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Abstract

Background—The molecular mechanisms underlying the early development of atrial fibrillation
(AF) remain poorly understood. Emerging evidence suggests that abnormal epigenetic modulation
via microRNAs (miRNAs) might be involved in the pathogenesis of paroxysmal AF (pAF).

Objective—To identify key molecular changes associated with pAF, we conducted state-of-the-
art transcriptomic studies to identify the abnormal miRNA-mRNA interactions potentially driving
AF development.

Methods—High-quality total RNA including miRNA was isolated from atrial biopsies of age-
matched and sex-matched pAF patients and control patients in sinus rhythm (SR; n=4 per group)
and used for RNA-sequencing and miRNA microarray. Results were analyzed bioinformatically
and validated using quantitative real-time (QRT)-PCR and 3’UTR luciferase reporter assays.

Results—113 genes and 49 miRNAs were differentially expressed (DE) in pAF versus SR
patients. Gene ontology analysis revealed that most of the DE genes were involved in the
“gonadotropin releasing hormone receptor pathway” and “p53 pathway”. Of these DE genes,
bioinformatic analyses identified 23 pairs of putative miRNA-mRNA interactions that were
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altered in pAF (involving 15 miRNAs and 17 mRNAs). Using qRT-PCR and 3’UTR luciferase
reporter assays, the interaction between upregulation of miR-199a-5p and downregulation of
FKBP5 was confirmed in samples from pAF patients.

Conclusion—Our combined transcriptomic analysis and miRNA microarray study of atrial
samples from pAF patients revealed novel pathways and miRNA-mRNA regulations that may be
relevant in the development of pAF. Future studies are required to investigate the potential
involvement of the gonadotropin releasing hormone receptor and p53 pathways in AF
pathogenesis.
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1. Introduction

Atrial fibrillation (AF) is the most common cardiac arrhythmia seen in clinics [1]. The
molecular mechanisms underlying AF pathogenesis are complex and not well understood
[2]. Because of this, a number of studies in the last decade have utilized microarray
technologies to look for transcriptomic changes in both AF patients and animal models of
AF [3-9]. Through these studies, a number of key pathways were found to be altered in AF
patients such as Ca2*-dependent signaling pathways [3], inflammatory and immune
pathways [5], and apoptotic and cell cycle pathways [7]. These prior studies all focused on
patients with persistent or permanent AF, otherwise known as chronic AF (CAF), where
extensive AF-induced atrial remodeling may have confounded the findings and thereby
precluded a clear distinction between AF causes and consequences. By contrast, much less is
known about the early changes that may occur in the atria of patients with paroxysmal AF
(pAF), which is an earlier stage of AF development where atrial remodeling is still mostly
limited [10].

MicroRNAs (miRNAs) are a class of small non-coding RNAs (ncRNAS) (containing 21-24
nucleotides) that function in RNA silencing and post-transcriptional regulation of gene
expression [11]. Since miRNAs may potentially drive mMRNA changes observed in AF
patients, some studies performed microarray experiments using samples from AF
patients[12, 13] while others have validated key roles for miRNAs such as miR-1, miR-328,
and miR-26 in AF pathogenesis [14-16]. However, since these studies were all performed in
patients with cAF, they were limited in their contribution to our understanding of the factors
involved in early AF development.

With this in mind, and in light of the recent advance in RNA-sequencing (RNA-Seq)
technology, we were motivated to conduct an unbiased transcriptomic study using atrial
samples from pAF patients. The objective of this study is to identify pathways and miRNA-
MRNA interactions that may play a role in early AF pathogenesis. Using both RNA-Seq and
miRNA microarray, we uncovered 113 genes and 49 miRNAs that are differentially
expressed in patients with pAF compared to those in sinus rhythm (SR). Additional
bioinformatic analyses identified 23 pairs of putative miRNA-mRNA interactions (involving
15 miRNAs and 17 mRNAs) that are dysregulated in pAF patients. Several candidates were
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validated using quantitative real-time (qRT)-PCR, and one miRNA-mRNA pair
(miR-199a-5p/FKBP5) was further validated using 3’UTR luciferase assay. Together, our
study revealed novel signaling pathways and miRNA-mRNA interactions that are associated
with the early development of AF.

