients who underwent cardiac surgery at the Cleveland Clinic and 

who consented to have discarded tissue used for research. LAA tissues were also obtained 

from two donor hearts without AF that were unsuitable for transplantation. Donor families 

consented to use of the tissues for research. Tissue collection and investigations were 

performed in accordance with a Cleveland Clinic IRB approved protocol. Samples were 

stored at −80°C prior to RNA extraction.

Three AF phenotypes were determined by review of AF history and electrocardiograms 

taken just prior to the surgery: No history of AF (NoAF), history of AF but in sinus rhythm 

at time of surgery (AF/SR), and history of AF in persistent AF or flutter at the time of 

surgery (AF/AF). The AF/SR samples represented those with susceptibility to AF when 

compared to NoAF samples, whereas AF/AF compared to AF/SR samples reflected 

persistent AF activity, and AF/AF samples reflected both AF susceptibility and persistent 

AF activity when compared to NoAF samples (Figure 1). Patient clinical characteristics are 

summarized in Table 1.

RNA preparation, Microarray Testing and Data Extraction

Total RNA was extracted using the Trizol technique. Samples were assayed using Illumina 

Human HT-12 mRNA microarrays in the Cleveland Clinic Lerner Research Institute 

Genomics Core Laboratory. For each sample, 250 ng RNA was reverse transcribed into 

cRNA and biotin-UTP labeled using the TotalPrep RNA Amplification Kit (Ambion, 

Austin, TX). cRNA was quantified using a Nanodrop spectrophotometer and cRNA size 

distribution was assessed on a 1% agarose gel. cRNA was hybridized to Illumina Human 

HT-12 Expression BeadChip arrays (v.3/4). Arrays were scanned using a BeadArray reader.

Raw mRNA expression data were extracted using Beadstudio (Illumina). Background 

correction was conducted by fitting a normal-gamma deconvolution model to the 

background subtracted signal. Quantile normalization and batch-effect adjustment were 

performed using the “beadarray” and “ComBat” R-packages. Probes that were not detected 

(at a p-value< 0.05) in at least 50% of samples were excluded. For genes that mapped to 

multiple probes, the probe with the highest mean expression level was selected for gene set 

analysis.
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Probe-level Differential Expression

For each atrial transcript that survived quality control and filtering, linear regression analysis 

was performed against the AF phenotype adjusting for gender, age, CAD, and mitral valve 

disease (MVD).

Factor analysis, implemented in the R-package FAMT, was used to adjust expression values 

for additional sources of variation, such as uncontrolled factors in experimental design or 

un-modeled biological factors, not captured by linear modeling. Factor analysis infers the 

presence of latent variables directly from the expression data and may be used to correct for 

biological factors which affect gene expression when not explicitly included in the linear 

model. Moderated-t statistics, implemented in the R-package limma, were used to obtain p-

values. Genome-wide significance was determined using a false discovery rate (FDR) <0.05.

The top 50 probes from the 3 differential expression gene lists comparing AF rhythms were 

chosen for display. Raw expression values of these 50 probes were regressed against the 

controlling variables (gender, age, CAD, and mitral valve disease). The residuals were 

aggregated towards the medians to generate gene level expression values. Finally expression 

values were normalized by dividing by the standard deviation to allow comparison across 

genes. Heatmaps were generated to illustrate the different expression patterns between AF 

rhythms using an unsupervised clustering approach.

Gene Set Analysis

A gene set based analysis was used to further characterize differential expression with AF 

phenotype by utilizing sets of genes known to have common biological significance. These 

sets of genes were then examined for changes in expression with AF phenotype, as 

described below. By grouping information from multiple genes, this method allows for 

identification of significant changes in sets of functionally related genes even when the 

individual genes that compose a gene set do not demonstrate differential expression that is 

significant at a genome wide level.

Specifically, for each comparison of AF phenotype groups, competitive gene set enrichment 

was implemented in the romer function of limma (100,000 rotations, test statistic: mean). 

Romer was chosen as it is compatible with linear modeling, accounts for the inherent 

correlation structure of genes (unlike gene permutation), and employs a parametric re-

sampling method for calculating p-values that avoids the limitations of comparable 

permutation methods.10 Gene-set collections obtained from the Molecular Signature 

Databases of the Broad Institute were examined.11 To account for overlap in member 

transcripts between gene sets in our interpretation, significant gene sets were clustered on 

the basis of member genes as described in Supplemental Methods 1.

Results

Gene-wise Differential Expression by AF phenotype

Of the 49,576 probes assayed, after filtering, 11,806 were expressed with detectable levels in 

at least 50% of all samples and were investigated for differential expression against AF 
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phenotypes by linear modeling (controlled for FDR <0.05). Genes associated with AF 

susceptibility were determined by evaluating differential expression between AF/SR and 

NoAF groups. Genes associated with AF activity (persistence) demonstrated differential 

expression between AF/AF and AF/SR groups. Genes showing differential expression 

between NoAF and AF/AF were also investigated. Differentially expressed genes in this 

third comparison were associated with both AF susceptibility and persistent AF activity. The 

number and direction of differentially expressed gene probes for each contrast is 

summarized in Table 2, with the largest set of differentially regulated gene probes (2,345) 

found for persistent AF activity comparison. The relative numbers of differentially 

expressed gene probes reflect both the transcriptional differences between phenotypes and 

the differences in sample sizes, and thus power. The top differentially expressed genes by 

AF phenotypes are shown in Figure 2.

