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Abstract
Background—The human left and right atria have different susceptibilities to develop atrial
fibrillation (AF). However, the molecular events related to structural and functional changes that
enhance AF susceptibility are still poorly understood.
Objective—To characterize gene expression and genetic variation in human atria.
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Methods—We studied the gene expression profiles and genetic variations in 53 left atrial and 52
right atrial tissue samples collected from the Myocardial Applied Genomics Network (MAGNet)
repository. The tissues were collected from heart failure patients undergoing transplantation and
from unused organ donor hearts with normal ventricular function. Gene expression was profiled
using the Affymetrix GeneChip Human Genome U133A Array. Genetic variation was profiled
using the Affymetrix Genome-Wide Human SNP Array 6.0.
Results—We found that 109 genes were differentially expressed between left and right atrial
tissues. A total of 187 and 259 significant cis-associations between transcript levels and genetic
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variants were identified in left and right atrial tissues, respectively. We also found that a SNP at a
known AF locus, rs3740293, was associated with the expression of MYOZ1 in both left and right
atrial tissues.
Conclusion—We found a distinct transcriptional profile between the right and left atrium, and
extensive cis-associations between atrial transcripts and common genetic variants. Our results
implicate MYOZ1 as the causative gene at the chromosome 10q22 locus for AF.
Keywords
genetics; eQTL; gene expression; atrial tissues
The human left and right atria have distinct electrophysiological and pathophysiological
differences. Atrial fibrillation (AF) is characterized predominantly by left atrial (LA)
structural and contractile remodeling.1 Left atrial enlargement is also associated with many
complex diseases such as stroke,2 obesity,3 and cardiovascular diseases.4, 5 In contrast,
typical atrial flutter is known to be an arrhythmia arising from the right atrium.
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Thousands of genes are expressed in the human heart,6 and many genes are well-known to
be differentially regulated between the atria and ventricles7, 8 as well as in disease states
including AF,9 heart failure,6, 10 and hypertrophy.11, 12 Earlier studies on mice and human
atria have found several genes, including BMP10 and PITX2, are differentially expressed
between left and right atria.13, 14 However, the sample sizes of these studies were usually
small (<15), and the relation between atrial gene expression and genetic variants has not
been systematically investigated.
In the past few years, genome wide association studies (GWAS) have been used
successfully to identify thousands of genetic loci associated with a variety of diseases and
phenotypic traits.15 Unfortunately, many novel candidate loci do not have defined functions,
and the mechanisms to confer disease susceptibility remain largely unknown. Expression
quantitative trait loci (eQTL) analyses can be used to correlate the relation between single
nucleotide polymorphisms (SNPs) and gene expression. Such eQTL analysis is considered
as an intermediate phenotype between genetic variations and diseases.16, 17 It would thus be
interesting to determine if any genetic variations were associated with gene expression in
atrial tissues.
Our objectives were three-fold: 1) to characterize the expression profiles of the right and left
atria; 2) to perform an eQTL analysis in atrial tissue, and 3) using AF as an example, to
determine if GWAS disease variants correlate with atrial gene expression.
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Methods
Study Samples
We studied samples collected from 64 genetically-inferred European ancestry participants in
the Myocardial Applied Genomics Network (MAGNet) repository. The tissues were
collected from discarded hearts of heart failure patients undergoing transplantation and from
unused organ donor hearts with normal ventricular function. Twelve had only LA, 11 had
only right atrial (RA) tissue, and 41 individuals had both atrial tissues collected. The sample
collection was approved by the Institutional Review Board at the University of
Pennsylvania.
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Genotyping
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Genomic DNA was extracted using the Gentra Puregene Tissue Kit (Qiagen), which was
then hybridized to the Affymetrix Genome-Wide Human SNP Array 6.0 in accordance with
the manufacturer’s standard recommendations. The single nucleotide polymorphism (SNP)
calling from raw CEL files were performed using Birdsuite software package.18 We filtered
out SNPs with missing rate higher than 20%, minor allele frequency less than 5%, or Hardy–
Weinberg Equilibrium P value less than 1×10−3 (Fisher’s exact test). At the end, 637,607
SNPs were used for downstream analyses. The quality control was performed using PLINK
software package.19 All the participants were of European ancestry, which was inferred
using multi-dimension scaling of analysis Affymetrix 6.0 genotypes with similar data from a
larger cohort of know ancestry (N=340).
Transcriptional Profiling
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The RNA was extracted using the Trizol reagent,20 and cDNA was hybridized to the
Affymetrix Human Genome U133A Array according to the manufacturer’s instructions. The
raw CEL files were pre-processed using Bioconductor R package.21 The data was quantilenormalized and log2 transformed, followed by summarization using Robust Multi-array
Average.22 Potential batch effects were corrected by ComBat, an Empirical Bayes based
approach.23 The gene annotation was downloaded from Affymetrix NetAffxTM Analysis
Center (version 32). We excluded transcripts that were not aligned uniquely to the reference
genome, and those that were not expressed in any of samples using MAS 5.0 algorithm.24, 25
Many genes were represented by multiple probesets, corresponding to different transcripts.
We treated each transcript equally, and reported the transcript-based analysis, but the result
was interpreted at the gene level. A total of 11,818 transcripts, corresponding to 8,644 genes,
were used for the downstream analyses after adjusting for age and sex.
Differential Gene Expression
Differential expression between LA and RA tissues was assessed using unpaired Student’s ttest. To adjust for multiple testing, we used the highly conservative Bonferroni correction
method. Significance was claimed if the P value was less than 4.2×10−6 (0.05/11,818
transcripts). The differential analysis was performed using R software packages (www.rproject.org/). We also used GOrilla web tool26 to test the enrichment of differentially
expressed genes in Gene Ontology categories. We limited the enrichment analysis on the
biological processes, and the enrichment was claimed if the FDR was less than 5%.27 Using
a similar approach, we also compared the differential expression between participants with
and without heart failure or AF.
