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Abstract

MicroRNAs (miRNAs) are single-stranded non-coding RNAs that negatively regulate target gene expression through mRNA
cleavage or translational repression. There is mounting evidence that they play critical roles in heart disease. The expression
of known miRNAs in the heart has been studied at length by microarray and quantitative PCR but it is becoming evident
that microRNA isoforms (isomiRs) are potentially physiologically important. It is well known that left ventricular
(patho)physiology is influenced by transmural heterogeneity of cardiomyocyte phenotype, and this likely reflects underlying
heterogeneity of gene expression. Given the significant role of miRNAs in regulating gene expression, knowledge of how
the miRNA profile varies across the ventricular wall will be crucial to better understand the mechanisms governing
transmural physiological heterogeneity. To determinine miRNA/isomiR expression profiles in the rat heart we investigated
tissue from different locations across the left ventricular wall using deep sequencing. We detected significant quantities of
145 known rat miRNAs and 68 potential novel orthologs of known miRNAs, in mature, mature* and isomiR formation. Many
isomiRs were detected at a higher frequency than their canonical sequence in miRBase and have different predicted targets.
The most common miR-133a isomiR was more effective at targeting a construct containing a sequence from the gelsolin
gene than was canonical miR-133a, as determined by dual-fluorescence assay. We identified a novel rat miR-1 homolog
from a second miR-1 gene; and a novel rat miRNA similar to miR-676. We also cloned and sequenced the rat miR-486 gene
which is not in miRBase (v18). Signalling pathways predicted to be targeted by the most highly detected miRNAs include
Ubiquitin-mediated Proteolysis, Mitogen-Activated Protein Kinase, Regulation of Actin Cytoskeleton, Wnt signalling, Calcium
Signalling, Gap junctions and Arrhythmogenic Right Ventricular Cardiomyopathy. Most miRNAs are not expressed in a
gradient across the ventricular wall, with exceptions including miR-10b, miR-21, miR-99b and miR-486.
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Introduction

MicroRNAs (miRNAs) are single-stranded non-coding RNAs

consisting of 18–25 nucleotides (nts) that negatively regulate target

gene expression through mRNA cleavage or translational repres-

sion [1]. In recent years miRNAs have been implicated in the

control of expression of many proteins in development and

pathology. In particular there is mounting evidence that they play

critical roles in diseases of the heart [2–4], and they have great

potential as circulating biomarkers of cardiac damage [5].

The rat heart has provided a useful model for the study of heart

physiology and disease for many years, and this utility has been

extended to investigations into the role of miRNAs. Numerous

recent studies have used the rat heart and rat heart cells to

demonstrate the involvement of miRNAs in ischaemia [6–20],

hypertrophy [21–29], heart failure [30–34], fibrosis [35–38],

apoptosis [6,10,17,39–43], metabolism [44,45], angiogenesis

[11,46–48], drug action [11,15,16,49–51] and arrhythmogenesis

[35,51].

Analysis of sequencing-based miRNA expression data has

revealed that individual miRNAs exist not just as a single

canonical sequence but exhibit a range of sequence variants or

‘isomiRs’ [52–55]. These isomiRs can have additions or trunca-

tions at their 59 or 39 end, or internal single-base differences. The

variation between isomiRs occurs during biogenesis due to

cleavage by the RNaseIII enzymes Dicer and/or Drosha at

alternative sites or post-transcriptional editing. The availability of

the rat whole genome sequence makes it possible to differentiate

isomiRs of a single microRNA from closely related microRNAs

with very similar sequences that originate from separate miRNA

genes, designated ‘a’, ‘b’, etc. (for some microRNAs several genes

exist which result in the same mature sequence and in this case it is

not possible to determine whether specific isomiRs are formed

preferentially from one gene). The distribution of isomiRs

indicates that they are not randomly generated, and may have

(patho)physiological importance [56–58]. Indeed, specific isomiRs

have been shown to be functional and to have target gene

repertoires that differ from those of their corresponding canonical
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miRNAs [59,60]. Recent data suggests the possibility of isomiR-

specific gene targeting in the heart [61,62].

The vast majority of myocardial miRNA expression profiling

studies to date have used microarray technologies or quantitative

PCR (qPCR). Although much useful data has emerged from these

studies, these techniques, like all methodological approaches, have

limitations. Microarrays and qPCR assays are designed to detect

and quantify molecular species that are already known to exist;

novel sequences are not detected. IsomiRs would either be

indistinguishable from the canonical sequence or not detected at

all. The former is likely in microarray-based methods while the

latter could apply in qPCR, depending on the type of isomiR. In

contrast to the aforementioned methods ‘next-generation’ or

‘deep’ sequencing is able to detect and quantify novel sequence

variants as well as those already known. We therefore used next-

generation sequencing to characterise the expression profile of

miRNAs in rat heart left ventricular wall, identify novel miRNAs

and novel orthologs not previously characterised in this species

and determine the relative expression of isomiRs of individual

miRNAs. To our knowledge this is the first report of miRNA deep

sequencing data from rat heart using the Illumina platform. We

detected several novel rat miRNAs and multiple novel isomiRs of

known miRNAs, many of which were detected at a higher

frequency than the corresponding mature sequence recorded in

miRBase [63,64].

The well established heterogeneity of cardiomyocyte physiology

across the left ventricular wall influences both normal heart

function and pathophysiology [65,66] and likely reflects underly-

ing heterogeneous gene expression. Given the significant role of

miRNAs in regulating gene expression, knowledge of how the

miRNA profile varies across the ventricular wall will be crucial to

understand the mechanisms governing transmural physiological

heterogeneity. Data describing transmural miRNA expression is

very limited and we therefore undertook the first comprehensive

determination of miRNA expression profiles at different locations

across the left ventricular wall. We have found that most miRNAs

are not expressed in a gradient across the ventricular wall, with the

exceptions of miR-10b, miR-21, miR-99b and miR-486.

Methods

Ethics Statement
This study was carried out in strict accordance with the

recommendations in the Guide for the Care and Use of

Laboratory Animals of the National Institutes of Health; and the

United Kingdom Animals (Scientific Procedures) Act, 1986. The

protocol was approved by the Animal Research Ethics Committee

of Queen’s University Belfast (Project Licence: PPL 2683).

miRNA Library Preparation
The hearts of 3 male 8 month old Sprague-Dawley rats were

rapidly extracted after euthanasia with sodium pentobarbital. A

section of the free wall of the left ventricle was dissected into

epicardium, mid-myocardium and endocardium by cutting

approximately 1 mm from the epicardial and endocardial

surfaces. Tissue was weighed, chopped, stored in RNAlater

RNA stabilisation reagent (Qiagen, Crawley UK) and then flash

frozen in liquid nitrogen before placing in storage at 280uC. Small

RNA was extracted (miRNeasy Kit; Qiagen), quantified (Nano-

drop; Thermo Scientific) and quality assessed for degradation

(RNA Nano Chip, Bioanalyser 2100; Aligent Technologies,

Wokingham UK; only samples with a RNA integrity no. (RIN)

$8 were carried forward) and retention of small RNA (Small

RNA Chip, Bioanalyser 2100). Small RNA was preferentially

ligated with adapters, reverse transcribed into cDNA and

amplified with 9 individually tagged primer indices (TruSeq Small

RNA Sample Preparation Kit; Illumina, Little Chesterford, UK)

and a library of small RNA created for each sample. After gel

purification the cDNA products were again analysed on the

bioanalyser using a High Sensitivity DNA Chip and assessed for

the presence and concentration of the peak corresponding to

ligated and tagged miRNA (approximately 147 nt). It was

Figure 1. Length distribution analysis of small RNA sequences
in 3 mid-myocardial rat samples. Reads greater than 12 nt are
included. Red bars represent reads annotated to known rat miRNAs
(miRBase v18), green bars represent reads annotated to miRNAs in
other species (novel orthologs) and black bars represent unannotated
small RNA sequences.
doi:10.1371/journal.pone.0065809.g001

MicroRNAs in Rat Heart Left Ventricle

PLOS ONE | www.plosone.org 2 June 2013 | Volume 8 | Issue 6 | e65809



observed that the successful presence of an appropriate end

product was not wholly dependent on the integrity of the initial

RNA sample (RIN; See Fig. S1) but could be better predicted from

the presence or relative absence of a range of small RNA species

(tRNA, 5S and miRNA) assessed on the Small RNA Chip

electropherogram; therefore only samples with suitable RIN values

exhibiting good retention of small RNA species were used for

library preparation. After pooling, the samples were sequenced by

TrinSeq (Trinity Genome Sequencing Lab & Neuropsychiatric

Genetics Group, Trinity College Dublin, Ireland (http://www.

medicine.tcd.ie/sequencing); using TruSeq SR Cluster Kit v5

(Illumina) and the resultant data trimmed and aligned to miRBase

v18 (CLC Genomics Workbench v4.0; CLC bio, Swansea UK).

PCR
Genomic DNA was extracted from rat heart (Direct PCR lysis

reagent; Viagen Biotech Inc, Los Angeles, CA, USA) to form the

template for confirmation of the stem loop sequence for pre-miR-

486 in a PCR reaction using primers (Table S1) designed from a

rat genomic DNA sequence (gnl|ti|1621823597;

gnl|ti|1718641223) not present in the most recent build of the

rat genome (Baylor 3.4), and DreamTaq polymerase (Fermentas).

Cycling parameters were: 95uC for 3 min, 356 (95uC for 30 s,

49uC for 30 s, 72uC for 20 s), 72uC for 15 min. Amplified

products were sequenced (Genomics Core, Queen’s University

Belfast).

Quantitative PCR was carried out using Taqman small RNA

assays and TaqMan gene expression assays (Invitrogen – Life

Technologies Ltd, Paisley, UK) on RNA samples from rat hearts

dissected and extracted as detailed above. REST 2009 software

[67,68] was used to determine the expression ratio between

epicardial and endocardial samples using multiple endogenous

controls which were tested for consistent expression across samples

using BestKeeper [69].

Plasmid Construction
A 102 bp fragment of the human gelsolin sequence (NCBI

Reference: Chromosome 9, NC_000009.11

(124030380.124095120)) was amplified from human genomic

DNA (Bioline, London, UK) by a two-stage nested PCR using

PhusionH Hot Start II High-Fidelity DNA Polymerase (see Table

S1 for primer sequences).

The product was restricted with XhoI and BamHI and ligated

into pmR-mCherry (Clontech, Saint-Germain-en-Laye, France;

modified as described [70]). The final product (pmChGSN) has

the CMV promoter driving transcription of mCherry with the

gelsolin fragment as 39 UTR.

The plasmid pSM30 (encoding EGFP) was used for expression

of miRNAs [71]. Complementary pairs of oligonucleotides

(25 mM) encoding artificial miRNA sequences (miR-133a canon-

ical isomiR and most common isomiR (miR-133a(v))), a siRNA

sequence designed to down regulate mCherry expression (siR-

mCh), or a random non-targeting negative control sequence

(NTC) were annealed and ligated (T4 DNA ligase; New England

Biolabs, Hitchin, UK) into pSM30 restricted with BsmBI (New

England Biolabs, Hitchin, UK). Oligonucleotide sequences are

shown in Table S2.

Following confirmation of inserts by DNA sequencing (Geno-

mics Core, Queen’s University Belfast, UK), plasmids were

prepared with a Maxiprep kit (Qiagen, West Sussex, UK)

following the manufacturer’s instructions. Custom oligonucleotides

were purchased from Eurogentec (Seraing, Belgium).

Dual Fluorescence miRNA Targeting Assay
This assay has been described in detail previously [70].