2. Materials and methods

Detailed information is provided in the Online Supplement.

2.1. Human atrial samples

After written informed consent was obtained, the tip of the right atrial appendage was
removed as part of the general surgical procedure in patients undergoing open-heart surgery
for bypass grafting, valve replacement or a combination of both. All biopsies were taken at
the same site, which is at the tip of the right atrial appendage. After collection, the samples
were flash frozen in liquid nitrogen, under protocols approved by the ethics committee of the
Faculty of Medicine, University Duisburg-Essen (12-5268-B0O). Characteristics of the
patients are listed in Tables 1 and 2.

2.2. RNA sequencing and miRNA microarray

High quality total RNA including miRNAs was isolated from frozen human atrial samples
using the miRNeasy Mini Kit from Qiagen (Venlo, The Netherlands). A portion of the RNA
was converted to barcoded cDNA libraries for RNA-Seq using lon Total RNA-Seq Kit v2.0
and sequenced on the lon Proton™ System (Life Technologies, CA). Data analysis and
visualization were accomplished using SNP & Variation Suite (Version 8; Golden Helix,
Bozeman, MT) while gene ontology (GO) analysis was performed using PANTHER 9.0.
[17] Another portion of the RNA was used for miRNA microarray, performed by LC
Sciences (Houston, TX) on their in-house pParaflo® technology platform that included all
human mature miRNAs available in the latest version of the miRBase database (Release 20).

2.3. Quantitative real-time PCR

To measure levels of MRNAS, reverse transcription was performed using iScript™ cDNA
Synthesis Kit (Bio-Rad, Hercules, CA). To measure levels of miRNAsS, reverse transcription
and quantitative real-time (qQRT)-PCR were carried out using a modified protocol as
described.[18-20] gRT-PCR reactions were performed in triplicate in 96-well plates using
PerfeCTa® SYBR® Green FastMix® (Quanta Biosciences, Gaithersburg, MD) in
Mastercycler ep realplex (Eppendorf, Hamburg, Germany). Relative expression levels were
calculated using the CT (cycle number) method after normalization to RPL7. All primers
used for mMRNA and miRNA detection are listed in Supplemental Tables S1 and S2,
respectively.[21]

2.4. Mutagenesis and luciferase assay

The Homo sapiens FKBP5 3’UTR luciferase construct was purchased from SwitchGear
Genomics (S811120, Active Motif). The putative interaction site between hsa-miR-199a-5p
and the FKBP5 3’UTR was searched using both TargetScanHuman 6.2[22] and
microRNA.org.[23] Mutagenesis was carried out using QuikChangell (Agilent
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Technologies, Santa Clara, CA) to disrupt this putative interaction using forward primer 5’-
AATAAAAACTAATTTAAAATATAACTGCGAATTCTTTTTAGGATTTAAAAAGGT
GAGATGTTC CAGGTTTAAGCAAATGG -3’ and reverse primer 5’
CCATTTGCTTAAACCTGGAACATCTCACCTTTTTAAATCCTAAAAAGAATTCGCA
GTTATATT TTAAATTAGTTTTTATT-3, according to the manufacturer’s instructions.

3’UTR luciferase reporter assays were performed as described previously, with
modifications.[20] Hsa-miR-199a-5p and a non-targeting scramble miRNA mimic were
purchased from Life Technologies (Carlsbad, CA) and used at a final concentration of 10
nM. The luciferase constructs and miRNA mimics were co-transfected in pairs into HEK293
cells according to the protocol provided by SwitchGear Genomics (Active Motif) using
LipoD293 (SignaGen Laboratories, Rockville, MD). Cells were harvested after 24 hours and
assayed using the LightSwitch Luciferase Assay Reagents (Active Motif) according to the
manufacturer’s instructions. Luciferase signals were normalized to the protein concentration
of the respective lysates and to the mimics’ effect on the empty 3’UTR vector (S890005,
Active Motif).