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Expression Quantitative Trait Loci (eQTL) Analysis
We used a linear regression model to test the association between genetic variations and
gene expression. The significance was indicated by the regression P value. We defined ciseQTLs as transcripts that were associated with SNPs within 1Mb from the gene boundary,
and trans-eQTLs as transcripts that were associated with SNPs at least 1Mb far away or on
different chromosomes.28 A total of 7,535,239,526 associations (637,607 SNP x 11,818
Transcripts) were tested. Empirical false discovery rate (FDR) was estimated by the
permutation test (Supplemental Materials).
qPCR Confirmation of Significant Association
A total of 70 human LA samples were used for the replication studies. Surgical samples
were obtained at Massachusetts General Hospital during cardiac surgery for valvular heart
disease (n=32) or cardiac transplantation (n=27). Normal LA tissue was obtained from the
National Disease Research Interchange repository (n=11). The sample collection was
Heart Rhythm. Author manuscript; available in PMC 2015 February 01.
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approved by the Institutional Review Board at Massachusetts General Hospital. Details of
DNA and RNA extraction are available at the Supplemental Materials.
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Results
Differential Gene Expression between the Left and Right Atrium
The clinical characteristics of the study sample from MAGNet are provided in Table 1. We
observed that 109 transcripts, corresponding to 106 unique genes, were differentially
expressed between left and right atria (P<4.2×10−6 by unpaired t-test). Thirty-three genes
were expressed higher in LA tissue (Supplemental Table 1a) and 76 transcripts were
expressed higher in RA tissue (Supplemental Table 1b). The most significantly overexpressed gene in LA tissue was AKR1B1 (P=6.0×10−13), which encodes a reductase that
catalyzes the reduction of aldehydes. The most significantly over-expressed gene in RA
tissue is SMAD6 (P=2.3×10−17), a transcriptional repressor critical for cardiac
development.29 An analysis by GOrilla26 found that 218 biological processes were enriched
with differentially expressed genes, and the top three were negative regulation of biological
processes (P=4.1×10−9), anatomical structure development (P=5.4×10−9), and singleorganism developmental processes (P=7.8×10−9).
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We also compared our results with the top 20 differentially expressed genes reported in a
recently published article.14 As shown in Supplemental Table 2, 11 out of the 20 top genes
were identified in the current study. Despite the difference in platforms and sample size, 9 of
11 shared genes also showed differential expression in current study (P<0.05). Only two of
the previously reported genes, SALL1 (P=0.23) and KRT7 (P=0.13), were not significant,
but the direction of over-expression for these two genes was consistent with the previous
study.
eQTL Analyses: Association of Gene Expression with Genetic Variations
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A total of 5,000,634 cis-associations were tested. We found 187 significant cis-associations
in LA with FDR less than 5%, which was equivalent to P<1.3×10−6. The associations
involved 181 SNPs and 46 transcripts (referred as eSNPs and eQTLs respectively). The
most significant cis-association in LA tissues was POMZP3 with rs2110465 (P=2.2×10−13,
R2=0.81). The SNP is located at 102kb away from POMZP3, a fusion of genes POM121 and
ZP3. We also found 259 cis-associations in RA tissues with FDR less than 5%, which was
equivalent to P<2.4×10−6. The associations involved 233 eSNPs and 67 eQTLs. The most
significant cis-association in RA was RPS26 with rs11171739 (P=3.4×10−14, R2=0.83). The
SNP is located at 33kb downstream of RPS26, which encodes a key component of the
ribosome 40S subunit. We also compared the top cis-associations with those reported in
other tissue types (http://eqtl.uchicago.edu/cgi-bin/gbrowse/eqtl/). About 45% of the top cisassociations for LA and 57% of the top cis-associations for RA already have been reported
in other tissues. The full list of top cis-associations in LA and RA is provided in
Supplemental Tables 3a and 3b, respectively.
Figure 1 shows the comparison of top cis-associations between LA and RA tissues. Seventysix cis-associations were significant in both LA and RA (FDR<5%), and 52 of them (68.4%)
have been reported in other tissue types. Among the remaining 111 LA-specific cisassociations, 83 of them were also nominally significant in RA. Similarly, among the
remaining 183 RA-specific cis-associations, 155 were nominally significant in LA. Our
results suggest that the majority of cis-genetic determinants on gene expression are shared
between LA and RA.
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We also studied the association of genetic variations with trans-gene expression, which
included evaluating 7,530,238,892 potential trans-associations. The most significant transassociation in RA was rs2419490 with PSPH (P=1.7×10−14, R2=0.84). In fact it was the
only trans-association that reached the FDR cutoff of 5%. It was also the most significant
trans-association in LA (P=1.6×10−11, R2=0.77) but did not reach the FDR cutoff in LA.
The SNP is located in an intergenic region between LOC441242 and VKORC1L1, and it was
9.2 Mb upstream of PSPH, a gene encoding the phosphoserine phosphatase. The SNP is in
complete linkage disequilibrium with another SNP (rs2419481), which is located in a
DNAse hypersensitive region30 and could change the binding motifs of multiple
transcription factors.31
Application of eQTL Analyses to AF-Related Genetic Loci
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As an example of the potential utility of the transcriptional profiling and eQTL analyses
generated in this study, we tested if the gene expression in atrial tissue was associated with 9
genome-wide AF-related loci.32 For each of the AF loci, we included the top SNP together
with the neighboring SNPs within 500kb. We then tested the association of these SNPs with
all the transcripts in the genome. The most significant association for both LA and RA was
rs3740293 with MYOZ1 (P=4.0×10−9 for LA and 1.1×10−8 for RA). The SNP is located at
the 3′ UTR of SYNPO2L, about 5kb upstream of MYOZ1 (Figure 2). However, it was not
associated with SYNPO2L in either LA (P=0.90) or RA (P=0.97). The SNP is in high
linkage disequilibrium (R2=0.80) with the top SNP at this locus (rs10824026), and it was
strongly associated with AF (P=7.2×10−7).32
In order to further confirm the association of rs3740293 with MYOZ1 expression, we
performed qPCR validation in additional 70 samples collected from Massachusetts General
Hospital (see Methods). Samples were divided into two groups based on their genotype: 57
samples with “AA” allele and 13 samples with “AC” allele. As shown in Figure 2c, the
expression of MYOZ1 was significantly higher in samples with “AC” allele than those with
“AA” allele (P=1.2×10−3). In contrast, no difference was observed for the expression of
SYNPO2L (P=0.38).