HEK293 cells were plated into a 24-well plate. The following

day, cells were transiently transfected with pmChGSN, in addition

to one of pSM30miR-133a, pSM30miR-133a(v), pSM30NTC or

pSM30siR-mCh using Turbofect Transfection reagent (Thermo

Scientific, Hemel Hempstead, UK). Cells were imaged at 20X

magnification using a Nikon Eclipse TE2000-U microscope

equipped with a 488 nm filter (red; mCherry fluorescence) and a

550 nm filter (green; EGFP fluorescence). Red and green images

were acquired of multiple fields using NIS Elements software

(Nikon, Badhoevedorp, Netherlands). Cross-channel bleed-

through was found to be negligible by acquiring red images of

cells transfected with pSM30miR-133a only, and green images of

cells transfected with pmChGSN only. These images were then

used for subtraction of background fluorescence. Images in tiff

format were analysed by Volocity software (Volocity 5.5.1,

PerkinElmer Inc., Waltham, MA, USA). We developed a Volocity

Figure 2. miRNA detection frequency. Most highly detected miRNAs grouped on mature sequence, normalised to total annotated reads
(expressed in reads per million mapped (RPMM) from 3 rat mid-myocardial samples).
doi:10.1371/journal.pone.0065809.g002

MicroRNAs in Rat Heart Left Ventricle
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pipeline for identifying cells in green images and measuring the

total red and green intensities of each identified cell. Data were

exported in Microsoft Excel format for further analysis (Prism 4,

GraphPad, San Diego, CA, USA).

Results

Overview of Next Generation Sequencing Data
A total of 2,947,762 reads between 12 and 73 nt in length were

produced by next generation sequencing of the 3 samples of mid-

myocardium (Fig. 1). miRNAs were aligned and grouped on the

mature sequence, allowing for up to 2 mismatches within the

sequence and/or 3 additions or deletions from either the 59 or 39

Figure 3. Frequency of isomiRs with 59 and/or 39 variations. Distributions of 59 (left) and 39 (right) end variants are shown for miRNAs derived
from the 59 arm (A) and from the 39 arm (B) of the pre-miR hairpin. Data are mean 6 SEM for three mid-myocardial samples.
doi:10.1371/journal.pone.0065809.g003

MicroRNAs in Rat Heart Left Ventricle
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ends. This identified 1,782,482 reads that were annotated to

known miRNA sequences from Rattus norvegicus entries in miRBase

v18 and a further 307,672 annotated to miRNA sequences only

previously reported in other species (potentially representing novel

orthologs). The proportions of reads of length .12 representing

known rat miRNAs, potential novel orthologs or not matching any

known miRNA (unannotated) are shown in Fig. 1. In all 3 samples

the median length of reads was 22 nts and 80.7360.20% (mean 6

sem) of the reads at this length were annotated to known rat

miRNA sequences. In total, 145 previously characterised rat

miRNA sequences had representation of $10 raw reads prior to

normalisation (Table S3; S3A compiled from miRNAs with $10

raw ‘exact mature’ reads, S3B compiled from miRNAs with ,10

‘exact mature’ reads but $10 ‘grouped on mature’ raw reads) in at

least one of the 3 samples. Using the same criteria a further 68

potential novel orthologs were identified (Table S4). Additionally

all reads of sequences originally reported in miRbase as the minor

strand (*) were grouped (upon similar criteria as above; Table S5)

resulting in a further 58 miRNAs of interest, 16 of which

(including miR-126*, miR-140*, miR-151* and miR-28*) were

detected between 1.23 and 99.56 fold higher in the * form than the

‘major’ mature sequence, while miR-501* was not detected in the

major mature strand form. By combining the 3 sample groups and

normalising to reads per million mapped (RPMM), the most

highly detected miRNAs ($1000 RPMM) were identified (Fig. 2).

miR-22, miR-486, miR133a and miR-143 were detected at

greater than 100,000 RPMM. Twelve miRNAs were detected at

greater than 10,000 RPMM and a further 40 miRNAs were

detected at greater than 1,000 RPMM. Six of the top 56 most

highly detected miRNAs were * sequences. Fifty-three of the top

56 most highly detected miRNAs were previously annotated rat

miRNAs, but the second most highly detected miRNA mapped to

the human miRNA hsa-miR-486-5p and has yet to be registered

in miRBase as a rat miRNA, although Small et al. [72] have shown

it to be highly expressed in rat myocardium. Characterisation of

the rat miR-486 gene is described below.

Individually, miR-22 has been implicated in the phenylephrine-

or angiotensin II-induced hypertrophic reduction in phosphatase

and tensin homolog (PTEN) [24]; miR-26a and 30d in calcium

dependent cardiac dysfunction [73], and miR-27b in heart

development and hypertrophy [74,75]. PTEN and Foxo1a are

known targets of miR-486 [72]. Of particular note in the context

of cardiac physiology, miR-486 is predicted by TargetScan 6.2

(Whitehead Institute for Biomedical Research) to target the

Figure 4. IsomiRs of selected miRNAs. IsomiR sequences of the 10 most highly detected miRNAs (mature miRNA highlighted in yellow) with
expression values in brackets from a mid-myocardial sample aligned to the published pre-miR sequence (boxed in green; miRBase v18). Consensus
sequence (boxed in blue) for each miRNA represents the most prevalent nt aligned at each position (nts highlighted in pink represent variations from
the miRBase published mature sequence).
doi:10.1371/journal.pone.0065809.g004

MicroRNAs in Rat Heart Left Ventricle
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transcription factor IRX5, which negatively regulates Kv4.2 K+

channel expression [76,77].

Abundance of isomiR Sequences
The frequency of isomiRs with 59 and/or 39 variations from the

canonical (miRBase) sequence is summarised in Fig. 3 for a mid-

myocardial sample. Of the sequences derived from the 59 arm of

the hairpin miRNA, 62.6% varied from the canonical sequence at

the 39 end (with approximately half being longer and half being

shorter), and 3.6% varied at the 59 end (with approximately two-

thirds being shorter). Of the sequences derived from the 39 arm,

50.1% varied from the canonical sequence at the 39 end (with

approximately three-fifths being longer), and 13.8% varied at the

59 end (with a strong bias towards shorter variants). This

distribution is similar to that found in cardiomyocyte-derived

HL-1 cells [61]. The greater 59 end variability in the 3’ arm-

derived compared to 5’ arm-derived miRNAs corresponds with

the previously reported higher fidelity of Drosha vs Dicer cleavage

[78]. Variability at the 3’ end is also influenced by post-cleavage

processing [79,80].

Closer analysis of the top 56 most highly detected miRNAs

revealed that the mature form (or the mature* sequence) of the

miRNA as published in miRBase was not always the most

common sequence encountered. For the top 10 most highly

detected miRNAs, the reads representing the 10 most common

isomiR sequences are illustrated in Fig. 4. For only 4 of these,

miR-22, 486, 26a and 181a, is the annotated mature form the

most highly detected and even for these miRNAs significant

numbers of several other isomiRs were also detected. For example,

while the exact mature sequence of miR-22 constituted

93.0460.35% of its total reads, the exact mature sequence of

miR-181a only constituted 51.0960.59%. Characteristically for

miRNAs, the majority of miR-486 isomiR sequences differed at

the 39 end of the sequences and were shortened mature sequences

(sub) or mature sequences with additional nts (super) matching the

pre-miR sequence. However, substantial populations of reads

exhibited nt substitutions varying from the pre-miR sequence

(compare pre-miR and consensus sequences in Fig. 4B), largely by

the addition of nts at the 39 end, most commonly T’s and A’s.

Analysis of the sequences attributed to miR-143 (Fig. 4D)

showed that the mature sequence was only the 4th most common

sequence, indeed the most common miR-143 sequence is an

isomiR with an unambiguous post-transcriptional modification,

that is a non-templated addition of A at nt no. 22. Additional

significantly expressed variants include nt no. 21 C to T, and nt

no. 23 G to T. As expected, little variation was observed at the 59

end of the majority of the most highly detected miRNAs.

However, miR-378 (Fig. 4G) and the cardiac muscle-enriched

miR-133a are exceptions. As illustrated in Fig. 4C the most

frequently recorded miRNA sequence attributed to miR-133a is

missing nt no. 1; indeed 53.9660.46% of all miR-133a reads are

missing this nt. This truncation could have a profound effect on

target sequence recognition, and therefore the spectrum of target

genes regulated. Indeed, DIANA-microT v3.0 (which accepts

novel miRNA sequences) [81,82] predicts 602 target genes for

canonical miR-133a and 145 for the 59 variant (miR-133a(v)), with

90 genes in common. Gelsolin is among the 55 genes predicted to

be targeted by miR-133a(v) but not by miR-133a itself. We used

the dual-fluorescence miRNA targeting assay [70] to determine

the effects of miR-133a and miR-133a(v) on the expression of a

reporter gene with a 39 gelsolin fragment incorporating the more

conserved of the two predicted miR-133a(v) target sites. Suppres-

sion of the target gene is reported as a decrease in red/green

fluorescence intensity ratio in this assay. Fig. 5 shows that miR-

133a(v) was more effective at suppressing the mCherry-gelsolin

construct than was miR-133a, and was comparable to a siRNA

targeted against the mCherry sequence.

Surprisingly, miR-10b exhibited no exact mature sequences (see

Table S3B); on closer analysis sequences aligned to miR-10b were

found to exhibit shifting in the mature miRNA cleavage position

with 12.3860.77% of the reads including 1 extra nt and

87.3960.91% 2 extra nts from the pre-miR sequence at the 59

end (see Fig. S2). This type of 59 end variation has been attributed

to variability in Drosha cleavage position [83]. The 2 extra 59 nts

give the most abundant isomiR the same seed sequence as rno-

miR-10a-5p, although the rest of the isomiR sequence corresponds

to rno-miR-10b-5p, which has a single internal mismatch

compared to rno-miR-10a-5p. Of 148 target sites in 85 genes

predicted for rno-miR-10a-5p by DIANA-microT v3.0, 147 are

Figure 5. Differential suppression of a gelsolin sequence-
tagged reporter gene by miR-133a isomiRs. HEK293 cells were
transfected with expression plasmids encoding mCherry with a 39
partial gelsolin sequence and pSM30 containing inserts for miR-133a,
miR-133a(v), a random non-targeting sequence (NTC) or siRNA against
mCherry (siR-mCh). Cells were imaged and analysed for both green and
red fluorescence intensity. A decrease in red/green ratio vs NTC
indicates downregulation of target gene expression. Data were log
transformed and compared by one-way ANOVA with Bonferroni’s
Multiple Comparison Test. All pairwise comparisons were significant
(p,.001). Comparison of miR-133a vs miR-133a(v) is indicated (***).
Number of cells (n): miR-133a 4640; miR-133a(v) 2843; NTC 4088; siR-
mCh 3884. Representative of 3 separate experiments in which miR-
133a(v) was significantly more effective than miR-133a.
doi:10.1371/journal.pone.0065809.g005

Figure 6. Relative miRNA abundance by TaqMan assay.
Expression of miRNAs relative to rno-miR-1 according to 22DCt where
DCt = Ct – CtmiR-1 (mean 6 SEM). Ct values were compared by repeated
measures ANOVA and Tukey’s multiple comparison test; **p,.01,
***p,.001. Mid-myocardial samples from n = 6 hearts.
doi:10.1371/journal.pone.0065809.g006

MicroRNAs in Rat Heart Left Ventricle
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also predicted for the most frequent miR-10b isomiR, reflecting

the dominance of the seed region in target recognition. In

comparison, only one of the 10 predicted target genes found for

canonical rno-miR-10b is shared with the isomiR.