The most significant differentially expressed mRNAs with their p-values and fold change 

effects are listed in Table 3 and a complete listing for all mRNAs meeting a FDR cutoff of 

0.05 is given in Supplemental Table 1. Fold changes, as listed in Tables 3, 5 and 

Supplemental Table 1 are expression ratios comparing the first AF phenotype in the given 

comparison to the second.

To further characterize the transcriptional alterations associated with AF susceptibility and 

AF activity, gene set enrichment analysis was performed using romer, a competitive gene 

set test which estimates p-values by rotation tests. Specifically, for each pair of AF 

phenotype groups, gene sets were tested for enrichment in either up or down-regulated 

transcripts. Three gene set collections obtained from the Molecular Signatures Database of 

the Broad Institute were investigated: A transcription factor collection (C3_TFT), where 

shared conserved cis-regulatory motifs (−2 kilobase pairs to +2 kilobase pairs from 

transcription start site) define gene sets, a miRNA collection (C3_MIR), where a shared 

3′UTR motif defines each gene set, and a “molecular function” collection (C5_MF), where 

shared Gene Ontology molecular function ontology defines gene sets8.

In all three collections, gene set membership is non-exclusive. As a result, gene sets with 

substantial overlap in members had similar p-values. This is especially true among the top 

ranking gene sets. Top gene sets were considered as clusters, as described in Supplemental 

Methods 1. Notable gene sets and clusters of gene sets associated with AF susceptibility and 

persistent AF activity are summarized in Table 4 and 5. A comprehensive listing of the top 

ranking gene-sets for each comparison is provided in Supplemental Table 2.

Gene-set enrichment analysis of AF susceptibility (Table 4)

Motif based gene sets from the transcription factor and miRNA collections demonstrated 

numerous alterations associated with AF susceptibility. Many of the transcription factors 

and miRNAs identified in this analysis have been implicated in cellular stress responses. 

Specifically, targets of transcription factors known to be part of the response to oxidant 

stress, such as CREB, showed decreased expression in AF susceptibility. Similarly, targets 

of HSF1, involved in the heat shock response, and ATF6, involved in the unfolded protein 

response, had decreased expression. In addition, targets of transcription factors known to be 

modulators of the cell cycle such as P53, E2F1 and SRF had decreased expression. Other 
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transcription factors identified in AF susceptibility included myogenic regulatory factor, 

MYOD and myocyte enhancer factor, MEF2. The targets of these transcription factors 

showed increased expression in AF susceptibility.

These findings were complemented by investigations of molecular functions associated with 

AF susceptibility which included down-regulation of genes associated with oxidoreductase 

activity and cysteine peptidase activity and up-regulation of lyase (eg., decarboxylase, 

aldolase, cyclase) and electron transport activity. Further, many of the above gene sets were 

enriched for genes showing differential expression between AF/AF and noAF samples 

(Supplemental Table 2).

Gene-set enrichment analysis of persistent AF activity (Table 5, 6)

Motif based gene sets from the transcription factor and miRNA collections associated with 

persistent AF activity were distinct from those associated with AF susceptibility. 

Transcription factor gene sets showed decreased expression of targets of transcription 

factors related to development such as heat-shock factor 2 (HSF2), MYOD, and MEF2 in 

contrast with the findings in AF susceptibility.

Concordant with prior functional electrophysiology studies, investigations of gene sets 

defined by molecular function) revealed decreased expression of several gene sets related to 

ion channels in AF activity. Individual genes of significance within these sets related to 

various potassium channels and L-type calcium channel function are listed with their 

statistics in Table 6. The Ca2+ channel subunit genes CACNB2 and CACNA1C were down-

regulated with persistent AF activity. The inward rectifier K+ channel subunits KCNJ2 and 

KCNJ4 were upregulated, while KNCJ5 was down-regulated with persistent AF activity. 

KCNN2, a member of the potassium small conductance calcium-activated channel family, 

was also down-regulated with persistent AF activity. As with gene sets associated with AF 

susceptibility, many of the identified gene sets were also associated with comparisons of 

NoAF and AF/AF samples (Supplemental Table 2).

Discussion

In a large collection of human left atrial tissues, we evaluated the transcriptional changes 

associated with AF susceptibility by comparing samples from patients in sinus rhythm who 

differed by history of previous AF. We also examined transcriptional changes associated 

with ongoing AF by comparing changes in samples from patients in AF rhythm to those 

from patients with a history of AF in sinus rhythm. Although the latter comparison cannot 

distinguish changes that might predispose to persistent AF in patients with AF from those 

caused by AF, many of the changes corroborate prior electrophysiology studies of persistent 

AF. Gene set analysis of our transcriptome data implicates decreased activity of several 

transcription factors known to be associated with the cellular stress response in AF 

susceptibility; however there was little associated change in the expression of ion channels 

known to be involved in AF. In contrast, AF persistence was associated with numerous 

changes in ion channel expression at both the gene set and individual probe level.
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Inflammation, oxidation and the cellular stress response in AF susceptibility

Inflammation and oxidative stress are recognized to be involved in the pathophysiology of 

human AF in various contexts12. For example, increased levels of C-reactive protein have 

been associated with post-operative AF13, history of AF, lone AF14, and AF risk15. 

