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Background—MicroRNA (miRNA) expression in atrial tissue has been implicated in pathologic
susceptibility to atrial fibrillation (AF). Nevertheless, data are limited on how circulating levels
relate to AF.

Objective—To test the hypothesis that circulating miRNAs would be associated with AF.

Methods—Among 2445 Framingham Heart Study Offspring participants, we measured the
expression of 385 circulating whole blood miRNAs by high-throughput quantitative reverse-
transcriptase polymerase chain reaction (qQRT-PCR). We related miRNA levels with prevalent and
new-onset AF.

Results—The mean age in the cohort was 66.3 + 8.9 years and 56% were women; 153
participants had clinically apparent AF at baseline and 107 developed AF during a median of 5.4
years of follow-up. miRNA-328 (miR-328) expression was lower among participants with
prevalent AF [8.76 cycle threshold (Ct)] compared to individuals with no AF (7.75 Ct, p <0.001).
The association between miR-328 and prevalent AF persisted after adjustment for age, sex, and
technical covariates (OR=1.21, P= 1.8 x 10™4) but was attenuated in analyses adjusting for
clinical AF risk factors (OR=1.14, £=10.017). In contrast to the associations between miR-328 and
prevalent AF, none of the circulating miRNAs were associated with incident AF.

Conclusions—Circulating levels of miR-328, a miRNA known to promote atrial electrical
remodeling by reducing L-type Ca2* channel density, were associated with prevalent AF.
Adjustment for risk factors that promote atrial remodeling, including hypertension, attenuated the
association between miR-328 and AF, potentially implicating miR-328 as a potential mediator of
atrial remodeling and AF vulnerability.

Keywords
atrial fibrillation; epidemiology, circulation; microRNA,; risk factors

Introduction

Atrial fibrillation (AF) is an important clinical and public health problem.! The prevalence
of AF is expected to rise from 3 to 6 million Americans today to about 12 million by 2050.2
AF is associated with an increased risk of stroke,3 heart failure,* and all-cause mortality.>
The estimated excess annual national cost from AF treatment is $26 billion.® Despite a
strong need for biomarkers of diagnostic and/or prognostic value in AF,’ few robust
biomarkers exist.

MicroRNAs (miRNAs), a class of short endogenous non-coding RNA species, are key
regulators of gene expression in cardiovascular development and disease (CVD).8 miRNAs
have been associated with different forms of heart disease, including atrial and ventricular
arrhythmias (miR-1, miRs-26 and 29, miR-133, miR-328),%-11 cardiac hypertrophy
(miR-208), and myocardial fibrosis (miR-21, miR-29).12-14 Data indicate that miRNAs can
provide insights into gene regulatory events /77 vivo.1* miRNAs have some useful
characteristics as biomarkers, since they are stable and detectable in the peripheral
circulation. Despite reports suggesting that miRNAs are involved in regulating pathological
atrial remodeling and AF under experimental conditions, few studies have examined the
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relations between circulating miRNAs and prevalent or incident AF.15 Therefore, we
conducted the present investigation to determine if circulating miRNAs are associated with
AF in Framingham Heart Study Offspring participants.

Study Sample

The design and methods of the Framingham Heart Study (FHS) Offspring study have been
published previously.18 The Offspring Study is a prospective, community-based
observational study of CVD and its risk factors. Study participants included individuals who
were children of the Original FHS cohort, and their spouses.16 Beginning in 1971,
investigators enrolled 5,124 participants and evaluated these individuals about every 4 to 8
years.

For the present investigation, we focused on the 2467 attendees of examination cycle 8
(2005-2008) who consented to genomic research and had miRNA expression quantified.
Participants who experienced AF within 30 days after coronary artery bypass graft surgery
(n=22) were excluded. For incident analyses, the follow up ended at diagnosis of AF, last
contact, or death, whichever came first. All FHS blood samples were obtained and stored
using methods proven to maintain miRNA stability (http://www.preanalytix.com/product-
catalog/blood/rna/products/paxgeneblood-rna-tube/. All participants gave informed consent.
The FHS protocol was approved by the Boston University Medical Center Institutional
Review Board and University of Massachusetts Medical School Review Board.