A Novel Rat miR-1 Analog
It was surprising that miR-1 was only the 28th most abundant

miRNA in the sequencing data (Fig. 2) because it is generally

considered to be one of the most highly expressed in the heart

[84]. It has been demonstrated that observed miRNA abundance

can vary significantly between experimental methods [85]. It is

possible that preferential cloning of certain sequences or differ-

ences in PCR amplification may skew the numbers of reads

representing different miRNAs. Indeed, the RNA adapters used

can introduce sequencing bias through secondary structure

preferences of RNA ligases [86]. The possibility that miR-1 is

under-represented in our libraries is supported by the RT-qPCR

data shown in Fig. 6 which suggests that, based on relative Ct

values, miR-1 is more abundant than miR-22 and miR-486 which

are the two most common miRNAs in the deep sequencing data

(Fig. 2). Another consideration when comparing sequencing and

TaqMan data is the specificity of TaqMan assays for the canonical

mature sequence. For example 57% of miR-486 reads in the

sample shown in Fig. 4 are 39 variants that would not be detected

by TaqMan because of the 39 specificity of the looped RT primer

used in TaqMan small RNA assays.

Notwithstanding the potentially anomalous measure of abun-

dance, the sequencing data enabled us to observe a variant in the

sequence of miR-1; at nt no. 17 an A was frequently present in

place of the G in the pre-miR sequence (77.2361.13% of reads;

Fig. 7A). The G to A substitution gives a sequence equivalent to

hsa-miR-1 (and mmu-miR-1) which has not been reported before

in rat (Fig. 7B). It is unlikely that G could be converted to A by

post-transcriptional editing; therefore we investigated the possibil-

Figure 7. Novel rno-miR-1 sequence as detected by deep sequencing. A: Ten most frequently detected isomiR sequences of miR-1 (rat
mature miRNA highlighted in yellow) with expression values in brackets aligned to the published pre-miR sequence (boxed in green; miRBase v18).
The consensus sequence (boxed in blue) represents the most prevalent nt aligned at each position (nts highlighted in pink represent variations from
the miRBase published mature sequence). B: miR-1 sequences as published in miRBase v18 showing the novel rat miR-1 sequence aligned with the
previously reported rat miR-1 and the human sequence (with which it is identical). C: Predicted stem-loop structure (mFold 3.2) of proposed pre-miR
deduced from genomic sequence. Mature product highlighted in blue.
doi:10.1371/journal.pone.0065809.g007

MicroRNAs in Rat Heart Left Ventricle
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ity that the rat harbours a second miR-1 gene. Although the most

common sequence carrying the A (59-TGGAATGTAAAGAAG-

TATGTAT-39) could not be detected in the latest available build

of the Rattus norvegicus genome (Baylor 3.4), the sequence matched

two rat whole genome shotgun sequences

(gb|AAHX01027125.1|; gb|AABR06028312.1|) which have

not been incorporated into this build. Fig. 7C shows the genomic

context of this novel miRNA and the predicted stem-loop structure

(mFold version 3.2 [87]). This sequence is also present in the rat

heart data set of Linsen et al. [88]. The existence of two rat miR-1

genes has implications for understanding how this important

miRNA is regulated.

A Novel Rat miRNA
Analysis of unannotated reads by the miRanalyser utility [89]

yielded a putative novel miRNA. This miRNA has a mature

sequence similar to mmu-miR-676-3p and hsa-miR-676-3p

(Fig. 8A). The genomic context has a predicted stem-loop structure

at chrX:88378185-88378273 (Ensembl genome ID EN-

SRNOG00000040353) (Fig. 8B).

Cloning and Sequencing of the Rat miR-486 Gene
No pre-miR sequence has been published for miR-486 in rat

and the mature miRNA sequence is not present in the most recent

build of the rat genome (Baylor 3.4). However, alignment of the

mouse pre-miR-486 (MI0003493) sequence revealed a potential

rat pre-miR-486 sequence on chromosome 16:73341164 (reverse

strand) which is truncated just before the end of the potential miR-

486 mature sequence at nt 73341114 by a gap in the genome

sequence. A BLAST search revealed two whole genome shotgun

sequences spanning this gap, allowing the design of PCR primers

that were used to amplify the region from rat genomic DNA. This

enabled confirmation of the sequence of the putative miR-486

gene, which contains a stem-loop sequence matching both mature

miR-486 reads in the 5p arm and observed ‘star’ sequences from

the 3p arm (Fig. 9).

Transmural Distribution of miRNA Expression
Several aspects of cardiomyocyte physiology are known to vary

across the left ventricular wall [66,90–111] and the mechanism

undoubtedly involves differential gene expression. Transmural

expression level is uniform for the vast majority of genes but there

Figure 8. Novel rat miRNA similar to miR-676-3p. A: Alignment of the novel rat miRNA sequence to miR-676-3p sequences as published in
miRBase v18. B: Predicted stem-loop structure (mFold 3.2) of proposed pre-miR deduced from genomic sequence. Mature miRNA highlighted in blue.
doi:10.1371/journal.pone.0065809.g008

Figure 9. The rat miR-486 gene. A: Alignment of the genomic miR-486 sequence across nine species including rat (highlighted in red). Blue
shading indicates percentage sequence identity and the mature and ‘star’ sequences represented by the most common reads are indicated with
arrows. B: Predicted stem-loop structure (mFold 3.2) of pre-miR-486 deduced from genomic sequence. Mature miRNA highlighted in blue.
doi:10.1371/journal.pone.0065809.g009
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are some notable exceptions [112–114]. Given the role of miRNAs

in regulating gene expression it would be useful to determine the

extent of transmural heterogeneity of the expression of miRNAs

themselves. In accordance with other gene expression data [112]

we found the transmural distribution of miRNA expression to be

generally uniform. Nevertheless, differences in relative abundance

were observed between endocardium and epicardium for several

miRNAs (Tables 1, 2, and 3). Some of the more abundantly

detected miRNAs showed some transmural difference that did not

reach statistical significance across the three hearts. We selected

some of these miRNAs for further investigation by qPCR

(TaqMan miRNA assays) in four additional hearts and found

statistically significant (p,.05) transmural expression gradients for

miR-10b, miR-21, miR-99b and miR-486 (Fig. 10). Transmural

expression gradients for IRX5 and FOXP2 were in agreement

with a previous report [112]. Deep sequencing shows a transmural

gradient (epicardium.endocardium) for miR-10b (Table 2,

‘‘grouped on mature’’). As discussed above, this group includes

no canonical miR-10b, with only 5.6% of reads having the

canonical 39 end (4th and 6th in the list in Fig. S2). This could

explain the high Ct values (low abundance) we obtained with the

miR-10b TaqMan assay which is designed to be specific for the

exact 39 end of the canonical sequence. Additionally, sequencing

analysis identified 8 individual sequences within the miR-10a/b

family (unique sequences; Table 3) as having .2 fold detected

difference (epicardium.endocardium) within the samples tested.

Prediction of Signalling Pathway Targets
To reveal the pathways most likely to be significantly regulated

by miRNAs, pathway analysis was performed based upon the top

16 most highly detected miRNA sequences (.10,000 RPMM)

utilizing DIANA LAB (loose, strict and Beta algorithms as well as

TargetScan5 and Pictar [115] combined with TargetScan 6.0

(including poorly conserved sites – Total context score #-0.1) and

Micro-org individual predictions (mirSVR score # -0.3). Exclud-

ing targets which only appeared on one of the 7 prediction lists,

Table 1. Epicardial/endocardial differential expression of exact mature (or mature*) miRNAs ($ 61.5 fold difference for miRs of
$10 raw reads detected in either layer).

Exact mature/*sequences Epi-cardium Endo-cardium

RPMM RPMM

miR name Fold change Mean SEM Mean SEM

rno-mir-31 3.00 4.45 2.62 13.36 3.49

rno-mir-326 1.92%%% 12.52 0.98 24.06 2.03

rno-mir-872 1.80 11.42 2.54 20.61 5.32

rno-mir-1249 1.66 62.40 12.09 103.28 28.92

rno-mir-503* 1.64 5.02 1.45 8.21 0.65

rno-mir-193 1.54 14.14 2.23 21.82 8.28

rno-mir-872* 1.53 51.11 7.20 78.40 14.18

mmu-mir-1983 1.53 8.16 3.02 12.45 2.99

rno-mir-145 1.50 1038.98 188.02 1558.55 346.49

rno-mir-10a 21.51 1967.41 189.80 1305.65 527.54

rno-mir-9-1//mir-9-3//mir-9-2 21.52 64.65 13.48 42.62 11.51

rno-mir-208 21.52 12.33 3.51 8.09 3.41

rno-mir-132 21.61 18.32 1.35 11.37 2.24

rno-mir-138-2//mir-138-1 21.66 17.24 2.76 10.36 4.83

rno-mir-210* 21.69 7.65 1.69 4.53 1.10

rno-mir-100 21.70 2089.07 827.35 1230.28 597.96

rno-mir-133b 21.70 15.27 4.06 8.98 2.54

rno-mir-133a* 21.72 206.39 59.22 120.26 27.43

rno-mir-17-1//mir-17-2 21.81 10.74 1.68 5.93 0.32

rno-mir-322* 21.98 20.39 8.69 10.31 5.30

mmu-mir-720 22.00 23.31 5.27 11.66 1.00

rno-mir-425 22.25 15.66 3.01 6.96 3.58

hsa-mir-720 22.30 39.25 8.00 17.09 2.93

rno-mir-374 22.49 8.51 3.73 3.42 0.66

rno-mir-410 22.88%% 56.31 2.35 19.58 5.31

hsa-mir-4492 22.92 26.70 10.82 9.14 4.45

rno-mir-200b 25.88 13.39 10.25 2.28 1.23

rno-mir-547* 29.73 6.82 3.21 0.70 0.70

%%%P,0.001,
%%P,0.01, Baggerleys multiple comparison test.
doi:10.1371/journal.pone.0065809.t001
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the resultant 2808 genes were compared with a list of genes

expressed in heart (as identified from 9 Sprague-Dawley rat left

ventricular myocardium samples from 2 microarray experiments

published on GEO (GSE6943; GSM160095-100 & GSE6880;

GSM158589-91; http://www.ncbi.nlm.nih.gov/gds)) resulting in

1624 potential targets expressed in and therefore most relevant to

heart. Of the significantly targeted pathways the most relevant to

cardiac physiology and pathophysiology were the Ubiquitin-

mediated Proteolysis pathway (Benjamini corrected

P = 7.1261027; 46 targets), Mitogen-Activated Protein Kinase

Table 2. Epicardial/endocardial differential expression of ’grouped on mature’ miRNAs ($ 61.5 fold difference for miRs of $10
raw reads detected in either layer).