Similarly, postoperative AF has been correlated with myocardial protein oxidation,16 and 

decreased atrial glutathione content has been associated with AF history among patients in 

sinus rhythm at the time of cardiac surgery17. Studies of post-operative AF have also 

demonstrated alterations in ratios of cardiac metabolites which suggest that glycolytic 

inhibition, possibly due to oxidative stress precedes the development of AF.9

Animal models have further demonstrated mechanistic links between AF susceptibility and 

inflammatory and oxidative stress. Relative to controls, dogs treated with buthionine 

sulfoximine, an inhibitor of glutathione synthesis, had decreased atrial contractility, 

abbreviated effective refractory period and reduced atrial myocyte L-type calcium current 

density (ICa,L) 17. Similar responses were also detected in a canine rapid atrial pacing model, 

where geranylgeranylacetone (GGA), an inducer of HSF1 (heat shock transcription factor 

1), attenuated rapid-pacing induced AF vulnerability and decreases in atrial myocyte action 

potential duration and ICa,L density 18. In a proteomic and metabolomic study of a 

ventricular pacing canine model of heart failure and AF, left atrial samples demonstrated 

decreased expression of antioxidants, alterations in glucose metabolism and accompanying 

fragmentation in atrial structural proteins.8

Consistent with this literature, relative to those without AF, patients with history of AF were 

characterized by decreased expression of targets of several transcription factors known to be 

activated in the cellular stress response, including the CREB/ATF family, HSF1, ATF6, 

SRF, E2F1 and SP1 transcription factors. In addition, investigations of GO molecular 

functions demonstrated decreased expression of gene sets associated with oxidoreductase 

activity and cysteine peptidase activity in samples from patients with AF susceptibility. 

NoAF samples were obtained from patients with similar concomitant cardiovascular risk 

factors as the AF/SR patient samples including diabetes, hypertension, heart failure, obesity, 

and smoking history (Table 1). Thus, both likely had similar background exposure to 

oxidative and inflammatory stressors. Further, differences in MVD and CAD were explicitly 

adjusted for in the differential expression model.

Together, these results suggest that rather than the modeled risk factors or AF rhythm itself, 
AF susceptibility is associated with decreases in several transcriptional responses to 

cellular stresses. This observation may help to explain why AF is primarily a disease of 

older ages, despite the significant association with AF through genome wide association 

studies (GWAS) of several genetic loci involved with embryologic development of the 

heart. In many patients, AF may only manifest in the setting of decreased/impaired 

responsiveness to prolonged cellular stress -- decades after the GWAS identified AF loci 

exert their primary activity during cardiac and pulmonary vein development. Alternatively 

these loci may be reactivated during the remodeling of the atria, as suggested by the 

increased expression of SRF. Below, we summarize the existing literature regarding the 
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cardiac significance of the specific cell stress response transcription factors discovered in 

our work.

CREB/ATF family

Several animal studies have demonstrated that members of the CREB/ATF family are 

important in atrial dilation, morphogenesis, and arrhythmogenesis. In separate murine 

models, overexpression of a non-phosphorylatable form of CREB19, JDP220 (an inhibitor of 

the CREB/ATF family), or non-functional isoforms of ATF321 or CREM22 resulted in 

significant atrial dilation with development of AF or conduction abnormalities in the latter 

three. Down- regulation of the CREB/ATF family targets, as here detected in human atria, 

might be expected to lead to similar atrial structural and electrical remodeling, thus 

predisposing to AF.

HSF1

The down regulation of HSF1 targets detected in this study is consistent with the AF 

susceptibility findings in experimental animal AF studies. Heat shock proteins protect cells 

from metabolic and thermal stresses. Brundel and colleagues demonstrated that the HSF1 

inducer GGA attenuated tachypacing induced remodeling and susceptibility to pacing-

induced AF in a canine model18. They also showed that GGA limited tachypacing induced 

myolysis in HL-1 atrial myocytes by inducing heat shock proteins whose abundance was 

correlated with the duration of paroxysmal and persistent AF in human atrial tissue 

samples23. In studies using pacing of HL-1 (atrial-derived) myocytes, GGA was shown to 

induce synapse associated protein 97 through HSF1 and thereby stabilize Kv1.5 channels.24 

In the atria, Kv1.5 underlies IKur, a repolarizing current that we and others have found to be 

attenuated in persistent human AF.25

ATF6

ATF6 is activated by the unfolded protein response and induces expression of cytoprotective 

ER stress proteins. In transgenic mice, pre-induction of ATF6 expression has been 

demonstrated to improve echocardiographic and histological parameters after ischemia/

reperfusion stress.26

Our finding of down-regulation of ATF6 and HSF1 targets in human AF supports an 

impaired response to atrial myolysis and unfolded proteins, predisposing to deranged atrial 

proteostasis and remodeling. Other studies in human AF have shown that higher atrial 

expression of HSPB1 was related to shorter duration of AF episodes and less extensive 

myolysis, whereas longer duration AF may exhaust the HSP response.23 Our results are 

consistent with a likely benefit of upstream therapy for AF using inducers of heat shock 

proteins via HSF1 activation, as has been studied in animal models.27

SRF

Targeted and timed recombination-mediated deletion models have demonstrated that SRF is 

an important transcription factor in both the embryonic and adult hearts. In embryonic 

hearts, SRF deletion leads to cardiac dilation, septation defects and lethality. 28 Notably, this 

phenotype is associated with significant reductions in other regulators of heart development 
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such as NKX2.5, and GATA4 which have been associated with AF through genome wide 

association studies.28 Temporally controlled disruption of SRF expression in the adult heart 

also led to contractile dysfunction, dilation and heart failure.29

Electrical remodeling in persistent AF is associated with differential expression of ion 
channels

While we did not detect differences in ion channel expression associated with AF 

susceptibility in comparisons between NoAF and AF/SR samples, such changes were 

prominent in samples from patients with persistent AF. In agreement with previously 

reported functional and transcriptional studies, relative to other samples, Table 6 shows that 

those in AF (AF/AF) demonstrated decreased expression of KCNN2 (SK2 channel), KCNJ5 