2.5. Statistical analysis

3. Results

Two-tailed student’s t-test was used where appropriate. Data are presented as mean + SEM
and a P-value less than 0.05 was considered statistically significant, except for the miRNA
microarray data analyzed by LC Sciences (Houston, TX) using a validated method.

3.1. RNA-Seq of atrial samples from pAF patients

In order to perform an unbiased survey of changes in the transcriptome of pAF patients, we
performed RNA-Seq using polyA+ mRNA isolated from right atrial appendages of both
pAF patients and control patients in SR (Table 1). Over 20 million single-end reads were
obtained per sample with an average length of 102 bp using the lon Torrent Proton
sequencer. 79% of RNA sequencing reads was mapped to the human genome. Gene
expression was evaluated based on the number of reads located within all its exons. Total
read counts were normalized and compared between SR and pAF samples (n=4 per group;
Supplemental Table S3). The boxplots in Figure 1 show comparable read count distribution
across all 8 samples. The results were then visualized in a volcano plot where the x-axis is
the log?2 ratio of the fold-change (pAF/SR) and the y-axis is the —log10 ratio of the P-value
(Figure 2A). As shown by the red circles in Figure 2A and in Supplemental Table S3, there
are 113 transcripts (out of 13,992 transcripts) that are differentially expressed (DE) between
SR and pAF samples (P<0.05, fold change > 1.5). These 113 transcripts were further
visualized in a heat-map as shown in Figure 2B and listed in Supplemental Table S4.
Eighty-one of the 113 transcripts were downregulated in pAF samples whereas 32 were
upregulated (Supplemental Table S4).

To gain a deeper understanding of these DE transcripts, gene ontology (GO) analysis was
performed using PANTHER 9.0.[17] The transcripts were categorized based on their
“Molecular Function”, “Biological Process”, and “Cellular Component” as listed in
Supplemental Table S4. In addition, the categories of “Molecular Function” and “Biological

Int J Cardiol. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chiang et al.

Page 5

Process” were also plotted as pie charts in Figure 2C and 2D, respectively. The top 3
categories of “Molecular Function” were “Binding” (36%), “Catalytic activity” (30%), and
“Nucleic acid binding transcription factor activity” (12%; Figure 2C) while the top 3
categories of “Biological Process” were “Metabolic process” (28%), “Cellular process”
(18%), and “Developmental process” (10%; Figure 2D). In addition, the transcripts were
also categorized based on known pathways in PANTHER 9.0 and the most notable
pathways were “Gonadotropin releasing hormone receptor pathway”, “p53 pathway”, and
some signaling pathways such as TGF-B and PDGF (Supplemental Table S4).

3.2. miRNA microarray of atrial samples from pAF patients

Using the same samples as for the RNA-Seq (except for one SR sample which had to be
replaced for technical reasons; Table 1), we performed miRNA microarray and analysis (LC
Sciences, Houston, TX) in order to examine all human mature miRNAs available in the
miRBase database (Release 20). A total of 667 miRNAs were detected with 181 considered
as significant (P<0.1) based on LC Sciences’ tested algorithm (Supplemental Table S5).
These 181 were further filtered for those with high signals (>500), resulting in 49 miRNAs
that are both significantly altered in pAF samples and with high signals on the microarray
(Figure 3A). Of these 49 miRNAs, 23 were upregulated in pAF samples while 26 were
downregulated, as shown in the heat-map in Figure 3B and Supplemental Table S6.

We searched the literature for known or established role(s) for the 49 DE miRNAs from our
microarray (Figure 3B). Of these, only 23 miRNAs have a known or established role in
physiology or human disease while the majority (26 miRNAS) do not and are therefore
considered “Novel” (Figure 3C; Supplemental Table S6). Of the 23 known miRNAs, 14
were found to play a role in cancer while only 5 (hsa-miR-145-3p, hsa-miR-199a-3p, hsa-
miR-199a-5p, hsa-miR-223-3p, hsa-miR-26a-2-3p) were known to play a role in cardiac
diseases (Figure 3C; Supplemental Table S6).[24]