’Grouped on mature’ sequences Epi-cardium Endo-cardium

RPMM RPMM

miR name Fold change Mean SEM Mean SEM

rno-mir-200b 24.26 25.92 16.66 6.08 3.31

rno-mir-410 22.87%%% 70.10 3.37 24.41 5.32

mmu-mir-690 22.55 12.73 3.72 5.00 1.39

rno-mir-10b 22.51%% 3064.12 431.15 1221.18 441.95

mmu-mir-720 22.20 27.78 6.87 12.63 1.12

mmu-mir-351 22.08 11.37 2.93 5.47 0.60

hsa-mir-4485 22.07 9.81 2.27 4.75 1.81

rno-mir-341 22.05 7.78 2.10 3.80 2.45

mmu-mir-5115 21.99 5823.13 1542.50 2930.00 1218.62

rno-mir-384 21.97 8.73 2.79 4.43 1.46

bta-mir-2478 21.96 358.54 67.41 182.69 21.31

hsa-mir-720 21.96 68.26 12.81 34.90 6.30

hsamir-4492 21.92 43.13 13.29 22.46 9.31

cbr-mir-1 21.91 10.46 4.84 5.47 1.06

rno-mir-10a 21.87 30279.72 3036.38 16169.54 6084.64

hsa-mir-1260a 21.77 278.56 53.99 157.62 42.34

rno-mir-338 21.77 117.08 1.79 66.29 7.61

mmu-mir-5102 21.73 11.49 3.65 6.65 1.16

rno-mir-138-2//mir-138-1 21.71 27.70 5.62 16.18 8.01

rno-mir-100 21.70 5514.57 2226.60 3245.17 1552.80

rno-mir-132 21.63 37.90 2.55 23.21 4.82

rno-mir-9-1//mir-9-3//mir-9-2 21.58 169.45 26.81 107.12 26.08

ssc-mir-186 21.57 16.66 5.25 10.60 1.13

dre-mir-26b 21.54 25.55 7.97 16.64 2.29

cte-mir-1 21.53 6.37 1.86 4.17 1.71

gga-mir-3535 21.52%% 9.46 0.21 6.24 1.83

rno-mir-374 21.52 64.17 18.59 42.34 7.63

rno-mir-411 21.50% 39.14 3.72 26.11 4.25

rno-mir-145 1.50 1537.62 272.14 2300.09 506.26

ola-mir-27d 1.50 6.30 1.14 9.42 3.09

gga-mir-193b 1.51 28.48 5.52 42.86 6.54

mmu-mir-101c 1.56 7.32 2.86 11.39 0.42

rno-mir-326 1.57 37.54 1.72 59.00 5.46

bta-mir-1306 1.63 5.20 1.59 8.45 0.66

rno-mir-877 1.64 8.05 1.21 13.20 1.75

sha-mir-716a 1.75 8.22 0.13 14.37 6.10

rno-mir-674 2.15 5.44 0.81 11.67 1.74

rno-mir-31 2.54 9.37 4.26 23.78 6.64

%%%P,0.001.
%%P,0.01,
%P,0.05 Baggerleys multiple comparison test.
doi:10.1371/journal.pone.0065809.t002
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pathway (MAPKinase; P = 1.8661026; 75 targets; Fig. 11),

Regulation of Actin Cytoskeleton (P = 2.2961024; 56 targets),

Wnt pathways (P = 3.4561024; 42 targets), Calcium Signaling

(P = 5.0161024; 49 targets), Gap junctions (P = 6.4361024; 27

targets) and Arrhythmogenic Right Ventricular Cardiomyopathy

pathway (ARVC; P = 0.047; 20 targets).

Further analysis of a shortlist of genes important in contraction,

electrical activity, Ca2+ signalling, cell communication, ion

homeostasis and gene expression showed potential targeting of

components contributing to the generation of INa, ICa,L, IKur, Ito,

IKATP, INaCa, If, IKp as well as SR Ca2+ re-uptake and contraction

(see Table S6).

Discussion

Value of Deep Sequencing Data
The rat is widely used as a model of heart disease and the

importance of miRNAs in heart disease is by now well recognised.

Therefore it is important to know as much as possible about

miRNA expression in the rat heart. Deep sequencing yields

information over and above that which can be obtained from

microarrays or qPCR, in that the miRNAs that can be detected

are not pre-designed into the method. Thus it provides the ability

Table 3. Epicardial/endocardial differential expression of unique sequences ($ 62 fold difference for miRs of $100 mean
normalised reads detected in either layer). %P,0.05 Baggerleys multiple comparison test.

Unique sequences Epi-cardium
Endo-
cardium

RPMM RPMM

Sequence miR name (type) Fold change Mean SEM Mean SEM

TACCCTGTAGAACCGAATTTG rno-mir-10b(P) 22.99 140.45 22.37 46.95 18.79

CTGGACGCGAGCCGGGCCCTT mmu-mir-5115(MSupV) 22.82 753.60 405.10 267.59 109.66

TACCCTGTAGAACCGAATTTGT rno-mir-10b(MSub/Sup) 22.54 2108.85 325.91 829.98 294.94

ATCCCACTTCTGACACCA bta-mir-2478(MSub) 22.45% 196.81 33.86 80.26 6.23

CCGCGTCGGCGGTTCCC nlo-mir-125(PV) 22.43 138.79 42.98 57.12 25.49

ACCCTGTAGAACCGAATTTGT rno-mir-10b(MSub/Sup) 22.42 119.77 21.71 49.43 15.33

TACCCTGTAGATCCGAATTTGA rno-mir-10a(MSubV) 22.22 325.04 20.21 146.52 55.43

CTGGACGCGAGCCGGGCCCTTCCC mmu-mir-5115(PV) 22.21 147.76 43.14 67.01 26.00

TCGTACCGTGAGTAATAATGC rno-mir-126(MSub) 22.17 821.18 347.35 378.83 99.04

TACCACAGGGTAGAACCACGGAA rno-mir-140(M*SupV) 22.16 348.57 66.62 161.25 22.11

ACCCTGTAGATCCGAATTTG rno-mir-10a(MSub) 22.14 272.77 37.62 127.17 50.55

ACCCTGTAGATCCGAATTTGT rno-mir-10a(MSub) 22.11 1779.84 246.64 842.11 327.87

CTGGACGCGAGCCGGGC mmu-mir-5115(MSubV) 22.10 508.53 119.83 241.60 100.94

TACCCTGTAGAACCGAATTTGTG rno-mir-10b(MSub/Sup) 22.09 192.96 12.82 92.16 32.52

TACCCTGTAGATCCGAATTT rno-mir-10a(P) 22.08 349.57 32.37 168.25 69.42

CTGGACGCGAGCCGGGCCCTTCC mmu-mir-5115(PV) 22.05 188.96 62.04 92.07 34.57

CTGGACGCGAGCCGGGCCCTTC mmu-mir-5115(MSupV) 22.04 775.70 233.89 380.53 157.79

AACCCGTAGATCCGAACTTGTGA rno-mir-100(MSupV) 22.01 768.45 357.07 382.85 189.43

TGTAAACATCCTCGACTGGAAGCG rno-mir-30a(MSupV) 2.06 118.32 23.96 243.52 139.23

TCCTGTACTGAGCTGCCCCGG bta-mir-486(MSubV) 2.39 133.14 28.86 318.16 181.42

GGGGGGCCCAAGTCCTTCTGATCGAGGCCC mmu-mir-5105(P) 2.93 73.61 16.57 215.65 93.91

CATTCAACGCTGTCGGTGAGT rno-mir-181a-2//mir-181a-
1(MSub)

40.70 6.08 0.93 247.35 243.97

CATTCAACGCTGTCGGTGAG rno-mir-181a-2//mir-181a-
1(MSub)

63.29 2.65 0.93 167.78 165.76

doi:10.1371/journal.pone.0065809.t003

Figure 10. Transmural miRNA expression gradients. Taqman
small RNA assays and TaqMan gene expression assays were performed
on epicardial and endocardial samples from rat hearts. Endocardial/
epicardial expression ratios were determined by analysis of Ct values
using REST 2009. The reference genes utilised were miRNAs with stable
expression across samples according to BestKeeper: miR-22, miR-30a,
miR-30c, miR-30e and miR-100. The reference genes for IRX5 and FOXP2
were GAPDH, HPRT1 and 18s rRNA. Data are mean 6 SEM; n = 4 hearts
for miRNAs (n = 3 of these for IRX5 and FOXP2). *P,.05; **P,.01;
***P,.001.
doi:10.1371/journal.pone.0065809.g010
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to detect novel sequences, including novel miRNAs and novel

isomiRs of known miRNAs. This advantage is well illustrated in

the present study.

Our data provide some interesting comparisons with the few

previous next-generation sequencing studies in the heart. Linsen

et al. [88] analysed rat heart using the SOLiDTM platform (Life

Technologies) and detected 180 miRNAs in common with our

study. There were 206 miRNAs detected in the present study that

were not found in rat heart by Linsen et al. and 357 miRNAs

reported in heart by Linsen et al. did not appear in our data.

However of the top 20 miRs detected by Linsen et al., 10 were

also highly detected in the present study. More recently Vacchi-

Suzzi et al. [116] also investigated the expression of miRNA in rat

left ventricle by next generation sequencing using HiSeq in

conjunction with TruSeq Small RNA Sample Preparation Kits

(Illumina). Vacchi-Suzzi et al. identified 636 rno- and/or mmu-

miRs including expression of mmu-miR-486 as well as co-

incidence of 13 of their top 20 highest detected miRNAs with

the present study. In the 3 rat studies 5 common miRNAs were

highly detected; rno-miR-26a, 30a, 30c, 30d & 30e.

In mouse heart 3 groups have investigated the miRNA

expression profile ([61,117,118] using next generation technologies

(Illumina, HiSeq 2000 and SOLiDTM platforms respectively). Of

the Top 20 miRNAs detected in each mouse study 6 were detected

in all 3 (mmu-miR-1, 126, 378, 26a, 125b & 133a). Thirteen of the

top 20 most frequently detected miRNAs in our data were also in

the top 20 of Rao et al.’s data [117], while 7 were also highly

detected in the Humphreys et al. study [61] and 12 were also

highly detected by Yang et al. [118]. The differences between

studies are likely attributable to the combined effects of different

species, tissue types (left ventricular wall vs whole heart),

sequencing technologies and data analysis parameters. Addition-

ally, given that the myocardium is not composed solely of

cardiomyocytes it is unlikely that these profiles are the product of

only this cell type; indeed Humphreys et al. identified 143

miRNAs which were expressed in either mouse left ventricular

or HL-1 cell samples but not in both [61]. As the mid-myocardium

(as used in the present study) also contains fibroblasts and vascular

endothelial cells, the contribution of these cell types to the

expression of miRNA needs to be considered; miR-21 (which we

detected as 30th highest) has been shown to be expressed up to 4-

fold higher in cardiac fibroblasts than myocytes [119] as well as

being highly detected in various vascular beds [54,55,120].

However as some miRNAs are known to be highly exported

Figure 11. Pathway analysis of MAP Kinase signaling (Kegg pathway). Highlighted genes are targets predicted by 2 or more algorithms of
the top 16 highest detected miRNAs (boxed in red; P = 1.8661026; 75 targets) showing overlap with genes expressed in the heart (highlighted;
expression data 9 SD rat left ventricular myocardium samples from 2 microarray experiments, (GSE6943; GSM160095–100 & GSE6880; GSM158589–91;
http://www.ncbi.nlm.nih.gov/gds).
doi:10.1371/journal.pone.0065809.g011
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[121,122], especially in disease states [5], the cellular origin of the

sequence may be of less importance than where they are

functionally active.

IsomiR Expression
Variability at the 59 end is likely to have a significant effect on

targeting because nts 2–8 form the seed region of the miRNA,

which has a considerable contribution to target determination [1].

Therefore the ability to detect isomiRs and distinguish them from

canonical miRNAs will enhance our understanding of the role of

miRNAs in health and disease. A good case in point is miR-133a,

of which more than half of the reads in our dataset were of a 59

variant isomiR (miR-133a(v)). Furthermore there is evidence from

miRBase for a similar proportion of miR-133a(v) vs miR-133a

expression in human. Since miR-133a is enriched in the heart and

dysregulated in heart disease [123–128], some changes in gene

expression in heart disease may be attributable to changes in miR-

133a(v). Genes predicted by DIANA-microT v3.0 to be targets of

miR-133a(v) but not canonical miR-133a include gelsolin and

KCNIP2 (KChIP2). Gelsolin is upregulated and promotes

apoptosis in cardiomyopathy [129]. If a substantial proportion of

all miR-133a isomiRs expressed in normal myocardium is miR-

133a(v) (as suggested by our data) then the downregulation of this

variant could contribute to the upregulation of gelsolin in heart

disease. A precedent for the possibility of miR-133a isomiR-

specific targeting has already been established [61]. Additionally,

KCNIP2 (an accessory protein that modulates several cardiac ion

channels and is involved in cardiac arrhythmia and heart failure

[130]) was downregulated by overexpression of a miR-133a

genomic precursor in mouse heart [131]. This was a surprising

finding because KCNIP2 is not a predicted target of miR-133a. It

is plausible that KCNIP2 was downregulated by miR-133a(v) if a

substantial proportion of the genomic precursor were processed to

form this isomiR.