Atrial Fibrillation

FHS Offspring study participants are asked about AF at all study examinations and at
biennial health updates.3 If AF or any CVD or neurological disease is reported, records are
sought. Presence of AF is determined from multiple sources including the 12-lead ECGs
obtained at each FHS examination and from all CVD-related hospitalizations and clinician
visits (follow-up ended in 2011). Cases of suspected AF undergo rigorous adjudication by at
least 2 expert study reviewers.16

Risk Factor Definitions

At each FHS examination, Offspring participants undergo a history, laboratory evaluation of
CVD risk factors, anthropometry, and physician-administered physical examination. FHS
Offspring participants with systolic blood pressure 2140 mm Hg or diastolic blood pressure
>90 mm Hg or receiving treatment for hypertension were categorized to have hypertension.>
Body mass index was calculated as weight in kilograms divided by the square of his/her
height in meters (kg/m?2).16 Diabetes was defined as fasting plasma glucose =126 mg/dL or
treatment with diabetes medications. Criteria for defining myocardial infarction and heart
failure in the FHS Offspring Study have been described elsewhere.18 Participants were
considered to be current smokers if they smoked 1 or more cigarettes on a daily basis during
the year prior to their study examination.
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MiRNA expression profiling

Whole blood was used for RNA isolation. The high-throughput Gene Expression Core
Laboratory at the University of Massachusetts Medical School profiled 385 miRNAs
isolated from whole blood (RNA isolation was performed by Asuragen, Inc) in 2445 FHS
Offspring Cohort participants using TagMan chemistry-based assays (PAXgene) as part of
the FHS Systems Approach to Biomarker Research Project. MiRNAs were measured from
venous blood samples obtained from participants after an overnight fast. Detailed methods
used for cDNA conversion, preamplification, and quantitative real-time polymerase chain
reaction (QRT-PCR) are included in the Supplemental Data. The miRNA list encompassed
all commercially available TagMan miRNA assays available at the start of the study. Two
hundred fifty-three miRNAs were present in at least 30% of samples.

QRT-PCR reactions were performed with a high-throughput instrument (BioMark;
Fluidigm, San Francisco, CA). The Framingham Heart Study (FHS) Systems Approach to
Biomarker Research in Cardiovascular Disease Initiative Steering Committee reviewed all
quality control measures and praised the assay’s excellent reproducibility, noting that for
replicates, > 95% of the data points had coefficients of variation <10% (mean ~4%). As
described in the published literature, miRNA expression is quantified using cycle threshold
(Ct)17 We adjusted for batch effects in our regression model, but did not perform
normalization on the raw Ct values.

Statistical analyses

Descriptive statistics are reported as count (percentage) for dichotomous variables and mean
+ SD for continuous variables. We separated the analysis for prevalent AF and incident AF.
We used generalized estimating equation to examine the associations between miRNAs with
prevalent AF, in which AF status was used as the dependent measure, and the miRNA was
used as the exposure. We assessed Cox proportional hazards models with robust sandwich
estimators for time-to-AF diagnosis analyses, with death before new-onset AF as a
censoring factor (the miRNA was used as the exposure and time-to-AF was used as the
dependent measure).