3.3. Putative miRNA-mRNA interactions in pAF patients

Post-transcriptional regulation plays an important role in controlling gene expression. To
gain a deeper understanding of the potential interactions between key miRNAs and mRNAs
which may play a role in pAF pathogenesis, we analyzed the RNA-Seq and miRNA
microarray data in conjunction using a bioinformatics approach. As outlined in Figure 4A,
RNA-Seq yielded 91 DE mRNAs (out of 113 DE transcripts after excluding the ncRNAS)
while miRNA microarray found 49 DE miRNAs. We scanned the 3’UTR of all the DE
mRNAs for high-confident miRNA seed sites using TargetScanHuman6.2.[22] Then of all
the predicted miRNA-mRNA pairs, we filtered for pairs where the miRNA and mRNA were
changed in the opposite direction, since an upregulated miRNA should lead to the
downregulation of its target mMRNA and vice versa. This analysis yielded 23 miRNA-mRNA
pairs with putative interaction, consisting of 15 miRNAs and 17 mRNAs (Figure 4A; Table
3).

Next, we selected 8 mMRNAs (BCL6B, CPNES5, FKBP5, IF144L, RASL10B, SOX10, JUNB,
and TMEM132B) for further validation based on at least one of the following
considerations: 1) they were targeted by multiple miRNAs which could suggest a greater
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role in molecular regulation; 2) the miRNAs that targeted them also targeted other mMRNAs;
3) the large magnitude of the changes of either these mMRNAs or the miRNAs that targeted
them in pAF based on the RNA-Seq and miR microarray experiments; and 4) they play key
roles in other systems but were not previously studied in the heart. Using quantitative real
time (gRT)-PCR, we found that only CPNE5 and FKBP5 were significantly downregulated
(P<0.05) while IF144L was non-significantly upregulated (P=0.1) in pAF patients, in
agreement with the RNA-Seq data (Figure 4B and Supplemental Table S4). Based on these
results, we selected a few of the predicted miRNAs that target CPNE5 and FKBP5 for
further validation, including hsa-miR-199a-5p, hsa-miR-409-3p, hsa-miR-3192, hsa-
miR-4530, and hsa-miR-4688 (Table 3). Figure 4C shows that only hsa-miR-199a-5p and
hsa-miR-4688 reached statistical significance (P<0.05) while hsa-miR-409-3p (P=0.06) and
hsa-miR-3192 (P=0.1) were non-significantly upregulated, all four recapitulating microarray
findings (Supplemental Table S6). Since nothing is known about the role of FKBP5 in the
heart other than that it is expressed there [25], we selected the miR-199a-5p/FKBP5 putative
interaction for further study.

3.4. Validation of the miR-199a-5p/FKBP5 interaction

Based on both TargetScanHuman 6.2[22] and microRNA.org[23], hsa-miR-199a-5p is
predicted to target the 3’UTR of human FKBPS5 at position 1483 (Figure 5A). Furthermore,
based on the conservation score calculated by TargetScanHuman 6.2,[26] this seed site is
also conserved across species (Figure 5B). To validate this interaction, we performed
luciferase assay using both the wild-type (WT) 3’UTR of FKBP5 and a mutant (Mut)
3’UTR of FKBPS5 where the seed site for hsa-miR-199a-5p was mutated (Figure 5A). What
we found was that the normalized luciferase signal from the WT 3’UTR of FKBP5 was
significantly reduced by 20% in the presence of the hsa-miR-199a-5p mimic versus
scramble (P<0.01, n=4; Figure 5C). However, this effect was rescued with the FKBP5
3’UTR mutant (P=N.S.; Figure 5C). This supported the bioinformatic prediction that hsa-
miR-199a-5p targets the 3’UTR of human FKBP5 at position 1483.