(GIRK4KATP/G-protein coupled K+ channel subunit) and L-type calcium channel subunits 

(CACNA1C and CACNB2) and increased expression of KCNJ2 (Kir2.1).4, 5,30,31, 32 We 

previously documented downregulation of L-type calcium currents in human atrial 

myocytes. 33 We also found increased expression of KCNJ4/Kir2.3 in AF/AF samples, not 

previously reported in right atrial transcriptional studies of AF, but consistent with our 

functional studies.5,25

Given that both KCNJ2 and KCNJ4 contribute to the inward rectifying potassium current 

(IK1) that is responsible for atrial myocyte resting potential, increased expression would be 

expected to shorten atrial refractory period. Gain-of-function mutations of KCNJ2 have been 

associated with familial forms of AF, and it is feasible that increased IK1 (associated with 

KCNJ2/4 up regulation) contributes to the stabilization/perpetuation of AF.31 KCNJ4 has 

been identified as a potential target for anti-arrhythmic drugs, as it is expressed at nearly 10-

fold greater levels in the atria relative to the ventricles of animal models.34 Increased 

expression of KCNJ4 and KCNJ2 in persistent AF provides some support for these channels 

as therapeutic targets in persistent AF, a condition in which there is likely limited utility for 

blockers of other ion channel currents that are decreased in persistent AF (eg., INa, ICa,L). 

Down-regulation of KCNJ5, a component of G-protein coupled inward rectifying potassium 

current (IK,ACh), was also associated with persistent AF activity in concordance with prior 

studies of chronic human AF. This may represent a compensatory response to counteract 

parasympathetic-mediated shortening of the atrial effective refractory period in the setting of 

chronically high atrial rates.32

Implied activity of miRNAs in AF activity

In recent years, the contribution of miRNA activity to AF has been demonstrated in models 

of PITX2c insufficiency35 and AF induced remodeling36, 37. As miRNAs can promote 

mRNA degradation by activating endonuclease cleavage and facilitating de-capping, 

miRNA activity can be inferred from our transcriptional data. With respect to AF activity, 

we found increased expression of mir-133 targets associated with persistent AF in 

comparisons of AF/AF with other groups implying decreased mir-133 activity. Interestingly, 

mir-1 and mir-133 are derived from a common precursor transcript and mir-1 levels have 

been demonstrated to be reduced in AF with subsequent increases in inward-rectifier 

potassium currents37. In canine models of AF which examined the impact of nicotine in 

promoting remodeling in the setting of rapid pacing induced AF, mir-133 down regulation 
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was found to mediate the pro-fibrotic response.38 We have also demonstrated that mir-133 

has increased expression in the left atria relative to the right atria, suggesting persistent AF 

may alter the differentiation of the left atria through this miRNA.39

This finding of decreased mir-133 activity associated with persistent AF activity also 

correlates with our transcription factor analysis, as MEF2A is a known inducer of mir-1 and 

mir-133 in cardiac and skeletal muscle and also shows decreased activity in the persistent 

AF activity comparison40. Increased expression of MEF2A targets in AF/SR samples 

relative to both AF/AF and noAF samples may represent a compensatory response that 

prevents AF susceptibility from leading to persistent AF (Tables 4, 5).

Conclusions

AF susceptibility, independent of changes induced by AF rhythm itself, is associated with 

significant transcriptional remodeling related to the decreased expression of pathways 

associated with inflammation, oxidation and generic cellular stress responses. Conversely, 

our data imply that stress-induced transcriptional responses may decrease AF susceptibility. 

Although our results are limited to the transcriptome, these stresses have been previously 

associated with susceptibility to AF by our group and others in targeted protein and 

functional studies. This suggests a mechanism by which AF manifests after exposure to 

inflammatory and oxidative stress with an insufficient transcriptional response and may help 

to explain why AF often does not manifest until stresses develop in older age, despite 

genetic predispositions. As the prevalence of co-morbid disease states which could 

contribute to inflammatory and oxidative stress was similar between those groups involved 

in the AF susceptibility comparison, the difference in transcriptional response may be due to 

genetic differences.

In addition, significant alterations in ion channel transcription were limited to samples with 

persistent AF. This implies that changes in ion channel transcription occur later in the 

progression of AF, or as a consequence of AF, and the directionality of expression changes 

suggest several potential therapeutic targets. Our results further suggest that several miRNA 

species (miR-1, miR-133) are likely important mediators or modifiers of the observed 

transcriptional changes. These results have identified pathways that can inform future 

studies using novel therapeutic or preventive strategies.

Acknowledgments

Funding Sources: This work was supported in part by grants from the NIH National Heart, Lung, and Blood 
Institute Ruth L. Kirschstein National Research Service Award Short-Term Institutional Research Training Grant 
T35-HL082544-05, the American Heart Association 2011 Student Scholarship in Cardiovascular Disease and 
Stroke, the NIH National Heart, Lung, and Blood Institute grants R01 HL090620 and R01 HL111314, the NIH 
National Center for Research Resources for Case Western Reserve University and Cleveland Clinic Clinical and 
Translational Science Award UL1-RR024989, the Department of Cardiovascular Medicine philanthropic research 
fund, Heart and Vascular Institute, Cleveland Clinic, the Fondation Leducq grant 07-CVD 03, and The Atrial 
Fibrillation Innovation Center, State of Ohio.