Discussion
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The overall goal of our study was to examine transcriptional profile differences between the
LA and RA, to perform eQTL analyses in the atria, and then to apply our findings to AF.
Our study is among the largest atrial expression analyses performed to date, and among the
earliest attempts to investigate the impact of genome-wide genetic variations on atrial
transcription. We have identified a distinct transcriptional profile between the left and right
atrium, created a genome-wide map relating genetic variants to atrial gene expression, and
applied these results to implicate the MYOZ1 gene in AF.
We began our study by creating a transcriptional map of the right versus the left atrium. It is
expected that different tissues would have distinct transcriptional profiles that contribute to
their unique anatomical structure and functional activity. Furthermore, gene expression is a
quantitative and heritable phenotype that is mediated by the interplay of environmental and
genetic factors.17, 33 We therefore used a repository with both right and left atrial tissue
samples that were largely obtained at the time of cardiac surgery to define the transcriptional
signature for each atrium. We found that over 100 genes were differentially expressed
between the right and left atrium. As anticipated, many of the differentially expressed genes
are involved in the anatomical structure development (P=5.4×10−9). Our findings also
provide a transcriptional basis for the electrophysiological and pathophysiological
differences between the atria. Genes that are preferentially expressed in the right versus the
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left atrium could be considered novel candidate genes for atrial flutter and atrial fibrillation,
respectively.
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We then genotyped each individual using a high-density SNP array of nearly a million
SNPs. By combining our transcriptional and genetic data, we created a genome-wide map
that correlates SNPs with the expression of genes either locally (cis) or at distance (trans).
Such eQTL maps are powerful tools to determine which SNPs regulate gene expression and
can identify functional SNPs and candidate genes within GWAS loci. Initial eQTL maps
were derived from blood or lymphoblastoid cell lines;28, 33, 34 however, except for
housekeeping genes, the genetic variants that control gene expression could be quite unique
to a given tissue.28, 35 Thus, analysis of tissue-specific gene expression is essential.
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Finally, as an example of the potential utility of an atrial eQTL map, we sought to apply our
results to AF. We systematically examined the relationship between the nine recently
reported AF loci and expression of genes in the local region.32 Our results have strongly
implicated MYOZ1 rather than SYNPO2L as the gene related to AF at the chromosome
10q22 locus. The MYOZ1 gene encodes calsarcin-2 or myozenin which is localized to the Z
line and has been shown to interact with alpha-actinin, gamma-filamin and calcineurin.36, 37
Calsarcin-2 is predominately expressed in skeletal muscle,36 but is present at a lower level
in cardiac tissue.36 Calsarcin-2 knockout mice had improved exercise performance and a
switch to slow-twitch oxidative fibers in skeletal muscle.38 Although the relation between
calsarcin-2 and AF is currently unknown, our findings prioritize MYOZ1 as gene worth
further study as a potential mediator of AF.