We also applied linear mixed models to test the association of 9 AF susceptibility loci
[rs10821415 (C90rf3), rs10824026 (SYNPOZL), rs1152591 (SYNE2), rs2106261 (ZFHX3),
rs3807989 (CA V1), rs3903239 (PRRX1), rs6666258 (KCNNJ), rs6817105 (PITX2),
rs7164883 (HCN4)] with circulating miRNAs.18

We limited our primary analysis to include only the 253 miRNAs present in at least 70% of
participant samples (Supplementary Figure 1) but examined the associations between less
abundant miRNAs and AF in secondary analyses. MiRNAs that were not detected using
high-throughput PCR in >70% of samples could have been due to failed chemical reactions
or expression below the minimum detection level. Since we could not determine the cause of
missingness, we excluded these miRNAs from our analysis. In contrast to conventional
Real-Time PCR instruments, which can detect a single copy in a well at 35-36 Ct values, the
BioMark System used for our experiments detects single copies at 26-27 Ct. Therefore, for
these analyses we performed the PCR reactions to 28 Ct (Supplementary Figure 2). The
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assay is still quantitative for low abundant miRNAs.1” To account for factors related to
RNA processing, we adjusted analyses for age, sex, isolation batch, RNA quality,
concentration, and 260/280 ratio (defined as the ratio of the absorbance at 260 and 280nm;
measured using a spectrophotometer).

We then adjusted for known factors associated with pathological atrial remodeling and AF,
including height, weight, systolic blood pressure, diastolic blood pressure, current smoking,
antihypertensive medication use, diabetes mellitus, and prevalent heart failure, and
myocardial infarction.1® Based on Bonferroni corrections for multiple testing, we used a p
value cutoff of 2.0x10™4 (0.05/253 miRNAs) to define the level of statistical significance.

In exploratory analyses, due to the fact that miR-328 is known to be expressed in platelets
and to further explore the possibilities that differential medication use or levels of an
inflammatory biomarker associated with AF (e.g., interleukin-6) accounted for our findings,
we also conducted an exploratory analysis examining the association between miR-328 and
AF adjusting for medications listed in Table 1 and interleukin-6. In light of prior work
linking circulating miRNAs to acute coronary syndromes8 and heart failure and the close
relations between CVD and AF, we also examined the relations between miR-328 and AF
excluding participants with prior myocardial infarction or heart failure.14

The demographic, clinical, treatment and laboratory characteristics of the 2445 FHS
Offspring Cohort participants included in our analysis are shown in Table 1. Our cohort
included middle-age to older adults with a modest burden of CVD risk factors. Prevalent AF
was present in 153 participants; new-onset AF developed in an additional 107 individuals
during a median follow-up of 5.4 years. Participants with prevalent AF were, on average
older, more likely to be men and receive antihypertensive, anticoagulant, and rate-
controlling agents, have a higher mean height and weight, as well as a history of myocardial
infarction, heart failure, and diabetes mellitus.

A complete list of quantified miRNAs and their mean expression (Ct) values are shown in
Supplemental Table 1. miRNAs with the most significant associations with prevalent and
incident AF are shown in Tables 2 and 3. Expression of several miRNAs, including
miR-328, miR-150-5p, miR-331-3p and miR-28-5p were negatively nominally associated
with prevalent AF (Table 2). Only the association between miR-328 [odds ratio (OR), 1.21;
95% confidence interval (Cl), 1.09-1.33; £=0.00018] and prevalent AF remained
statistically significant after adjustment for age, sex, isolation batch, RNA quality,
concentration, and 260/280 ratio (Figure 1). miR-328 was also the only miRNA with a false
discovery rate (FDR) of < 0.05. The second most significant miRNA, miR-150-5p, had an
FDR of 0.13. MiR-328 was relatively abundant in most participants (Table 2). Further
adjustment for AF risk factors linked to atrial size and/or pathological atrial remodeling,
including height, weight, systolic blood pressure, diastolic blood pressure, current smoking,
antihypertensive medication (including beta-blocker) use, prevalent heart failure, myocardial
infarction, and diabetes mellitus in secondary analyses attenuated the observed association
between circulating miR-328 and AF (these findings are shown in Tables 2 and 3).
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As shown in Supplemental Table 2, several of the top AF-related miRNAs, including
miR-328, were associated in unadjusted analyses with common medications used in
participants with AF (Table 1). As shown in Supplemental Table 2, in primary models, use
of a beta-blocker was associated with lower circulating miR-328 levels. In further
exploratory analyses, we also noted that circulating levels of interleukin-6 were also related
to several of the top AF-related miRNAs (Supplemental Table 3). However, adjustment for
antiplatelet agents did not significantly alter study findings (OR, 1.14; 95% ClI, 1.02-1.28;
P=0.0017) nor did exclusion of participants with myocardial infarction or heart failure (OR,
1.12; 95% ClI, 0.99-1.27; P=0.075).