References

1. Fuster V, Rydén L, Cannom D, Crijns H, Curtis A, Ellenbogen K, Halperin J, Le Heuzey JY, Kay 
GN, Lowe JE, Olsson SB, Prystowsky EN, Tamargo JL, Wann S, Smith SC, Jacobs AK, Adams 

Deshmukh et al. Page 10

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



CD, Anderson JL, Antman EM, Hunt SA, Nishimura R, Ornato JP, Page RL, Riegel B, Priori SG, 
Blanc JJ, Budaj A, Camm AJ, Dean V, Deckers JW, Despres C, Dickstein K, Lekakis J, McGregor 
K, Metra M, Morais J, Osterspey A, Zamorano JL. ACC/AHA/ESC 2006 Guidelines for the 
Management of Patients with Atrial Fibrillation: a report of the American College of Cardiology/
American Heart Association Task Force on Practice Guidelines and the European Society of 
Cardiology Committee for Practice Guidelines (Writing Committee to Revise the 2001 Guidelines 
for the Management of Patients With Atrial Fibrillation): developed in collaboration with the 
European Heart Rhythm Association and the Heart Rhythm Society. Circulation. 2006; 114:257–
354.

2. Schotten U, Verheule S, Kirchhof P, Goette A. Pathophysiological mechanisms of atrial fibrillation: 
a translational appraisal. Physiol Rev. 2011; 91:265–325. [PubMed: 21248168] 

3. Goette A, Staack T, Rocken C, Arndt M, Geller JC, Huth C, Ansorge S, Klein HU, Lendeckel U. 
Increased expression of extracellular signal-regulated kinase and angiotensin-converting enzyme in 
human atria during atrial fibrillation. J Am Coll Cardiol. 2000; 35:1669–1677. [PubMed: 10807475] 

4. Brundel BJ, Van Gelder IC, Henning RH, Tuinenburg AE, Wietses M, Grandjean JG, Wilde AA, 
Van Gilst WH, Crijns HJ. Alterations in potassium channel gene expression in atria of patients with 
persistent and paroxysmal atrial fibrillation: differential regulation of protein and mRNA levels for 
K+ channels. J Am Coll Cardiol. 2001; 37:926–932. [PubMed: 11693772] 

5. Barth AS, Merk S, Arnoldi E, Zwermann L, Kloos P, Gebauer M, Steinmeyer K, Bleich M, Kääb S, 
Hinterseer M, Kartmann H, Kreuzer E, Dugas M, Steinbeck G, Nabauer M. Reprogramming of the 
human atrial transcriptome in permanent atrial fibrillation: expression of a ventricular-like genomic 
signature. Circ Res. 2005; 96:1022–1029. [PubMed: 15817885] 

6. Lamirault G, Gaborit N, Le Meur N, Chevalier C, Lande G, Demolombe S, Escande D, Nattel S, 
Léger JJ, Steenman M. Gene expression profile associated with chronic atrial fibrillation and 
underlying valvular heart disease in man. J Mol Cell Cardiol. 2006; 40:173–184. [PubMed: 
16242148] 

7. Cardin S, Libby E, Pelletier P, Le Bouter S, Shiroshita-Takeshita A, Le Meur N, Leger J, 
Demolombe S, Ponton A, Glass L, Nattel S. Contrasting gene expression profiles in two canine 
models of atrial fibrillation. Circ Res. 2007; 100:425–433. [PubMed: 17234964] 

8. De Souza A, Cardin S, Wait R, Chung Y, Vijayakumar M, Maguy A, Camm AJ, Nattel S. 
Proteomic and metabolomic analysis of atrial profibrillatory remodelling in congestive heart failure. 
J Mol Cell Cardiol. 2010; 49:851–863. [PubMed: 20655923] 

9. Mayr M, Yusuf S, Weir G, Chung Y, Mayr U, Yin X, Ladroue C, Madhu B, Roberts N, De Souza 
A, Fredricks S, Stubbs M, Griffiths J, Jahangiri M, Xu Q, Camm AJ. Combined Metabolomic and 
Proteomic Analysis of Human Atrial Fibrillation. J Am Coll Cardiol. 2008; 51:585–594. [PubMed: 
18237690] 

10. Wu D, Lim E, Valliant F, Asselin-Labat ML, Visvader JE, Smyth GK. ROAST: rotation gene set 
tests for complex microarray experiments. Bioinformatics. 2010; 26:2176–2182. [PubMed: 
20610611] 

11. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette MA, Paulovich A, 
Pomeroy SL, Golub TR, Lander ES, Mesirov JP. Gene set enrichment analysis: a knowledge-
based approach for interpreting genome-wide expression profiles. Proc Natl Acad Sci U S A. 
2005; 102:15545–15550. [PubMed: 16199517] 

12. Van Wagoner D. Oxidative Stress and Inflammation in Atrial Fibrillation: Role in Pathogenesis 
and Potential as a Therapeutic Target. J Cardiovasc Pharmacol. 2009; 52:306–313. [PubMed: 
18791466] 

13. Patti G, Chello M, Candura D, Pasceri V, D’Ambrosio A, Covino E, Di Sciascio G. Randomized 
trial of atorvastatin for reduction of postoperative atrial fibrillation in patients undergoing cardiac 
surgery: results of the ARMYDA-3 (Atorvastatin for Reduction of Myocardial Dysrhythmia After 
Cardiac Surgery) study. Circulation. 2006; 114:1455–1461. [PubMed: 17000910] 

14. Aviles RJ, Martin DO, Apperson-Hansen C, Houghtaling PL, Rautaharju P, Kronmal RA, Tracy 
RP, Van Wagoner DR, Psaty BM, Lauer MS, Chung MK. Inflammation as a risk factor for atrial 
fibrillation. Circulation. 2003; 108:3006–3010. [PubMed: 14623805] 