IsomiRs with variations at the 39 end are less likely to differ in

terms of genes targeted because they do not alter the seed region.

However, 39 variation may affect certain target sites which rely on

complementarity at the 39 end, with potentially important

physiological consequences.

Novel Rat miRNAs and miRNA Genes
The importance of miR-1 in the heart is by now well recognised

[132]. Manipulation of miR-1 expression in the rat heart may be a

useful strategy for further investigating the physiological role of

miR-1. However, such studies could have been confounded by the

unknown existence of a second miR-1 gene. Our discovery of the

second gene is therefore critical for miR-1 expression studies in the

rat.

The putative novel miRNA reported in Fig. 8 has potential

implications for the expression of its target genes. DIANA-microT

v3.0 predicts 25 target sites in 7 genes for this miRNA sequence.

The putative target genes are ADAMTS13 (von Willebrand

factor-cleaving protease), SLC6A3 (Sodium-dependent dopamine

transporter), PCNT (Pericentrin), MBD3 (Methyl-CpG-binding

domain protein 3), ICOSLG (ICOS ligand precursor (B7 homolog

2)), FOXK2 (Forkhead box protein K2), and FOXK1 (Forkhead

box protein K1).

Small et al. [72] reported enrichment of miR-486 in cardiac

and skeletal muscle, and presented evidence for miR-486 as a

downstream mediator of the actions of serum response factor,

myocardin-related transcription factor-A and MyoD in muscle

cells and a potential modulator of PI3K/Akt signalling in rat

neonatal cardiomyocytes. Despite the likely importance of this

miRNA in rat muscle, rat miR-486 does not appear in the current

version of miRBase. This is presumably because the complete

miR-486 gene is not in the rat genome database. We used PCR to

read into this gap and determined the sequence of the pre-miR

(Fig. 9). This information should be useful for future studies of

miR-486 in rat models.

Transmural Expression Gradients
TargetScan 6.2 predicts 307 conserved targets for hsa-miR-21,

56 for hsa-miR-99b and 154 for hsa-miR-486-5p. FOXP2 is a

predicted target of miR-21; its expression is higher in epicardium

than endocardium [112] (Fig. 10), which is the opposite to the

gradient for miR-21 expression. This is consistent with miR-21

influencing transmural FOXP2 expression.

Calcineurin Aa (PPP3CA) is a predicted target of miR-21 and

miR-99b (TargetScan 6.2) and is expressed more in epicardium

than endocardium [113]. Calcineurin is a calmodulin-activated

serine/threonine protein phosphatase that mediates cardiac

hypertrophy progressing to heart failure [133] and electrical

remodelling [134]. In relation to left ventricular transmural

physiology, calcineurin downregulates expression of the Na+

channel Nav1.5 (SCN5A) and the gap junction proteins Cx40

(GJA5) and Cx43 (GJA1) [135], all of which are expressed in a

transmural gradient opposite to that of calcineurin Aa [100,112–

114]. Expression of the K+ channel Kv4.2 (KCND2) [136], the

sarcoplasmic reticulum Ca2+ pump SERCA2 (ATP2A2) [137] and

the Na+-Ca2+ exchanger NCX1 (SLC8A1) [137] is upregulated by

calcineurin, and the transmural expression pattern of these genes

parallels that of calcineurin [112,113]. Thus, at the level of gene

expression, there are consistencies that point toward a role of

calcineurin Aa in determining transmural gradients in cardiac

physiology. Nevertheless there may be non-transcriptional effects

that make the picture more complicated. Calcineurin phosphatase

activity is actually higher in endocardium than epicardium,

secondary to higher intracellular [Ca2+] [138]. Calcineurin may

have non-transcriptional inhibitory effects on SERCA2 [139] and

NCX1 [140,141] activity. The fast transient outward potassium

current (Ito,f) was increased by overexpression of constitutively

active calcineurin in cultured neonatal rat ventricular myocytes

[136] but reduced in calcineurin-overexpressing transgenic (TG)

mice [142]. The b isoform of calcineurin A is also expressed in

heart, uniformly across the left ventricular wall [138]. The relative

importance of the two isoforms is not clear. Inactivation of the

calcineurin Ab gene in mice caused an 80% decrease in

calcineurin enzymatic activity in the heart [143], suggesting that

Ab is the dominant calcineurin A isoform. On the other hand,

silencing of calcineurin Aa was more effective at reducing

SERCA2 expression than calcineurin Ab silencing in neonatal

rat cardiomyocytes [137]. Thus a role for miR-21 and/or miR-

99b in influencing transmural physiology is an intriguing

possibility but requires further study. It should also be mentioned

that the determination of transmural calcineurin Aa expression

was made in myocardial samples containing all cell types [113].

The above discussion pertains to cardiomyocytes but a transmural

expression gradient in other cell types cannot be excluded. miR-21

is abundant in cardiac fibroblasts [119], in which calcineurin may

be involved in regulating cell proliferation [144,145]. miR-21 is

enriched in endothelial cells [54,55,120], in which it mediates the

endothelial-to-mesenchymal transition [146] and angiogenesis

[147,148]. Enrichment of miR-99b was found in cardiac valves

[116], although there is no available evidence for a role of miR-

99b in valve disease.

NCX1 (SLC8A1) is important for cardiomyocyte Ca2+ extru-

sion. Its higher expression in epicardium vs endocardium [113] is

consistent with high endocardial intracellular [Ca2+] [138]. NCX1

MicroRNAs in Rat Heart Left Ventricle
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is a predicted target of miR-486 (TargetScan 6.2), which we found

to be higher in endocardium than epicardium (Fig. 10). Therefore

miR-486 could conceivably influence transmural differences in

intracellular Ca2+ handling.

IRX5 is a predicted target of miR-486, as discussed above.

IRX5 negatively regulates Kv4.2 K+ channel expression, and the

IRX5 transmural expression gradient (higher in endocardium)

[112] (Fig. 10) is responsible for the expression gradient (higher in

epicardium) of Kv4.2 in the heart [76,77]. miR-486 may be able

to influence IRX5 expression but its own expression gradient tends

in the opposite direction for it to be responsible for the transmural

gradient of IRX5.

DIANA-microT v3.0 predicts 147 targets in 85 genes for the

most abundant rno-miR-10b isomiR (Fig. S2). Among these, the

transcription factor TBX5 is expressed in a transmural gradient

that changes with heart development [149].

Signalling Pathways
Within the Ubiquitin-mediated Proteolysis pathway the E1

enzyme UBLE1A and 14 of the 22 heart-expressed E2 enzymes

are predicted to be targeted by the 16 most highly expressed

miRNAs. Six of the 11 heart-expressed HECT type E3 enzymes, 3

out of 5 heart expressed U-box type E3 enzymes, 6 of 13 heart

expressed single RING-finger type E3 enzymes and 10 of 36 heart

expressed proteins within the multi subunit RING-finger type E3

complex are predicted targets. Recent studies have described how

ubiquitination in the heart is upregulated in common cardiac

diseases, including cardiac hypertrophy, heart failure, ischemia-

reperfusion injury, and diabetes (for review see [150]). The

overwhelming nature of the predicted targeting of the Ubiquitin-

mediated Proteolysis Pathway suggested by the expression profile

of our samples may reflect the importance of keeping this

mechanism under tight control in normal tissue.

Within the MAP Kinase pathway 55 of the 98 heart expressed

gene families (representing a total of 75 targets in 151 heart genes)

were predicted as potential targets (Fig. 11). Interestingly the Ras

gene family within this pathway was predicted to be targeted by 14

of the top 16 highest detected miRNAs; this family of genes as a

part of the Ras/Raf-1/MEK/ERK cascade is generally regarded

as playing a highly significant role in cardiac hypertrophy,

myocardial cell death and myocardial remodelling [151].

Another highly targeted pathway, Wnt signalling, which is

required for basic developmental processes such as control of

asymmetrical cell division, remodelling of the cytoskeleton and cell

adhesion [152,153] is likely to be of importance in the heart

especially in relation to the Wnt5 receptor, as Frizzled, and

downstream proteins PLC, CAMKII and Calcineurin are all

implicated in NFAT transcriptional changes associated with

hypertrophy [154,155]. All of our top 16 highest detected miRNAs

are predicted to target at least one of the genes encoding proteins

in the Wnt5 pathway.

Conclusion
We have used deep sequencing to measure miRNA expression

across the left ventricular wall of the adult rat heart. This has

highlighted the complexity of the in vivo miRNA profile, as

suggested by previous studies of cardiomyocyte cells [61]. Many

miRNAs not previously reported in rat were detected and for each

miRNA a range of isomiRs was present. Thorough characterisa-

tion of the normal pattern of miRNA expression is an important

basis from which to study the role of miRNAs in regulating gene

expression in the heart. Whilst transmural expression was uniform

for most miRNAs, the gradients found for several miRNAs are

intriguing and suggest potentially important roles in heart

physiology.

Supporting Information

Figure S1 miRNA library construction from three rat
heart samples assessed using the Bioanalyser 2100.

(PDF)

Figure S2 Expression profile of rno-miR-10b isomiRs in
mid-myocardium.

(PDF)

Table S1 Sequences of PCR primers.

(PDF)

Table S2 Oligonucleotide sequences of pSM30 inserts
utilized to express artificial pre-miRs.

(PDF)

Table S3 MiRNA reads annotated to previously char-
acterised rat sequences.

(PDF)

Table S4 MiRNA annotated to sequences not previously
characterised in rat but identified in other species.

(PDF)

Table S5 *strand miRNA annotated to previously
characterised sequences.

(PDF)

Table S6 Shortlist of genes relevant to cardiac contrac-
tile function predicted to be targeted by the top 16
highest detected miRNAs.

(PDF)

Acknowledgments

We thank Dr G. Du for the pSM30 plasmid and Dr A. O’Connor for the

non-targeting control construct and assistance with qPCR.

Author Contributions

Conceived and designed the experiments: MKMcG JG-F DAS AC.

Performed the experiments: MKMcG JMY AD LJF AC. Analyzed the

data: MKMcG JMY LJF DAS AC. Wrote the paper: MKMcG DAS AC.

Revising the article critically for important intellectual content: MKMcG

JMY AD JG-F LJF DAS AC.

References

1. Bartel DP (2004) MicroRNAs: genomics, biogenesis, mechanism, and function.

Cell 116: 281–297.

2. D’Alessandra Y, Pompilio G, Capogrossi MC (2012) MicroRNAs and

myocardial infarction. Curr Opin Cardiol 27: 228–235.

3. Bostjancic E, Zidar N, Stajer D, Glavac D (2010) MicroRNAs miR-1, miR-

133a, miR-133b and miR-208 are dysregulated in human myocardial

infarction. Cardiology 115: 163–169.

4. Gladka MM, da Costa Martins PA, De Windt LJ (2012) Small changes can

make a big difference - microRNA regulation of cardiac hypertrophy. J Mol

Cell Cardiol 52: 74–82.

5. D’Alessandra Y, Devanna P, Limana F, Straino S, Di Carlo A, et al. (2010)

Circulating microRNAs are new and sensitive biomarkers of myocardial

infarction. Eur Heart J 31: 2765–2773.

MicroRNAs in Rat Heart Left Ventricle

PLOS ONE | www.plosone.org 14 June 2013 | Volume 8 | Issue 6 | e65809



6. Qin Y, Yu Y, Dong H, Bian X, Guo X, et al. (2012) MicroRNA 21 inhibits left
ventricular remodeling in the early phase of rat model with ischemia-

reperfusion injury by suppressing cell apoptosis. Int J Med Sci 9: 413–423.

7. Dosenko VE, Gurianova VL, Surova OV, Stroy DA, Moibenko AA (2012)
Mature and immature microRNA ratios in cultured rat cardiomyocytes during

anoxia-reoxygenation. Exp Clin Cardiol 17: 84–87.