We systemically studied the association of genetic variants with gene expression in atrial
tissue, and identified hundreds of cis-associations. It is interesting to note that all but one of
the significant associations that we observed were in cis, suggesting that the majority of
genetic determinants of gene expression are likely to exert their effects on neighboring
genes. Given that genome-wide association studies typically report the closest genes to the
most significant SNPs, our result suggests that such practice is generally reasonable. The
lack of additional significant trans-associations could be also attributable to an insufficient
sample size to detect distant associations with small effects.

Genome wide association studies have identified over thousands of disease or trait related
loci in recent years and the vast majority of these loci are located in the intergenic or intronic
regions.15 Similar to the analysis that we performed for AF, our atrial eQTL map could also
be used to explore other atrial or cardiovascular traits including the PR or RR interval
among others.39, 40
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Our study has a number of potential limitations. The samples were from individuals of
European ancestry, so our findings may not generalize to other races/ethnicities. They were
collected from a mixture of heart failure or healthy donors. We had a modest number of
samples, and a small number in the pre-specified subgroups with and without heart failure,
and AF. Hence, our power for all analyses was modest (Supplemental Results). Given the
similar transcriptional profiles in samples from both groups (Supplemental Figure 1), sample
pooling would increase the statistical power comparing to treat each group separately
(Supplemental Tables 4 and 5). The cross hybridization in microarray-based platforms might
result in non-specific signals for some genes (e.g., HLA regions), thus further validation is
warranted.41 Advances in RNA sequencing technologies is anticipated to be more accurate
for detecting low-abundance or wide-dynamic-range transcripts.42 Given that we performed
thousands or even millions of statistical tests, potential false findings might be a concern for
our study. We thus applied a very stringent Bonferroni threshold or performed empirical