4. Discussion

To the best of our knowledge, this is both the first transcriptomic study in patients with pAF
using RNA-sequencing technology and the first study to simultaneously analyze both
MRNA and miRNA expression levels in AF. Using state-of-the-art RNA-sequencing and
miRNA microarray, we discovered 113 genes and 49 miRNAs that were differentially
expressed in patients with pAF. Of these, bioinformatic analysis further revealed 23 putative
miRNA-mRNA regulations (consisting of 15 miRNAs and 17 mRNASs) that may play a role
in AF pathogenesis. We selected one of these pairs of interaction and showed that the
upregulation of miR-199a-5p may downregulate FKBP5 in pAF patients.

4.1. Comparison to previous transcriptomics studies in AF

Previously, studies have employed mRNA microarray technology in studying samples from
AF patients [3-9]. In the present study, we chose instead to use the newer RNA-Seq
technology. Compared to microarray technologies, RNA-Seq is superior in quantitatively
evaluating gene expression, detecting low abundance transcripts, differentiating biologically
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critical isoforms, and allowing for the identification of genetic variants [27]. RNA-Seq also
has a much greater dynamic range of detection and is inherently quantitative, unlike
microarray technologies which rely on qRT-PCR validation [27].

To date, a few transcriptomic studies in AF have provided useful information in gene
profiling of AF [3-9]. However, these studies were focused on cAF patients, in whom
extensive, complex, and chronic atrial remodelings have already taken place. As a result,
many molecular changes in cAF patients may be secondary to these remodeling processes
and thereby complicating and confounding the interpretation of their findings. In contrast,
our study is the first transcriptomic analysis focused on pAF instead of CAF patients, which
we believe holds the key to identification of pathways involved in the initial disease
development without confounding structural remodeling. The genes and pathways identified
in our study could potentially be the key signaling pathways that initiate the pathological
changes underlying AF development. In addition, by coupling the findings between RNA-
Seq and miRNA microarray, we were able to discover potentially important miRNA-mRNA
regulations that may drive AF pathogenesis.

Since miRNA microarrays were performed in cAF patients in 2 recent studies [12, 13], we
were interested in comparing these findings with our results from pAF patients. Using right
atrial appendage from patients with valvular heart disease with or without cAF, Cooley et al.
[12] found 47 miRNAs that are DE in the cAF group. Of these 47 miRNAs, only 1 miRNA
(hsa-miR-223-3p) was also changed in our DE list of miRNAs, which was upregulated in
both Cooley’s[12] and our studies (Supplemental Table S6) [12]. A similar study but using
left atrial appendage from patients with aortic stenosis with or without cAF found 21
miRNAs that were DE in the cAF group [13]. Of these 21 miRNAs, 3 miRNAs were also
altered in our dataset (hsa-miR-3196, hsa-miR-4497, and hsa-miR-4707-5p) yet they were
all upregulated in their study but downregulated in our study (Supplemental Table S6) [13].
These discrepant observations may be the result of the different stages of AF under study
(pAF vs. cAF), which further supports the notion that atrial remodeling associated with AF
development may affect gene regulations.

4.2. Novel findings and potential clinical implications

Gene ontology analysis of the DE mRNAs in pAF revealed that the top 3 categories of
changes in 1) “Molecular Function” were “Binding”, “Catalytic activity”, and “Nucleic acid
binding transcription factor activity” and in 2) “Biological Process” were “Metabolic
process”, “Cellular process”, and “Developmental process” (Figure 1C-D). This suggests
that even during the earlier stage of AF development, in the absence of gross atrial
remodeling, the molecular pathways involved with gene transcription and growth and
development are already in play. This is further confirmed with Pathway analysis of the
same set of genes which showed that the most dysregulated pathways were the
“Gonadotropin releasing hormone (GnRH) receptor pathway”, “p53 pathway”, and some
signaling pathways such as TGF-3 and PDGF (Supplemental Table S4), all of which are
involved with transcriptional activation and growth.