8. Duan X, Ji B, Wang X, Liu J, Zheng Z, et al. (2012) Expression of microRNA-
1 and microRNA-21 in different protocols of ischemic conditioning in an

isolated rat heart model. Cardiology 122: 36–43.

9. Pan Z, Guo Y, Qi H, Fan K, Wang S, et al. (2012) M3 subtype of muscarinic
acetylcholine receptor promotes cardioprotection via the suppression of miR-

376b-5p. PLoS One 7: e32571.

10. Fang J, Song XW, Tian J, Chen HY, Li DF, et al. (2012) Overexpression of
microRNA-378 attenuates ischemia-induced apoptosis by inhibiting caspase-3

expression in cardiac myocytes. Apoptosis 17: 410–423.

11. Mukhopadhyay P, Das S, Ahsan MK, Otani H, Das DK (2012) Modulation of
microRNA 20b with resveratrol and longevinex is linked with their potent anti-

angiogenic action in the ischaemic myocardium and synergestic effects of
resveratrol and gamma-tocotrienol. J Cell Mol Med 16: 2504–2517.

12. Xiao J, Zhu X, He B, Zhang Y, Kang B, et al. (2011) MiR-204 regulates

cardiomyocyte autophagy induced by ischemia-reperfusion through LC3-II.
J Biomed Sci 18: 35.

13. He B, Xiao J, Ren AJ, Zhang YF, Zhang H, et al. (2011) Role of miR-1 and

miR-133a in myocardial ischemic postconditioning. J Biomed Sci 18: 22.

14. Zhu W, Yang L, Shan H, Zhang Y, Zhou R, et al. (2011) MicroRNA

expression analysis: clinical advantage of propranolol reveals key microRNAs

in myocardial infarction. PLoS One 6: e14736.

15. Zhang Y, Zhang L, Chu W, Wang B, Zhang J, et al. (2010) Tanshinone IIA

inhibits miR-1 expression through p38 MAPK signal pathway in post-

infarction rat cardiomyocytes. Cell Physiol Biochem 26: 991–998.

16. Mukhopadhyay P, Mukherjee S, Ahsan K, Bagchi A, Pacher P, et al. (2010)

Restoration of altered microRNA expression in the ischemic heart with
resveratrol. PLoS One 5: e15705.

17. Cheng Y, Zhu P, Yang J, Liu X, Dong S, et al. (2010) Ischaemic

preconditioning-regulated miR-21 protects heart against ischaemia/reperfu-
sion injury via anti-apoptosis through its target PDCD4. Cardiovasc Res 87:

431–439.

18. Shi B, Guo Y, Wang J, Gao W (2010) Altered expression of microRNAs in the
myocardium of rats with acute myocardial infarction. BMC Cardiovasc Disord

10: 11.

19. Dong S, Cheng Y, Yang J, Li J, Liu X, et al. (2009) MicroRNA expression
signature and the role of microRNA-21 in the early phase of acute myocardial

infarction. J Biol Chem 284: 29514–29525.

20. Rane S, He M, Sayed D, Vashistha H, Malhotra A, et al. (2009)
Downregulation of miR-199a derepresses hypoxia-inducible factor-1alpha

and Sirtuin 1 and recapitulates hypoxia preconditioning in cardiac myocytes.
Circ Res 104: 879–886.

21. Ge Y, Pan S, Guan D, Yin H, Fan Y, et al. (2013) MicroRNA-350 induces

pathological heart hypertrophy by repressing both p38 and JNK pathways.
Biochim Biophys Acta 1832: 1–10.

22. Sharma S, Liu J, Wei J, Yuan H, Zhang T, et al. (2012) Repression of miR-142

by p300 and MAPK is required for survival signalling via gp130 during
adaptive hypertrophy. EMBO Mol Med 4: 617–632.

23. Fernandes T, Hashimoto NY, Magalhaes FC, Fernandes FB, Casarini DE, et

al. (2011) Aerobic exercise training-induced left ventricular hypertrophy
involves regulatory MicroRNAs, decreased angiotensin-converting enzyme-

angiotensin ii, and synergistic regulation of angiotensin-converting enzyme 2-
angiotensin (1–7). Hypertension 58: 182–189.

24. Xu XD, Song XW, Li Q, Wang GK, Jing Q, et al. (2012) Attenuation of

microRNA-22 derepressed PTEN to effectively protect rat cardiomyocytes
from hypertrophy. J Cell Physiol 227: 1391–1398.

25. Li Q, Song XW, Zou J, Wang GK, Kremneva E, et al. (2010) Attenuation of

microRNA-1 derepresses the cytoskeleton regulatory protein twinfilin-1 to
provoke cardiac hypertrophy. J Cell Sci 123: 2444–2452.

26. Busk PK, Cirera S (2010) MicroRNA profiling in early hypertrophic growth of

the left ventricle in rats. Biochem Biophys Res Commun 396: 989–993.

27. Song XW, Li Q, Lin L, Wang XC, Li DF, et al. (2010) MicroRNAs are

dynamically regulated in hypertrophic hearts, and miR-199a is essential for the

maintenance of cell size in cardiomyocytes. J Cell Physiol 225: 437–443.

28. Wang K, Long B, Zhou J, Li PF (2010) miR-9 and NFATc3 regulate

myocardin in cardiac hypertrophy. J Biol Chem 285: 11903–11912.

29. Lin Z, Murtaza I, Wang K, Jiao J, Gao J, et al. (2009) miR-23a functions
downstream of NFATc3 to regulate cardiac hypertrophy. Proc Natl Acad

Sci U S A 106: 12103–12108.

30. Hou Y, Sun Y, Shan H, Li X, Zhang M, et al. (2012) Beta-adrenoceptor
regulates miRNA expression in rat heart. Med Sci Monit 18: BR309–314.

31. Kumarswamy R, Lyon AR, Volkmann I, Mills AM, Bretthauer J, et al. (2012)

SERCA2a gene therapy restores microRNA-1 expression in heart failure via an
Akt/FoxO3A-dependent pathway. Eur Heart J 33: 1067–1075.

32. Montgomery RL, Hullinger TG, Semus HM, Dickinson BA, Seto AG, et al.

(2011) Therapeutic inhibition of miR-208a improves cardiac function and
survival during heart failure. Circulation 124: 1537–1547.

33. Carrillo ED, Escobar Y, Gonzalez G, Hernandez A, Galindo JM, et al. (2011)

Posttranscriptional regulation of the beta2-subunit of cardiac L-type Ca2+

channels by MicroRNAs during long-term exposure to isoproterenol in rats.
J Cardiovasc Pharmacol 58: 470–478.

34. Xu M, Wu HD, Li RC, Zhang HB, Wang M, et al. (2012) Mir-24 regulates

junctophilin-2 expression in cardiomyocytes. Circ Res 111: 837–841.

35. Cardin S, Guasch E, Luo X, Naud P, Le Quang K, et al. (2012) Role for
MicroRNA-21 in atrial profibrillatory fibrotic remodeling associated with

experimental postinfarction heart failure. Circ Arrhythm Electrophysiol 5:

1027–1035.

36. Pan Z, Sun X, Shan H, Wang N, Wang J, et al. (2012) MicroRNA-101
inhibited postinfarct cardiac fibrosis and improved left ventricular compliance

via the FBJ osteosarcoma oncogene/transforming growth factor-beta1
pathway. Circulation 126: 840–850.

37. Castoldi G, Di Gioia CR, Bombardi C, Catalucci D, Corradi B, et al. (2012)

MiR-133a regulates collagen 1A1: potential role of miR-133a in myocardial
fibrosis in angiotensin II-dependent hypertension. J Cell Physiol 227: 850–856.

38. Duisters RF, Tijsen AJ, Schroen B, Leenders JJ, Lentink V, et al. (2009) miR-

133 and miR-30 regulate connective tissue growth factor: implications for a
role of microRNAs in myocardial matrix remodeling. Circ Res 104: 170–178,

176p following 178.

39. Li R, Yan G, Li Q, Sun H, Hu Y, et al. (2012) MicroRNA-145 protects
cardiomyocytes against hydrogen peroxide (H(2)O(2))-induced apoptosis

through targeting the mitochondria apoptotic pathway. PLoS One 7: e44907.

40. Suh JH, Choi E, Cha MJ, Song BW, Ham O, et al. (2012) Up-regulation of

miR-26a promotes apoptosis of hypoxic rat neonatal cardiomyocytes by
repressing GSK-3beta protein expression. Biochem Biophys Res Commun 423:

404–410.

41. Frank D, Gantenberg J, Boomgaarden I, Kuhn C, Will R, et al. (2012)
MicroRNA-20a inhibits stress-induced cardiomyocyte apoptosis involving its

novel target Egln3/PHD3. J Mol Cell Cardiol 52: 711–717.

42. Shan ZX, Lin QX, Deng CY, Zhu JN, Mai LP, et al. (2010) miR-1/miR-206
regulate Hsp60 expression contributing to glucose-mediated apoptosis in

cardiomyocytes. FEBS Lett 584: 3592–3600.

43. Tang Y, Zheng J, Sun Y, Wu Z, Liu Z, et al. (2009) MicroRNA-1 regulates
cardiomyocyte apoptosis by targeting Bcl-2. Int Heart J 50: 377–387.

44. Das S, Ferlito M, Kent OA, Fox-Talbot K, Wang R, et al. (2012) Nuclear

miRNA regulates the mitochondrial genome in the heart. Circ Res 110: 1596–
1603.

45. Nishi H, Ono K, Iwanaga Y, Horie T, Nagao K, et al. (2010) MicroRNA-15b

modulates cellular ATP levels and degenerates mitochondria via Arl2 in
neonatal rat cardiac myocytes. J Biol Chem 285: 4920–4930.

46. D. A. Silva ND J, Fernandes T, Soci UP, Monteiro AW, Phillips MI, et al.

(2012) Swimming training in rats increases cardiac MicroRNA-126 expression

and angiogenesis. Med Sci Sports Exerc 44: 1453–1462.

47. Fernandes T, Magalhaes FC, Roque FR, Phillips MI, Oliveira EM (2012)

Exercise training prevents the microvascular rarefaction in hypertension

balancing angiogenic and apoptotic factors: role of microRNAs-16, -21, and -
126. Hypertension 59: 513–520.

48. Wang XH, Qian RZ, Zhang W, Chen SF, Jin HM, et al. (2009) MicroRNA-

320 expression in myocardial microvascular endothelial cells and its
relationship with insulin-like growth factor-1 in type 2 diabetic rats. Clin Exp

Pharmacol Physiol 36: 181–188.

49. Vacchi-Suzzi C, Bauer Y, Berridge BR, Bongiovanni S, Gerrish K, et al. (2012)
Perturbation of microRNAs in rat heart during chronic doxorubicin treatment.

PLoS One 7: e40395.

50. Fu J, Peng C, Wang W, Jin H, Tang Q, et al. (2012) Let-7 g is involved in
doxorubicin induced myocardial injury. Environ Toxicol Pharmacol 33: 312–

317.

51. Shan H, Li X, Pan Z, Zhang L, Cai B, et al. (2009) Tanshinone IIA protects
against sudden cardiac death induced by lethal arrhythmias via repression of

microRNA-1. Br J Pharmacol 158: 1227–1235.

52. Marti E, Pantano L, Banez-Coronel M, Llorens F, Minones-Moyano E, et al.
(2010) A myriad of miRNA variants in control and Huntington’s disease brain

regions detected by massively parallel sequencing. Nucleic Acids Res 38: 7219–

7235.

53. Lee LW, Zhang S, Etheridge A, Ma L, Martin D, et al. (2010) Complexity of
the microRNA repertoire revealed by next-generation sequencing. RNA 16:

2170–2180.