Heart Rhythm. Author manuscript; available in PMC 2015 February 01.

Lin et al.

Page 7

imputation to define significant associations; however, such stringent thresholds might
overlook subthreshold but nonetheless important associations.
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In conclusion, we have characterized the transcriptional signature of the left and right
atrium, created an eQTL map of the atria, and identified MYOZ1 as a candidate gene for AF.
We anticipate that future increases in sample size and sequencing efforts will help to
identify additional gene signatures underlying atrial structure and function.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Comparison of top cis-associations between LA and RA

Each point represents one cis-association. The x-axis is the −log10(p) of the association in
LA, whereas the y-axis is the −log10(p) in RA. Cis-associations that were not significant
(FDR<5%) in either LA or RA were not shown (lower left). Points within the upper right
rectangle represent cis-associations that were significant in both LA and RA.
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Figure 2. Cis-association between rs3740293 and MYOZ1

A) The genomic location of rs3740293 from the UCSC Genome Browser (http://
genome.ucsc.edu/cgi-bin/hgGateway). The SNP is located at the 3′UTR of SYNPO2L,
approximately 5kb upstream of MYOZ1.
B) The association of rs3740293 with two MYOZ1 and SYNPO2L in LA and RA. The x-axis
represents the genotype, and the y-axis is the boxplot of gene expression. The expression of
MYOZ1 increases with the increasing copies of C allele of rs3740293 in both LA (upper left)
and RA (lower left). No association was found between rs3740293 and SYNPO2L in either
LA (upper right) or RA (lower right).
C) qPCR validation showing a significantly higher MYOZ1 expression in the left atrium of
the samples with AC genotype as compared to AA genotype, whereas SYNPO2L expression
did not differ between two groups.
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Clinical characteristics of the study samples*
Characteristics

Left Atrium (n=53)

Right Atrium (n=52)

Women, n (%)

10 (18.9%)

5 (9.6%)

Age, year ± SD

55.9 ± 12.5

55.8 ± 13.3

Advanced heart failure, n (%)

47 (88.7%)

48 (92.3%)

History of atrial fibrillation, n (%)

9 (17.0%)

9 (17.3%)

*

Forty-one individuals had both left and right atrial tissue collected.
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