The role of TGF-p and PDGF signaling cascades in cardiac diseases including AF has been
well established previously [1]. In particular, these two pathways are critical in regulating
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fibrosis and inflammation, and may also affect ion channel function [28, 29]. On the other
hand, little is known to date about the role of the GnRH receptor pathway and the p53
pathway in cardiac molecular physiology. Studies have suggested that GnRH receptor
activation is associated with increased coronary heart disease and myocardial infarction
[30]. Also, Dong et al. have shown that GnRH is capable of regulating cardiac contractile
function via a GnRH receptor/PKA-dependent mechanism [31]. However, unlike in
coronary heart disease where the GnRH signaling pathway is hyperactive, this pathway was
found to be downregulated in the pAF patients in our study. Specifically, we have found that
several proteins involved in the GnRH receptor pathway such as JUNB, JUND, and
ADIPOQ were all downregulated in pAF patients (Supplemental Table S4). This suggests
that these proteins (JUNB, JUND, and ADIPOQ) may contribute to AF development via
mechanisms distinct from that in contractile dysfunction in the setting of coronary heart
disease, but these mechanisms would require further investigation.

In terms of FKBP5, less is known about its function in the heart [32]. FKBP5, or FK506-
binding protein 5, is a 51 kDa protein with peptidyl-prolyl cis-trans isomerase (PPlase) and
co-chaperone activities. Through interaction with heat-shock protein 90 (HSP90), FKBP5
plays a role in intracellular trafficking and microtubule stabilization [32]. The known
functions of FKPB?5 in other organs include the regulation of steroid hormone receptor
function [33], inhibition of apoptosis in cancer cells [34], promotion of Akt
dephosphorylation and downregulation of Akt pathways [35], etc. Moreover, FKBP5
contains c-terminal tetratricopeptide repeat (TRP) domain and may inhibit store-operated
calcium entry through the Isgc channel [32]. Nevertheless, to understand the role of FKBP5
in the heart and how its downregulation is involved in AF pathogenesis would require much
future investigation.

In terms of the key ion channels and transporters known to affect cardiac excitability in AF,
our study did not detect significant changes in their transcript levels (even though RNA-Seq
can detect low abundance transcripts). Instead, we found changes in the aforementioned
pathways controlling transcription, apoptosis, and extracellular matrix generation and
turnover, all of which could eventually affect the functions of key ion channels and
transporters. Together, these changes may contribute to both electrical and structural
remodeling and predispose the cardiomyocytes to atrial fibrillation. Future studies are
needed to elucidate these molecular mechanisms and develop interventions targeting
components of these pathways.

4.3. Limitations of our study

Firstly, as with most human AF studies, this study was limited by the sample size of the
atrial biopsies obtained from the patients and by the number of samples available, which
may have led to increased statistical variability among the patients. Nevertheless, we did our
best to match the patients in terms of gender, age, and underlying pathologies to minimize
confounding factors (Tables 1 and 2). Secondly, this study was limited to patients with
paroxysmal AF, which means our findings may not be generalized to include patients with
chronic AF. Lastly, all of the pAF patients in this study suffered from hypertension pointing
to hypertensive heart disease as a potential predisposing factor to their AF episodes (Tables
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1 and 2). Thus our findings may not hold true for individuals with lone AF. Nevertheless, we
believe that our findings may have captured unique changes in pAF which may be drivers of
AF pathogenesis, although future studies are needed to validate and understand the
significance of these findings.

5. Conclusions

We discovered 113 genes including 22 ncRNAs and 49 miRNAs that are differentially
expressed in patients with paroxysmal AF compared to control patients in sinus rhythm. Of
these, we identified 23 putative miRNA-mRNA interactions that may be involved in AF
pathogenesis. We validated one of these pairs to demonstrate in principle the validity of our
experimental and bioinformatic approach. Taken together, this study may open up new
avenues of research to improve our understanding of early AF pathogenesis for the
development of novel pharmacologic interventions that are both specific and effective.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AF
cAF
DE

Atrial fibrillation
Chronic atrial fibrillation

Differentially expressed

miRNA microRNA

pAF

Paroxysmal atrial fibrillation

gRT-PCR Quantitative real-time polymerase chain reaction

RNA-Seq RNA sequencing

SR

Sinus rhythm
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Figure 1. Columnwise side-by-side boxplots of normalized samples showing comparable count
distribution across samples in the RNA-Seq experiment