54. Guduric-Fuchs J, O’Connor A, Cullen A, Harwood L, Medina RJ, et al. (2012)
Deep sequencing reveals predominant expression of miR-21 amongst the small

non-coding RNAs in retinal microvascular endothelial cells. J Cell Biochem
113: 2098–2111.

55. Voellenkle C, Rooij J, Guffanti A, Brini E, Fasanaro P, et al. (2012) Deep-

sequencing of endothelial cells exposed to hypoxia reveals the complexity of
known and novel microRNAs. RNA 18: 472–484.

56. Cloonan N, Wani S, Xu Q, Gu J, Lea K, et al. (2011) MicroRNAs and their

isomiRs function cooperatively to target common biological pathways. Genome
Biol 12: R126.

57. Li SC, Liao YL, Ho MR, Tsai KW, Lai CH, et al. (2012) miRNA arm selection

and isomiR distribution in gastric cancer. BMC Genomics 13 Suppl 1: S13.

58. Zhou H, Arcila ML, Li Z, Lee EJ, Henzler C, et al. (2012) Deep annotation of
mouse iso-miR and iso-moR variation. Nucleic Acids Res 40: 5864–5875.

59. Llorens F, Banez-Coronel M, Pantano L, Del Rio JA, Ferrer I, et al. (2013) A

highly expressed miR-101 isomiR is a functional silencing small RNA. BMC

Genomics 14: 104.

MicroRNAs in Rat Heart Left Ventricle

PLOS ONE | www.plosone.org 15 June 2013 | Volume 8 | Issue 6 | e65809



60. Chan YT, Lin YC, Lin RJ, Kuo HH, Thang WC, et al. (2013) Concordant and

Discordant Regulation of Target Genes by miR-31 and Its Isoforms. PLoS One

8: e58169.

61. Humphreys DT, Hynes CJ, Patel HR, Wei GH, Cannon L, et al. (2012)

Complexity of murine cardiomyocyte miRNA biogenesis, sequence variant

expression and function. PLoS One 7: e30933.

62. Ohanian M, Humphreys DT, Anderson E, Preiss T, Fatkin D (2013) A

heterozygous variant in the human cardiac miR-133 gene, MIR133A2, alters

miRNA duplex processing and strand abundance. BMC Genet 14: 18.

63. Kozomara A, Griffiths-Jones S (2011) miRBase: integrating microRNA

annotation and deep-sequencing data. Nucleic Acids Res 39: D152–157.

64. Griffiths-Jones S, Grocock RJ, van Dongen S, Bateman A, Enright AJ (2006)

miRBase: microRNA sequences, targets and gene nomenclature. Nucleic Acids

Res 34: D140–144.

65. Glukhov AV, Fedorov VV, Lou Q, Ravikumar VK, Kalish PW, et al. (2010)

Transmural dispersion of repolarization in failing and nonfailing human

ventricle. Circ Res 106: 981–991.

66. Cordeiro JM, Greene L, Heilmann C, Antzelevitch D, Antzelevitch C (2004)

Transmural heterogeneity of calcium activity and mechanical function in the

canine left ventricle. Am J Physiol Heart Circ Physiol 286: H1471–1479.

67. Pfaffl MW (2001) A new mathematical model for relative quantification in real-

time RT-PCR. Nucleic Acids Res 29: e45.

68. Pfaffl MW, Horgan GW, Dempfle L (2002) Relative expression software tool

(REST) for group-wise comparison and statistical analysis of relative expression

results in real-time PCR. Nucleic Acids Res 30: e36.

69. Pfaffl MW, Tichopad A, Prgomet C, Neuvians TP (2004) Determination of

stable housekeeping genes, differentially regulated target genes and sample

integrity: BestKeeper–Excel-based tool using pair-wise correlations. Biotechnol

Lett 26: 509–515.

70. Goldoni D, Yarham JM, McGahon MK, O’Connor A, Guduric-Fuchs J, et al.

(2012) A novel dual-fluorescence strategy for functionally validating microRNA

targets in 3’ untranslated regions: regulation of the inward rectifier potassium

channel Kir2.1 by miR-212. Biochem J 448: 103–113.

71. Du G, Yonekubo J, Zeng Y, Osisami M, Frohman MA (2006) Design of

expression vectors for RNA interference based on miRNAs and RNA splicing.

Febs J 273: 5421–5427.

72. Small EM, O’Rourke JR, Moresi V, Sutherland LB, McAnally J, et al. (2010)

Regulation of PI3-kinase/Akt signaling by muscle-enriched microRNA-486.

Proc Natl Acad Sci U S A 107: 4218–4223.

73. Mishra PK, Metreveli N, Tyagi SC (2010) MMP-9 gene ablation and TIMP-4

mitigate PAR-1-mediated cardiomyocyte dysfunction: a plausible role of dicer

and miRNA. Cell Biochem Biophys 57: 67–76.

74. Chinchilla A, Lozano E, Daimi H, Esteban FJ, Crist C, et al. (2011) MicroRNA

profiling during mouse ventricular maturation: a role for miR-27 modulating

Mef2c expression. Cardiovasc Res 89: 98–108.

75. Wang J, Song Y, Zhang Y, Xiao H, Sun Q, et al. (2012) Cardiomyocyte

overexpression of miR-27b induces cardiac hypertrophy and dysfunction in

mice. Cell Res 22: 516–527.

76. Costantini DL, Arruda EP, Agarwal P, Kim KH, Zhu Y, et al. (2005) The

homeodomain transcription factor Irx5 establishes the mouse cardiac

ventricular repolarization gradient. Cell 123: 347–358.

77. He W, Jia Y, Takimoto K (2009) Interaction between transcription factors

Iroquois proteins 4 and 5 controls cardiac potassium channel Kv4.2 gene

transcription. Cardiovasc Res 81: 64–71.

78. Starega-Roslan J, Krol J, Koscianska E, Kozlowski P, Szlachcic WJ, et al.

(2011) Structural basis of microRNA length variety. Nucleic Acids Res 39: 257–

268.

79. Han BW, Hung JH, Weng Z, Zamore PD, Ameres SL (2011) The 3’-to-5’

exoribonuclease Nibbler shapes the 3’ ends of microRNAs bound to

Drosophila Argonaute1. Curr Biol 21: 1878–1887.

80. Liu N, Abe M, Sabin LR, Hendriks GJ, Naqvi AS, et al. (2011) The

exoribonuclease Nibbler controls 3’ end processing of microRNAs in

Drosophila. Curr Biol 21: 1888–1893.

81. Maragkakis M, Alexiou P, Papadopoulos GL, Reczko M, Dalamagas T, et al.

(2009) Accurate microRNA target prediction correlates with protein repression

levels. BMC Bioinformatics 10: 295.

82. Maragkakis M, Reczko M, Simossis VA, Alexiou P, Papadopoulos GL, et al.

(2009) DIANA-microT web server: elucidating microRNA functions through

target prediction. Nucleic Acids Res 37: W273–276.

83. Zhou H, Arcila ML, Li Z, Lee EJ, Henzler C, et al. (2012) Deep annotation of

mouse iso-miR and iso-moR variation. Nucleic Acids Res doi:10.1093/nar/

gks247.

84. Lagos-Quintana M, Rauhut R, Yalcin A, Meyer J, Lendeckel W, et al. (2002)

Identification of tissue-specific microRNAs from mouse. Curr Biol 12: 735–

739.

85. Linsen SE, de Wit E, Janssens G, Heater S, Chapman L, et al. (2009)

Limitations and possibilities of small RNA digital gene expression profiling. Nat

Methods 6: 474–476.

86. Sorefan K, Pais H, Hall AE, Kozomara A, Griffiths-Jones S, et al. (2012)

Reducing ligation bias of small RNAs in libraries for next generation

sequencing. Silence 3: 4.

87. Zuker M, Mathews DH, Turner DH (1999) Algorithms and Thermodynamics

for RNA Secondary Structure Prediction: A Practical Guide. In: Barciszewski J,

Clark BFC, editors. In RNA Biochemistry and Biotechnology: Kluwer

Academic Publishers.

88. Linsen SE, de Wit E, de Bruijn E, Cuppen E (2010) Small RNA expression and

strain specificity in the rat. BMC Genomics 11: 249.

89. Hackenberg M, Sturm M, Langenberger D, Falcon-Perez JM, Aransay AM

(2009) miRanalyzer: a microRNA detection and analysis tool for next-

generation sequencing experiments. Nucleic Acids Res 37: W68–76.

90. Xiong W, Tian Y, DiSilvestre D, Tomaselli GF (2005) Transmural

heterogeneity of Na+-Ca2+ exchange: evidence for differential expression in

normal and failing hearts. Circ Res 97: 207–209.

91. Yang ZK, Boyett MR, Janvier NC, McMorn SO, Shui Z, et al. (1996) Regional

differences in the negative inotropic effect of acetylcholine within the canine

ventricle. J Physiol 492 (Pt 3): 789–806.

92. Zygmunt AC, Eddlestone GT, Thomas GP, Nesterenko VV, Antzelevitch C

(2001) Larger late sodium conductance in M cells contributes to electrical

heterogeneity in canine ventricle. Am J Physiol Heart Circ Physiol 281: H689–

697.

93. Zygmunt AC, Goodrow RJ, Antzelevitch C (2000) I(NaCa) contributes to

electrical heterogeneity within the canine ventricle. Am J Physiol Heart Circ

Physiol 278: H1671–1678.

94. Stelzer JE, Norman HS, Chen PP, Patel JR, Moss RL (2008) Transmural

variation in myosin heavy chain isoform expression modulates the timing of

myocardial force generation in porcine left ventricle. J Physiol 586: 5203–5214.

95. Stones R, Gilbert SH, Benoist D, White E (2008) Inhomogeneity in the

response to mechanical stimulation: cardiac muscle function and gene

expression. Prog Biophys Mol Biol 97: 268–281.

96. Szabo G, Szentandrassy N, Biro T, Toth BI, Czifra G, et al. (2005)

Asymmetrical distribution of ion channels in canine and human left-ventricular

wall: epicardium versus midmyocardium. Pflugers Arch 450: 307–316.

97. Tan JH, Liu W, Saint DA (2004) Differential expression of the mechan-

osensitive potassium channel TREK-1 in epicardial and endocardial myocytes

in rat ventricle. Exp Physiol 89: 237–242.

98. Liu DW, Antzelevitch C (1995) Characteristics of the delayed rectifier current

(IKr and IKs) in canine ventricular epicardial, midmyocardial, and endocardial

myocytes. A weaker IKs contributes to the longer action potential of the M cell.

Circ Res 76: 351–365.

99. Nabauer M, Beuckelmann DJ, Uberfuhr P, Steinbeck G (1996) Regional

differences in current density and rate-dependent properties of the transient

outward current in subepicardial and subendocardial myocytes of human left

ventricle. Circulation 93: 168–177.

100. Poelzing S, Akar FG, Baron E, Rosenbaum DS (2004) Heterogeneous

connexin43 expression produces electrophysiological heterogeneities across

ventricular wall. Am J Physiol Heart Circ Physiol 286: H2001–2009.

101. Laurita KR, Katra R, Wible B, Wan X, Koo MH (2003) Transmural

heterogeneity of calcium handling in canine. Circ Res 92: 668–675.

102. Xu L, Li XY, Liu Y, Li HT, Chen J, et al. (2011) The mechanisms underlying

ICa heterogeneity across murine left ventricle. Mol Cell Biochem 352: 239–

246.

103. Xu L, Chen J, Li XY, Ren S, Huang CX, et al. (2012) Analysis of Na(+)/Ca

(2+) exchanger (NCX) function and current in murine cardiac myocytes during

heart failure. Mol Biol Rep 39: 3847–3852.

104. Litovsky SH, Antzelevitch C (1988) Transient outward current prominent in

canine ventricular epicardium but not endocardium. Circ Res 62: 116–126.