15. Chung MK, Martin DO, Sprecher D, Wazni O, Kanderian A, Carnes CA, Bauer JA, Tchou PJ, 
Niebauer MJ, Natale A, Van Wagoner DR. C-reactive protein elevation in patients with atrial 

Deshmukh et al. Page 11

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



arrhythmias: inflammatory mechanisms and persistence of atrial fibrillation. Circulation. 2001; 
104:2886–2891. [PubMed: 11739301] 

16. Ramlawi B, Otu H, Mieno S, Boodhwani M, Sodha NR, Clements RT, Bianchi C, Sellke FW. 
Oxidative stress and atrial fibrillation after cardiac surgery: a case-control study. Ann Thorac Surg. 
2007; 84:1166–1172. [PubMed: 17888965] 

17. Carnes CA, Janssen PM, Ruehr ML, Nakayama H, Nakayama T, Haase H, Bauer JA, Chung MK, 
Fearon IM, Gillinov AM, Hamlin RL, Van Wagoner DR. Atrial glutathione content, calcium 
current, and contractility. J Biol Chem. 2007; 282:28063–28073. [PubMed: 17656369] 

18. Brundel BJ, Shiroshita-Takeshita A, Qi X, Yeh YH, Chartier D, van Gelder IC, Henning RH, 
Kampinga HH, Nattel S. Induction of heat shock response protects the heart against atrial 
fibrillation. Circ Res. 2006; 99:1394–1402. [PubMed: 17110598] 

19. Fentzke RC, Korcarz CE, Lang RM, Lin H, Leiden JM. Dilated cardiomyopathy in transgenic mice 
expressing a dominant-negative CREB transcription factor in the heart. J Clin Invest. 1998; 
101:2415–2426. [PubMed: 9616213] 

20. Kehat I, Heinrich R, Ben-Izhak O, Miyazaki H, Gutkind JS, Aronheim A. Inhibition of basic 
leucine zipper transcription is a major mediator of atrial dilatation. Cardiovasc Res. 2006; 70:543–
554. [PubMed: 16631626] 

21. Müller FU, Lewin G, Baba HA, Bokník P, Fabritz L, Kirchhefer U, Kirchhof P, Loser K, Matus M, 
Neumann J, Riemann B, Schmitz W. Heart-directed expression of a human cardiac isoform of 
cAMP-response element modulator in transgenic mice. J Biol Chem. 2005; 280:6906–6914. 
[PubMed: 15569686] 

22. Kirchhof P, Marijon E, Fabritz L, Li N, Wang W, Wang T, Schulte K, Hanstein J, Schulte JS, 
Vogel M, Mougenot N, Laakmann S, Fortmueller L, Eckstein J, Verheule S, Kaese S, Staab A, 
Grote-Wessels S, Schotten U, Moubarak G, Wehrens XH, Schmitz W, Hatem S, Müller FU. 
Overexpression of camp-response element modulator causes abnormal growth and development of 
the atrial myocardium resulting in a substrate for sustained atrial fibrillation in mice. Int J Cardiol. 
2013; 166:366–374. [PubMed: 22093963] 

23. Brundel BJ, Henning RH, Ke L, van Gelder IC, Crijns HJ, Kampinga HH. Heat shock protein 
upregulation protects against pacing-induced myolysis in HL-1 atrial myocytes and in human atrial 
fibrillation. J Mol Cell Cardiol. 2006; 41:555–562. [PubMed: 16876820] 

24. Ting YK, Morikawa K, Kurata Y, Li P, Bahrudin U, Mizuta E, Kato M, Miake J, Yamamoto Y, 
Yoshida A, Murata M, Inoue T, Nakai A, Shiota G, Higaki K, Nanba E, Ninomiya H, Shirayoshi 
Y, Hisatome I. Transcriptional activation of the anchoring protein SAP97 by heat shock factor 
(HSF)-1 stabilizes K(v) 1.5 channels in HL-1 cells. Br J Pharmacol. 2011; 162:1832–1842. 
[PubMed: 21232033] 

25. Van Wagoner DR, Pond AL, McCarthy PM, Trimmer JS, Nerbonne JM. Outward K+ current 
densities and Kv1.5 expression are reduced in chronic human atrial fibrillation. Circ Res. 1997; 
80:772–781. [PubMed: 9168779] 

26. Martindale JJ, Fernandez R, Thuerauf D, Whittaker R, Gude N, Sussman MA, Glembotski CC. 
Endoplasmic reticulum stress gene induction and protection from ischemia/reperfusion injury in 
the hearts of transgenic mice with a tamoxifen-regulated form of ATF6. Circ Res. 2006; 98:1186–
1193. [PubMed: 16601230] 

27. Hoogstra-Berends F, Meijering RA, Zhang D, Heeres A, Loen L, Seerden JP, Kuipers I, Kampinga 
HH, Henning RH, Brundel BJ. Heat shock protein-inducing compounds as therapeutics to restore 
proteostasis in atrial fibrillation. Trends Cardiovasc Med. 2012; 22:62–68. [PubMed: 22863365] 

28. Parlakian A, Tuil D, Hamard G, Tavernier G, Hentzen D, Concordet JP, Paulin D, Li Z, Daegelen 
D. Targeted inactivation of serum response factor in the developing heart results in myocardial 
defects and embryonic lethality. Mol Cell Biol. 2004; 24:5281–5289. [PubMed: 15169892] 