Notably, there was little overlap between miRNAs associated with prevalent and incident
AF. No miRNAs associated with incident AF met the predefined cutoff for statistical
significance after adjustment for multiple testing.

We did not observe any statistically significant relations between circulating miRNAs with
any of the 9 genetic loci [rs10821415 (C90rf3), rs10824026 (SYNPOZL), rs1152591
(SYNE2), 152106261 (ZFHX3), rs3807989 (CA V), rs3903239 (PRRX1I), rs6666258
(KCNN3), rs6817105 (PITX2), rs7164883 (HCN4)], which were associated with AF
susceptibility in a recent genome-wide association study (Table 4).18

Discussion

In our study including 2445 FHS Offspring study participants, we observed that circulating
levels of mMiIRNA-328 was lower among individuals with pre-existing AF as compared to
individuals with no known prior AF. This association persisted after adjustment for age, sex,
and technical factors. Adjustment for AF risk factors related to degree of pathological atrial
remodeling, including hypertension, heart failure, and myocardial infarction, attenuated the
association between miR-328 and AF, implicating miR-328 as a potential mediator of atrial
remodeling and AF vulnerability. We did not observe study-wide significant associations
between miRNAs and incident AF or with any of the 9 genetic loci associated with AF in
genome-wide association studies.

Circulating miRNAs have been associated with CVD, including coronary artery disease,
myocardial infarction and heart failure.8-14 MiRNA are released or secreted by
cardiomyocytes in stress states, and the cellular secretion of unique miRNA suggests process
specificity. However, we do not know the extent to which atrial pathological events are
reflected in the circulating miRNA pool or the time course(s) involved in miRNA release.
Nevertheless, miRNAs regulate genes important to cardiac conduction and atrial structure,
some of which have been implicated in the pathogenesis of AF. For example, miR-208
transgenic mice have prolonged PR intervals (an AF intermediate phenotype related to
pathological atrial remodeling and incident AF) and miR208a-/- mice develop AF.8
Moreover, recent studies have shown that plasma levels of miRNAs, including miR-150, are
associated with paroxysmal or persistent AF.15 Notably, and in contrast to prior work, we
did not observe a significant association between circulating miR-150 and prevalent AF.1°
These discrepant findings may be due to the fact that we profiled miRNA expression in
whole blood as opposed to plasma, as was used in this study or due to differences in the two
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study populations (e.g., prior study excluded patients with structural heart disease and
included only individuals of Chinese descent).1®

miR-328 regulates a number of genes (predicted number of gene targets=207)20 involved in
inflammation and cell-cell signaling (CD44), myocyte depolarization (CACNA1C and
CACNBI), vascular function (ABCG2), and cellular aging (HZAFX), processes implicated
in the pathogenesis of AF.21-24 Notably, expression of miR-328 is 2-fold higher in atrial
samples from patients with rheumatic heart disease and AF than among controls.2>
Expression of miR-328 through adenovirus infection in canine atria has been shown to
diminish L-type CaZ* current, shorten the atrial action potential duration, and enhance
vulnerability to AF.25 In contrast, normalization of miR-328 expression using antagomiRs
reverses this phenotype and genetic knockdown of endogenous miR-328 activity reduces AF
vulnerability in canine models.2>