105. Glukhov AV, Fedorov VV, Lou Q, Ravikumar VK, Kalish PW, et al.

Transmural dispersion of repolarization in failing and nonfailing human

ventricle. Circ Res 106: 981–991.

106. Honen BN, Saint DA (2002) Heterogeneity of the properties of INa in

epicardial and endocardial cells of rat ventricle. Clin Exp Pharmacol Physiol

29: 161–166.

107. Fedida D, Giles WR (1991) Regional variations in action potentials and

transient outward current in myocytes isolated from rabbit left ventricle.

J Physiol 442: 191–209.

108. Furukawa T, Myerburg RJ, Furukawa N, Bassett AL, Kimura S (1990)

Differences in transient outward currents of feline endocardial and epicardial

myocytes. Circ Res 67: 1287–1291.

109. Bryant SM, Shipsey SJ, Hart G (1997) Regional differences in electrical and

mechanical properties of myocytes from guinea-pig hearts with mild left

ventricular hypertrophy. Cardiovasc Res 35: 315–323.

110. Clark RB, Bouchard RA, Salinas-Stefanon E, Sanchez-Chapula J, Giles WR

(1993) Heterogeneity of action potential waveforms and potassium currents in

rat ventricle. Cardiovasc Res 27: 1795–1799.

111. Cordeiro JM, Mazza M, Goodrow R, Ulahannan N, Antzelevitch C, et al.

(2008) Functionally distinct sodium channels in ventricular epicardial and

endocardial cells contribute to a greater sensitivity of the epicardium to

electrical depression. Am J Physiol Heart Circ Physiol 295: H154–162.

112. Rosati B, Grau F, McKinnon D (2006) Regional variation in mRNA transcript

abundance within the ventricular wall. J Mol Cell Cardiol 40: 295–302.

113. Gaborit N, Le Bouter S, Szuts V, Varro A, Escande D, et al. (2007) Regional

and tissue specific transcript signatures of ion channel genes in the non-diseased

human heart. J Physiol 582: 675–693.

114. Soltysinska E, Olesen SP, Christ T, Wettwer E, Varro A, et al. (2009)

Transmural expression of ion channels and transporters in human nondiseased

and end-stage failing hearts. Pflugers Arch 459: 11–23.

MicroRNAs in Rat Heart Left Ventricle

PLOS ONE | www.plosone.org 16 June 2013 | Volume 8 | Issue 6 | e65809



115. Krek A, Grun D, Poy MN, Wolf R, Rosenberg L, et al. (2005) Combinatorial

microRNA target predictions. Nat Genet 37: 495–500.
116. Vacchi-Suzzi C, Hahne F, Scheubel P, Marcellin M, Dubost V, et al. (2013)

Heart structure-specific transcriptomic atlas reveals conserved microRNA-

mRNA interactions. PLoS One 8: e52442.
117. Rao PK, Toyama Y, Chiang HR, Gupta S, Bauer M, et al. (2009) Loss of

cardiac microRNA-mediated regulation leads to dilated cardiomyopathy and
heart failure. Circ Res 105: 585–594.

118. Yang KC, Ku YC, Lovett M, Nerbonne JM (2012) Combined deep microRNA

and mRNA sequencing identifies protective transcriptomal signature of
enhanced PI3Kalpha signaling in cardiac hypertrophy. J Mol Cell Cardiol

53: 101–112.
119. Thum T, Gross C, Fiedler J, Fischer T, Kissler S, et al. (2008) MicroRNA-21

contributes to myocardial disease by stimulating MAP kinase signalling in
fibroblasts. Nature 456: 980–984.

120. Kuehbacher A, Urbich C, Zeiher AM, Dimmeler S (2007) Role of Dicer and

Drosha for endothelial microRNA expression and angiogenesis. Circ Res 101:
59–68.

121. Hergenreider E, Heydt S, Treguer K, Boettger T, Horrevoets AJ, et al. (2012)
Atheroprotective communication between endothelial cells and smooth muscle

cells through miRNAs. Nat Cell Biol 14: 249–256.

122. Waldenstrom A, Genneback N, Hellman U, Ronquist G (2012) Cardiomyocyte
microvesicles contain DNA/RNA and convey biological messages to target

cells. PLoS One 7: e34653.
123. van Rooij E, Sutherland LB, Liu N, Williams AH, McAnally J, et al. (2006) A

signature pattern of stress-responsive microRNAs that can evoke cardiac
hypertrophy and heart failure. Proc Natl Acad Sci U S A 103: 18255–18260.

124. Care A, Catalucci D, Felicetti F, Bonci D, Addario A, et al. (2007) MicroRNA-

133 controls cardiac hypertrophy. Nat Med 13: 613–618.
125. Sucharov C, Bristow MR, Port JD (2008) miRNA expression in the failing

human heart: functional correlates. J Mol Cell Cardiol 45: 185–192.
126. Cheng Y, Ji R, Yue J, Yang J, Liu X, et al. (2007) MicroRNAs are aberrantly

expressed in hypertrophic heart: do they play a role in cardiac hypertrophy?

Am J Pathol 170: 1831–1840.
127. Schipper ME, van Kuik J, de Jonge N, Dullens HF, de Weger RA (2008)

Changes in regulatory microRNA expression in myocardium of heart failure
patients on left ventricular assist device support. J Heart Lung Transplant 27:

1282–1285.
128. Matkovich SJ, Van Booven DJ, Youker KA, Torre-Amione G, Diwan A, et al.

(2009) Reciprocal regulation of myocardial microRNAs and messenger RNA in

human cardiomyopathy and reversal of the microRNA signature by
biomechanical support. Circulation 119: 1263–1271.

129. Li GH, Shi Y, Chen Y, Sun M, Sader S, et al. (2009) Gelsolin regulates cardiac
remodeling after myocardial infarction through DNase I-mediated apoptosis.

Circ Res 104: 896–904.

130. Grubb S, Calloe K, Thomsen MB (2012) Impact of KChIP2 on Cardiac
Electrophysiology and the Progression of Heart Failure. Front Physiol 3: 118.

131. Matkovich SJ, Wang W, Tu Y, Eschenbacher WH, Dorn LE, et al. (2010)
MicroRNA-133a protects against myocardial fibrosis and modulates electrical

repolarization without affecting hypertrophy in pressure-overloaded adult
hearts. Circ Res 106: 166–175.

132. Townley-Tilson WH, Callis TE, Wang D (2010) MicroRNAs 1, 133, and 206:

critical factors of skeletal and cardiac muscle development, function, and
disease. Int J Biochem Cell Biol 42: 1252–1255.

133. Wilkins BJ, Molkentin JD (2004) Calcium-calcineurin signaling in the
regulation of cardiac hypertrophy. Biochem Biophys Res Commun 322:

1178–1191.

134. Liu HB, Yang BF, Dong DL (2010) Calcineurin and electrical remodeling in
pathologic cardiac hypertrophy. Trends Cardiovasc Med 20: 148–153.

135. Bierhuizen MF, Boulaksil M, van Stuijvenberg L, van der Nagel R, Jansen AT,
et al. (2008) In calcineurin-induced cardiac hypertrophy expression of Nav1.5,

Cx40 and Cx43 is reduced by different mechanisms. J Mol Cell Cardiol 45:
373–384.

136. Gong N, Bodi I, Zobel C, Schwartz A, Molkentin JD, et al. (2006) Calcineurin
increases cardiac transient outward K+ currents via transcriptional up-

regulation of Kv4.2 channel subunits. J Biol Chem 281: 38498–38506.

137. Prasad AM, Inesi G (2011) Silencing calcineurin A subunit reduces SERCA2

expression in cardiac myocytes. Am J Physiol Heart Circ Physiol 300: H173–
180.

138. Rossow CF, Dilly KW, Santana LF (2006) Differential calcineurin/NFATc3
activity contributes to the Ito transmural gradient in the mouse heart. Circ Res

98: 1306–1313.

139. Munch G, Bolck B, Karczewski P, Schwinger RH (2002) Evidence for
calcineurin-mediated regulation of SERCA 2a activity in human myocardium.

J Mol Cell Cardiol 34: 321–334.

140. Shigekawa M, Katanosaka Y, Wakabayashi S (2007) Regulation of the cardiac

Na+/Ca2+ exchanger by calcineurin and protein kinase C. Ann N Y Acad Sci
1099: 53–63.

141. Katanosaka Y, Iwata Y, Kobayashi Y, Shibasaki F, Wakabayashi S, et al.
(2005) Calcineurin inhibits Na+/Ca2+ exchange in phenylephrine-treated

hypertrophic cardiomyocytes. J Biol Chem 280: 5764–5772.

142. Dong D, Duan Y, Guo J, Roach DE, Swirp SL, et al. (2003) Overexpression of

calcineurin in mouse causes sudden cardiac death associated with decreased
density of K+ channels. Cardiovasc Res 57: 320–332.

143. Bueno OF, Wilkins BJ, Tymitz KM, Glascock BJ, Kimball TF, et al. (2002)

Impaired cardiac hypertrophic response in Calcineurin Abeta -deficient mice.
Proc Natl Acad Sci U S A 99: 4586–4591.

144. White M, Montezano AC, Touyz RM (2012) Angiotensin II signalling and
calcineurin in cardiac fibroblasts: differential effects of calcineurin inhibitors

FK506 and cyclosporine A. Ther Adv Cardiovasc Dis 6: 5–14.

145. Fu M, Xu S, Zhang J, Pang Y, Liu N, et al. (1999) Involvement of calcineurin

in angiotensin II-induced cardiomyocyte hypertrophy and cardiac fibroblast
hyperplasia of rats. Heart Vessels 14: 283–288.

146. Kumarswamy R, Volkmann I, Jazbutyte V, Dangwal S, Park DH, et al. (2012)
Transforming growth factor-beta-induced endothelial-to-mesenchymal transi-

tion is partly mediated by microRNA-21. Arterioscler Thromb Vasc Biol 32:
361–369.

147. Liu LZ, Li C, Chen Q, Jing Y, Carpenter R, et al. (2011) MiR-21 induced

angiogenesis through AKT and ERK activation and HIF-1alpha expression.
PLoS One 6: e19139.

148. Sabatel C, Malvaux L, Bovy N, Deroanne C, Lambert V, et al. (2011)
MicroRNA-21 exhibits antiangiogenic function by targeting RhoB expression

in endothelial cells. PLoS One 6: e16979.

149. Hatcher CJ, Goldstein MM, Mah CS, Delia CS, Basson CT (2000)

Identification and localization of TBX5 transcription factor during human
cardiac morphogenesis. Dev Dyn 219: 90–95.

150. Portbury AL, Ronnebaum SM, Zungu M, Patterson C, Willis MS (2012) Back
to your heart: ubiquitin proteasome system-regulated signal transduction. J Mol

Cell Cardiol 52: 526–537.

151. Rose BA, Force T, Wang Y (2010) Mitogen-activated protein kinase signaling

in the heart: angels versus demons in a heart-breaking tale. Physiol Rev 90:

1507–1546.

152. Angers S, Moon RT (2009) Proximal events in Wnt signal transduction. Nat

Rev Mol Cell Biol 10: 468–477.

153. Giunta S (2009) A gust of WNT: analysis of the canonical WNT pathway. Acta

Biomed 80: 187–199.

154. MacDonnell SM, Weisser-Thomas J, Kubo H, Hanscome M, Liu Q, et al.

(2009) CaMKII negatively regulates calcineurin-NFAT signaling in cardiac
myocytes. Circ Res 105: 316–325.

155. Maier LS (2011) CaMKII regulation of voltage-gated sodium channels and cell
excitability. Heart Rhythm 8: 474–477.

MicroRNAs in Rat Heart Left Ventricle

PLOS ONE | www.plosone.org 17 June 2013 | Volume 8 | Issue 6 | e65809