SR=control patients in sinus rhythm; pAF=paroxysmal atrial fibrillation.
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Figure 2. RNA-Seq of atrial samples from sinus rhythm (SR) and paroxysmal AF (pAF) patients
A. Volcano plot of all the transcripts detected by RNA-Seq highlighting the 113 transcripts

that are differentially expressed between SR and pAF samples (red circles). B. Heat-map of
the 113 differentially expressed transcripts. Gene ontology pie charts of the differentially
expressed transcripts based on the “Molecular Function” (C) and “Biological Process” (D)
categories.
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Figure 3. miRNA microarray of atrial samples from sinus rhythm (SR) and paroxysmal AF

(pAF) patients

A. Volcano plot of all the miRNAs detected by microarray highlighting the 49 miRNAs that
are both differentially expressed between SR and pAF samples and have a high signal on the
microarray (red circles). B. Heat-map of the 49 differentially expressed miRNAs. C. Pie
chart showing known roles of the differentially expressed miRNAs. “Novel” means no
known function has been established for the miRNAs.

Int J Cardiol. Author manuscript; available in PMC 2016 April 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chiang et al.

Page 16

A B D SR Samples
Il pAF Samples

Atrial Samples P=0.1

miR
[ RNA-Seq ] [mlcroarray]

y |

91 DE 49 DE
mRNAs miRNAs

\

Relative mRNA Level
o
@
X

TargetScan6.2

a ] 4 3 @ g @ o
= = =z o~
15 miRNAs 17 mRNAs a z a 3 3 b 5 o
m 3] w = 2] [7] E
23 Putative Interactions é '."_z
C
@
>
@
-
x
E
o
>
F =]
®
@
['4

hsa-miR-409-3p
hsa-miR-3192
hsa-miR-4530
hsa-miR-4688

hsa-miR-199a-5p

Figure 4. miRNA-mRNA interactions
A. Schematic of the workflow to identify putative miRNA-mRNA interactions relevant for

AF pathogenesis. DE=differentially expressed. B. gRT-PCR validation of 8 mMRNAs
selected from the 23 putative miRNA-mRNA interaction pairs. N=6-8 per group. C. qRT-
PCR validation of 5 miRNASs selected from the 23 putative miRNA-mRNA interaction pairs
in pAF vs. SR samples. N=4 per group. *P<0.05, **P<0.01, vs. SR.
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Figure 5. Interaction between hsa-miR-199a-5p and FKBP5 3’'fUTR
A. Schematic of bioinformatically predicted interaction site between hsa-miR-199a-5p and

Homo sapiens FKBP5 3’UTR based on microRNA.org.[23] Top panel: wild-type (WT)
3’UTR of FKBP5. Bottom panel: mutant (Mut) 3’UTR of FKBP5 where the seed site for
hsa-miR-199a-5p is partially ablated. B. Conservation of the hsa-miR-199a-5p seed site
based on TargetScanHuman 6.2.[26] C. 3’UTR luciferase assay showing a relative decrease
in the normalized luciferase signal from the WT FKBP5 3’UTR luciferase construct in the
presence of hsa-miR-199a-5p but not from the mutant (Mut) construct. N=4 replicates per

group. **P<0.01 vs. Scramble.
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Table 1

Characteristics of patients for the transcriptomic studies.

SR (RNA-Seq)” SR (miR microarray) pAF

Patients, n 4 4 4
Gender, m/f 212 3/1 3/1
Age, y 65.0+4.1 70.5+1.9 71.3+2.9
Body mass index, kg/m? 27.4x15 26.9£1.5 25.2+1.9
CAD,n 3 3 3
MVD/AVD, n 0 0 0
CAD+MVD/AVD, n 1 1 1
Hypertension, n 4 4 4
Diabetes, n 2 1 1
Hyperlipidemia, n 4 4 3
LVEF, % 49.74£12.9 51.5+9.8 51.3+8.1
Digitalis, n 1 1 1
ACE inhibitors, n 3 2 4
AT1 blockers, n 0 0 0
f3-Blockers, n 4 3 3
Dihydropyridines, n 1 1 3
Diuretics, n 2 2 1
Nitrates, n 0 0 1
Lipid-lowering drugs, n 4 3 3