Although pathogenesis and directionality cannot be established from our observational
study, when viewed in light of prior work, our findings further implicate miR-328 as a gene
regulator of importance in AF.2° It has previously been shown that miRNAs may be
secreted by cardiomyocytes under stress (e.g., AF) and therefore circulating miRNAs may
not directly regulate myocardial gene expression but may instead correlate with levels inside
atrial myocytes. Although one might have expected that higher levels of intracellular
miR-328 would relate to higher circulating miR-328 levels, it is also possible that
cardiomyocytes down-regulate secretion of miR-328 or induce degradation of circulating
miR-328 in the context of AF. Alternative hypotheses that may explain our findings include
reverse causality, differential use of medications affecting miR-328 expression (e.g.,
miR-328 is associated with treated hypertension), intermediate mechanisms, residual
confounding, or chance. The observed association between circulating miR-328 levels and
beta-blocker use in minimally-adjusted analyses raises the possibility that the higher rates of
beta-blocker use among participants with AF may have mediated or confounded the
observed association between miR-328 and AF (Supplemental Table 2). When
antihypertensive medications, including beta-blockers and angiotensin-converting enzyme
inhibitors, were included in multivariable models, the association between miR-328 and AF
was attenuated (Table 2). When the association between circulating miRNAs and
interleukin-6 are viewed in light of our prior work showing that circulating interleukin-6
influences platelet gene expression, these results suggest a possible role for miRNAs as
platelet-derived inflammatory gene regulators.26

Several circulating miRNAs, including miR-328, are platelet-derived or enriched.®
Moreover, antiplatelet therapy reduces key platelet-derived miRNA levels.2” These findings
are notable in the context of our observation that miR-328 was lower in patients with AF
and in light of the association between AF, altered platelet function, and stroke.

Despite the lack of association noted between miR-328 and incident AF, in light of the
association observed between miR-328 and prevalent AF and prior work implicating
miR-328 as key regulator of atrial electrical remodeling, the potential role for miR-328 as a
biomarker of diagnostic or prognostic importance in AF warrants further exploration. The
lack of association between miR-328 and incident AF may be explained by the limited
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number of new-onset AF cases developing in our sample. We note that biomarkers related to
the prevalence of AF have proven useful for the prediction of incident AF.16 Further studies
examining the association between miR-328 and AF including greater numbers of patients
with new-onset AF are needed.

We did not observe an association between miRNA levels in whole blood and any of the
pre-specified loci associated with AF in genome-wide association studies. Our findings may
be explained by the fact that miRNA levels may regulate gene expression not only by
inhibiting translation, but also post-transcriptionally by degrading specific RNAs.8
Moreover, since certain miRNAs are expressed cell-type specifically, or are up regulated in
the setting of physiological disturbances,14 miRNAs may not be expected to be associated
with AF loci per se. Finally, single nucleotide polymorphisms associated with AF are
sometimes located outside of intronic gene regions and may not relate to gene expression.

Study Limitations

RNA signatures may vary by cell type and patterns of miRNA expression are known to
differ between blood components. Utilization of whole blood preparations for the miRNA
analyses in our study does not provide the specific source of miRNA. Adjustment could not
be performed for cell composition because whole blood cell composition was not
determined contemporaneously with miRNA quantification. Due to the retrospective nature
of the present study and limited amount of whole blood provided per FHS participant, we
did not perform internal replication of our main study findings using conventional PCR
techniques. Further studies using PCR platforms to quantify circulating miRNA levels in
other community-based cohorts are needed to validate the observed associations between
miR-328 and AF. In a community-based cohort it is not realistic to obtain atrial tissue,
which is most relevant for AF but unfeasible for clinical biomarker discovery and screening
work. Due to the nature of the present community-based investigation, it was not possible to
determine the directionality of the associations observed or source of the miRNAs quantified
in the circulation. Low abundance miRNAs were excluded from the present analysis if they
were not present in at least 30% of samples but such miRNAs may have relevance in
pathologic disease states. In addition, we cannot exclude residual confounding. The methods
used to define incident and prevalent cases of AF in FHS are well validated.16 They do not,
however, enable subclassification of AF (paroxysmal, persistent, permanent) nor do they
distinguish between atrial flutter vs. AF. Finally, the FHS Offspring cohort is composed
largely of white, middle-age to older adults of European ancestry. Generalizability to other
races and ethnicities or younger individuals is uncertain.