29. Parlakian A, Charvet C, Escoubet B, Mericskay M, Molkentin JD, Gary-Bobo G, De Windt LJ, 
Ludosky MA, Paulin D, Daegelen D, Tuil D, Li Z. Temporally controlled onset of dilated 
cardiomyopathy through disruption of the SRF gene in adult heart. Circulation. 2005; 112:2930–
2939. [PubMed: 16260633] 

30. Li N, Timofeyev V, Tuteja D, Xu D, Lu L, Zhang Q, Zhang Z, Singapuri A, Albert TR, Rajagopal 
AV, Bond CT, Periasamy M, Adelman J, Chiamvimonvat N. Ablation of a Ca2+-activated K+ 

Deshmukh et al. Page 12

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



channel (SK2 channel) results in action potential prolongation in atrial myocytes and atrial 
fibrillation. J Physiol. 2009; 587:1087–1100. [PubMed: 19139040] 

31. Xia M, Jin Q, Bendahhou S, He Y, Larroque MM, Chen Y, Zhou Q, Yang Y, Liu Y, Liu B, Zhu Q, 
Zhou Y, Lin J, Liang B, Li L, Dong X, Pan Z, Wang R, Wan H, Qiu W, Xu W, Eurlings P, 
Barhanin J, Chen Y. A Kir2.1 gain-of-function mutation underlies familial atrial fibrillation. 
Biochem Biophys Res Commun. 2005; 332:1012–1019. [PubMed: 15922306] 

32. Dobrev D, Graf E, Wettwer E, Himmel HM, Hala O, Doerfel C, Christ T, Schuler S, Ravens U. 
Molecular basis of downregulation of G-protein-coupled inward rectifying K+ current (IK, ACh) 
in chronic human atrial fibrillation: decrease in GIRK4 mRNA correlates with reduced IK, ACh 
and muscarinic receptor-mediated shortening of action potentials. Circulation. 2001; 104:2551–
2557. [PubMed: 11714649] 

33. Van Wagoner DR, Pond AL, Lamorgese M, Rossie SS, McCarthy PM, Nerbonne JM. Atrial L-
type Ca2+ currents and human atrial fibrillation. Circ Res. 1999; 85:428–436. [PubMed: 
10473672] 

34. Melnyk P, Zhang L, Shrier A, Nattel S. Differential distribution of Kir2.1 and Kir2.3 subunits in 
canine atrium and ventricle. Am J Physiol Heart Circ Physiol. 2002; 283:H1123–H1133. 
[PubMed: 12181143] 

35. Chinchilla A, Daimi H, Lozano-Velasco E, Dominguez JN, Caballero R, Delpón E, Tamargo J, 
Cinca J, Hove-Madsen L, Aranega AE, Franco D. PITX2 insufficiency leads to atrial electrical and 
structural remodeling linked to arrhythmogenesis. Circ Cardiovasc Genet. 2011; 4:269–279. 
[PubMed: 21511879] 

36. Lu Y, Zhang Y, Wang N, Pan Z, Gao X, Zhang F, Zhang Y, Shan H, Luo X, Bai Y, Sun L, Song 
W, Xu C, Wang Z, Yang B. MicroRNA-328 contributes to adverse electrical remodeling in atrial 
fibrillation. Circulation. 2010; 122:2378–2387. [PubMed: 21098446] 

37. Girmatsion Z, Biliczki P, Bonauer A, Wimmer-Greinecker G, Scherer M, Moritz A, Bukowska A, 
Goette A, Nattel S, Hohnloser SH, Ehrlich JR. Changes in microRNA-1 expression and IK1 up-
regulation in human atrial fibrillation. Heart Rhythm. 2009; 6:1802–1809. [PubMed: 19959133] 

38. Shan H, Zhang Y, Lu Y, Zhang Y, Pan Z, Cai B, Wang N, Li X, Feng T, Hong Y, Yang B. 
Downregulation of miR-133 and miR-590 contributes to nicotine-induced atrial remodelling in 
canines. Circ Res. 2009; 83:465–472.

39. Hsu J, Hanna P, Van Wagoner D, Barnard J, Serre D, Chung M, Smith J. Whole Genome 
Expression Differences in Human Left and Right Atria Ascertained by RNA-Sequencing. Circ 
Cardiovasc Genet. 2012; 5:327–335. [PubMed: 22474228] 

40. Zhao Y, Samal E, Srivastava D. Serum response factor regulates a muscle-specific microRNA that 
targets Hand2 during cardiogenesis. Nature. 2005; 436:214–220. [PubMed: 15951802] 

Deshmukh et al. Page 13

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 1. 
Study design
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Figure 2. 
Top 50 differentially expressed genes by AF history and rhythm at surgery: A. SR/SR vs 

AF/AF. B. AF/SR vs AF/AF. C. SR/SR vs AF/SR. D. SR/SR vs AF/SR vs AF/AF. Columns 

represent samples and rows represent genes.

Deshmukh et al. Page 18

Circ Arrhythm Electrophysiol. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Deshmukh et al. Page 19

Table 1

Patient characteristics

CAD = coronary artery disease. MVD = mitral valve disease. LVEF=left ventricular ejection fraction. IQR = interquartile range. AF = atrial 
fibrillation. SR = sinus rhythm.