*

With the exception of one SR sample, all the other SR and pAF samples were used for both the RNA-Seq and miR microarray experiments.
Values are presented as mean+SEM or number of patients. SR, patients in sinus rhythm; pAF, paroxysmal atrial fibrillation patients; CAD,
coronary artery disease, MVD/AVD, mitral/aortic valve disease; LVEF, left ventricular ejection fraction; ACE, angiotensin-converting enzyme;
AT, angiotensin receptor. No statistical differences were found between SR (RNA-Seq) vs. pAF or SR (miR microarray) vs. pAF using two-tailed
Student’s t-test for continuous variables and Fisher’s exact test for categorical variables (all P>0.1).
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Table 2

Characteristics of patients for the qRT-PCR experiments.

SR* pPAF

Patients, n 8 10
Gender, m/f 6/2 5/5
Age, y 64.5+3.0 67.5+3.8
Body mass index, kg/m?  27.2£1.0  30.5%2.9
CAD, n 6 6
MVD/AVD, n 1 2
CAD+MVD/AVD, n 1 1
Hypertension, n 7 10
Diabetes, n 3 3
Hyperlipidemia, n 6 5
LVEF, % 55.0+6.0 44.6+6.2
Digitalis, n 1 2
ACE inhibitors, n 6 6
AT1 blockers, n 0 1
f3-Blockers, n 6 6
Dihydropyridines, n 1 5
Diuretics, n 3 4
Nitrates, n 0 2
Lipid-lowering drugs, n 5 6

*

The qRT-PCR experiments included additional samples not used for the RNA-Seq and miR microarray experiments. Values are presented as
mean+SEM or number of patients. SR, patients in sinus rhythm; pAF, paroxysmal atrial fibrillation patients; CAD, coronary artery disease, MVD/
AVD, mitral/aortic valve disease; LVEF, left ventricular ejection fraction; ACE, angiotensin-converting enzyme; AT, angiotensin receptor. No
statistical differences were found between SR and pAF groups using two-tailed Student’s t-test for continuous variables and Fisher’s exact test for
categorical variables (all P>0.1).
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Table 3

Putative miRNA-mRNA interaction pairs in pAF patients.

MIRNA® mMRNA* miRNA Log,(pAF/SR) mRNA Log,(pAF/SR)

hsa-miR-93 DPP3 0.67 -0.81
hsa-miR-199a-5p FKBP5 0.63 -1.02
hsa-miR-199a-5p JUNB 0.63 -1.15
hsa-miR-199a-5p ZFP2 0.63 -1.79
hsa-miR-409-3p FKBP5 1.12 -1.02
hsa-miR-762 OAS3 -0.73 1.17
hsa-miR-922 JUNB 6.19 -1.15
hsa-miR-3192 FKBP5 2.69 -1.02
hsa-miR-3192 SOX10 2.69 -1.07
hsa-miR-3652 VSTM2L 2.09 -0.93
hsa-miR-4296 GATC 2.65 -1.02
hsa-miR-4296 SNX22 2.65 -1.46
hsa-miR-4311 SPON1 2.29 -0.87
hsa-miR-4311 TMEM132B 2.29 -1.99
hsa-miR-4481 TMEM132B 243 -1.99
hsa-miR-4516 IF144L -0.94 1.66
hsa-miR-4516 RASL10B -0.94 0.72
hsa-miR-4519 GATC 4.73 -1.02
hsa-miR-4530 BCL6B -1.49 1.14
hsa-miR-4688 CIDEC 1.19 -1.94
hsa-miR-4688 CPNE5 1.19 -0.77
hsa-miR-4688 SOX10 1.19 -1.07
hsa-miR-4691-3p BAIAP3 4.40 -1.40
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*
A total of 23 pairs of mMiIRNA-mRNA interactions were predicted bioinformatically and based on RNA-Seq and miRNA microarray data using

samples from control patients in sinus rhythm (SR) vs. patients with paroxysmal atrial fibrillation (pAF).
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