Conclusion

In summary, we found an association between AF and a circulating miR-328, a miRNA that
is upregulated in the atria of human subjects with AF, regulates L-type Ca%* channel
density, shortens the atrial effective refractory period, and enhances AF vulnerability.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
MicroRNA-328 Expression in Prevalent Atrial Fibrillation (AF) vs. those with No Atrial

Fibrillation
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Framingham Heart Study Offspring Study Participant Characteristics

Table 1

Variable NOAFL | Freyaient AR | fncidenua”
Age,y 65.6+8.7 | 72.7£8.2 716+85
Men, n (%) 932 (43) | 93(61) 60 (56)
Body mass index, kg/m? 28.2+54 | 29.5£5.2 288+54
Systolic blood pressure, mm Hg 128 + 17 129 £ 20 135+ 17
Diastolic blood pressure, mm Hg 73+10 70+10 71+10
Current smoking, n (%) 192 (8.8) 6(3.9) 10 (9.4)
Prevalent myocardial infarction, n (%) | 70 (3.2) 33(22) 6 (5.6)
Prevalent heart failure, n (%) 21 (1.0 33(22) 5(4.7)
Prevalent diabetes mellitus, n (%) 273 (13) 38 (25) 21 (20)
Antihypertensive treatment, n (%) 995 (46) 103 (68) 72 (68)
Aspirin, n (%) 537 (25) 34 (22) 33 (31)
Warfarin, n (%) 24 (1) 83 (54) 2(2)
Beta-blocker, n (%) 497 (23) 117 (76) 48 (45)
Digoxin, n (%) 12 (1) 32 (21) 2(2)
Calcium-channel blocker, n (%) 296 (14) 40 (26) 26 (24)

Page 12

Data are presented as means standard deviation or number (percentage). AF = atrial fibrillation. VValues reported were measured at enroliment.

*
No AF indicates absence of diagnosed AF at baseline or in follow-up
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Table 4

Page 17

Most significant miRNAs in Association with Gene Loci previously implicated in Risk for Atrial Fibrillation

AF locus Closest # Samples miRNA Fold- SE P- value®
Gene with miRNA Difference
rs10824026 | SYNPOZL 1494 miR-362-5p -0.44 0.11 | 8.5x107°
rs10824026 | SYNPOZL 1030 miR-191-3p -0.28 0.07 | 2.3x10™
rs1152591 SYNEZ 2181 miR-769-5p -0.25 0.07 | 6.5x10™
rs1152591 SYNEZ 2118 miR-576-3p -0.14 0.04 | 7.3x10™
rs10824026 | SYNPOZL 1799 miR-301a-3p -0.39 0.12 | 1.2x103
rs3903239 PRRX1 847 miR-1282 -0.24 0.07 | 1.2x103
rs1152591 SYNE2 2218 miR-1260a -0.15 0.05 | 1.2x1073
rs1152591 SYNE2 1760 miR-142-5p -0.31 0.11 | 1.3x10°3
rs10824026 | SYNPOZL 1775 miR126-5p -0.20 0.06 | 1.7x1073
rs1152591 SYNE2 2225 miR-1274b -0.31 0.10 | 1.3x1073

*
Bonferroni pvalue cutoff = 0.05/(253 miRNAs x 9 SNP loci)= 2.2 x107

AF=atrial fibrillation; SE = standard error; miR = miRNA; Cl = Confidence Interval.
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