*
These variables were explicitly corrected for within the linear model for gene expression. Other co-variates were balanced or implicitly corrected 

for by the factor analysis methodology.
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Table 3

Top differentially expressed probes in AF phenotype comparisons

AF/AF vs. NoAF (AF Susceptibility & Activity)

Illumina ID Gene Name p-value FDR<0.05 adjusted p-value Fold Change

ILMN_1772612 ANGPTL2 2.36E-23 2.78E-19 4.3

ILMN_1668411 FHL2 5.49E-23 3.24E-19 4.4

ILMN_2355831 FHL2 5.62E-22 2.21E-18 4.1

ILMN_1666385 CALM3 3.43E-21 1.01E-17 3.8

ILMN_1733998 DHRS9 9.11E-21 2.15E-17 3.8

ILMN_1678643 FHL2 2.78E-18 5.47E-15 3.5

ILMN_1729980 RNF216 1.77E-16 2.98E-13 3.1

ILMN_2367239 RCAN1 3.56E-16 5.25E-13 3.2

ILMN_1783805 PNMA3 5.99E-16 7.85E-13 3.1

ILMN_1696675 CES2 1.04E-15 1.23E-12 3.2

ILMN_1793549 PTPN4 5.27E-15 5.65E-12 2.9

ILMN_2384181 DHRS9 4.10E-14 4.03E-11 2.9

ILMN_2305544 DBI 8.49E-14 7.71E-11 3.0

ILMN_2301722 PDE8B 1.04E-13 8.75E-11 3.0

ILMN_2404049 RBM38 1.56E-13 1.23E-10 0.40

AF/SR vs. NoAF (AF Susceptibility)

Illumina ID Gene Name p-value FDR<0.05 adjusted p-value Fold Change

ILMN_1767848 PCMTD2 1.09E-10 1.28E-06 2.2

ILMN_1786021 PRKAB2 2.81E-09 1.66E-05 2.3

ILMN_1695792 CUL4A 4.22E-09 1.66E-05 2.0

ILMN_1696657 LRRN2 1.31E-08 3.17E-05 2.3

ILMN_2094061 IMPA2 1.39E-08 3.17E-05 2.2

ILMN_1718924 ETFA 1.61E-08 3.17E-05 1.9

ILMN_1721535 COG5 3.91E-08 6.60E-05 2.1

ILMN_1659749 DSP 7.33E-08 0.000108 2.0

ILMN_2072178 ECHDC3 9.46E-08 0.000124 2.1

ILMN_1777660 RNF144A 4.81E-07 0.000568 2.1

ILMN_1661376 GRIK2 6.80E-07 0.00073 0.50

ILMN_1655876 TMEM159 1.11E-06 0.001021 2.0

ILMN_2234697 BEX1 1.14E-06 0.001021 0.50

ILMN_1666482 SP2 1.28E-06 0.001021 2.0

ILMN_1695157 CA4 1.30E-06 0.001021 1.9

AF/AF vs. AF/SR (AF Activity)

Illumina ID Gene Name p-value FDR<0.05 adjusted p-value Fold Change

ILMN_1729980 RNF216 1.63E-41 1.93E-37 4.2
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AF/AF vs. AF/SR (AF Activity)

Illumina ID Gene Name p-value FDR<0.05 adjusted p-value Fold Change

ILMN_2329114 COLQ 3.22E-40 1.90E-36 4.2

ILMN_1695991 COLQ 5.38E-34 2.12E-30 3.6

ILMN_1779071 FEZ1 1.06E-33 3.11E-30 0.30

ILMN_1772612 ANGPTL2 9.48E-32 2.24E-28 3.5

ILMN_2301722 PDE8B 1.20E-31 2.37E-28 3.7

ILMN_1697081 GAL3ST3 1.53E-31 2.58E-28 0.30

ILMN_2367239 RCAN1 7.34E-31 1.08E-27 3.3

ILMN_1666385 CALM3 4.16E-30 5.46E-27 3.2

ILMN_1708743 NT5DC2 2.77E-29 3.27E-26 0.31

ILMN_1696675 CES2 4.58E-29 4.91E-26 3.3

ILMN_1733998 DHRS9 7.28E-29 7.17E-26 3.1

ILMN_2311674 ADCY6 6.47E-28 5.88E-25 3.1

ILMN_1672350 JAM2 1.13E-27 9.52E-25 0.33

ILMN_1725193 IGFBP2 1.26E-27 9.92E-25 2.8
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Table 4

Notable gene sets and groups of gene sets in AF susceptibility (AF/SR vs. NoAF)

Gene sets Gene set directionality in AF/SR

P53 targets (C3_TFT) ▼ Down-regulated

CREB/ATF family targets (C3_TFT) ▼ Down-regulated

SRF targets (C3_TFT) ▼ Down-regulated

E2F1 targets (C3_TFT) ▼ Down-regulated

ATF6 targets (C3_TFT) ▼ Down-regulated

HSF1 targets (C3_TFT) ▼ Down-regulated

MEF2A targets (C3_TFT) ▲ Up-regulated

MYOD targets (C3_TFT) ▲ Up-regulated

mir499 targets (C3_MIR) ▲ Up-regulated

Oxidoreductase activity (C5_MF) ▼ Down-regulated

Cysteine type peptidase activity (C5_MF) ▼ Down-regulated

Electron transport activity (C5_MF) ▲ Up-regulated
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Table 5

Notable gene sets and groups of gene sets in AF activity (persistence)

Gene sets Gene set directionality in AF/AF

HSF2 targets (C3_TFT) ▼ Down-regulated

MEF2 targets (C3_TFT) ▼ Down-regulated

MYOD targets (C3_TFT) ▼ Down-regulated

mir133 targets (C3_MIR) ▲ Up-regulated

Ion Channel Activity, Gated Channel Activity, Substrate Specific Channel Activity, etc. (C5_MF) ▼ Down-regulated
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