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regulated molecular pathways in ischemic
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ABSTRACT. Deregulation of cardiac miRNA gene-regulatory networks
is a feature of different heart diseases, including ischemic (ICM) and
nonischemic (NICM) cardiomyopathy. Here, based on the paired
miRNA and mRNA expression profiles in ICM and NICM, we identified
the differentially expressed miRNAs and mRNAs and the expression
signatures distinguishing ICM/NICM from control samples. Furthermore,
we constructed a functional miRNA network for each disease. Analysis
of the topological features of these networks revealed that the Wnt
signaling pathway and cell cycle (de)regulation play critical roles in the
development of ICM and NICM. In addition, comparison of the miRNA and
mRNA functional profiles revealed that their expression patterns in ICM
and NICM differ. These findings revealed hundreds of novel heart-failure-
related miRNAs with important regulatory functions. In summary, RNA-
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seqg-based transcriptome profiling in the failing human heart revealed a
complex transcriptional regulation associated with the disease. The newly
uncovered importance of miRNAs in disease pathogenesis highlights their
value as potential diagnostic and therapeutic targets.

Key words: MicroRNA; Functional network; Heart disease; Pathway;
Biomarker

INTRODUCTION

Heart failure is a complex disease with a broad spectrum of molecular features. Emerging
evidence across species raises the possibility that noncoding RNA (ncRNA) contributes to the
development of cardiovascular disease (Papait et al., 2013; Kumarswamy et al., 2014; Xiao et al.,
2014). In addition, deregulation of cardiac gene-regulatory networks (GRNs) may lead to heart
disease (Louridas et al., 2010). The notion that GRNs consist primarily of protein-coding genes
is somewhat premature, as the control of miRNA on GRN activity in heart failure remains elusive
(Fujita and Iba, 2008).

The best-characterized ncRNAs in the heart are the miRNAs (van Rooij et al., 2008; Asrih
and Steffens, 2013; Vogel et al., 2013; Flemming, 2014), that function in RNA silencing and post-
transcriptional regulation of gene expression. Evidence on the role of miRNAs in cardiovascular
disease is rapidly emerging. A cardiac-specific miRNA, miR-208, plays a prominent role in cardiac
hypertrophy (Callis et al., 2009). In addition, miR-133a has also been implicated in cardiac
hypertrophy, and mice deficient for miR-133a manifest cardiomyopathy (Caré et al., 2007). Other
groups have demonstrated that miR-18b, miR-21, and miR-23a are involved in cardiomyocyte
plasticity (Tatsuguchi et al., 2007). In addition, the expression of some miRNAs is altered in animal
models of heart failure, as well as in human cardiac patients. Recently, a genome-wide study on
miRNA expression has demonstrated that 43 miRNAs were differentially expressed in at least one
of three human heart pathologies (lkeda et al., 2007). Functional studies performed in vitro and in
vivo have demonstrated key roles for miRNAs in heart failure. For instance, overexpression of miR-
23a, miR-195, or miR-214 induces cardiac hypertrophy in neonatal cardiomyocytes. Transgenic
miR-195 mice develop dilated cardiomyopathy, while overexpression of miR-133 inhibits cardiac
hypertrophy (Caré et al., 2007; Latronico and Condorelli, 2009). Altogether, these studies suggest
that miRNAs play key roles in heart-related diseases and represent good therapeutic targets or
have diagnostic significance in heart failure.

Cardiomyopathy can be ischemic (ICM) or nonischemic (NICM), and the expression
profiles of genes or miRNAs are useful in discriminating ICMs from NICMs (Matkovich et al., 2009).
A study of myocardial tissue in 17 patients showed a decrease in miR-1, -133a, and -133b in
dilated cardiomyopathy patients (lkeda et al., 2007). However, these miRNAs showed increased
expression in ischemic cardiomyopathy patients. Together, these results suggest that subtype-
specific miRNA expression profiles exist for cardiomyopathies of diverse etiologies. However,
miRNAs are important posttranscriptional regulators that are predicted to regulate hundreds of
target genes (Kolokythas et al., 2011; Jacobsen et al., 2013). The role of mMiRNA GRNs in different
types of heart disease remains unclear. Several studies predicted the function of miRNAs based
on enrichment analysis of their target genes from a number of functional categories, such as Gene
Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (Tseng et al.,
2011; Li et al., 2012). These analyses provided miRNA-function profiles, aiding in the systematic
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study of miRNA function in complex diseases. However, the ICM- and NICM-specific miRNA
function profiles have not been revealed.

In the study presented here, a molecular and bioinformatic pipeline was developed and
optimized for the comprehensive analysis of myocardial miRNA and mRNA expression with next-
generation sequencing. First, differentially expressed miRNAs and genes in ICM and NICM,
respectively, were identified. Based on the miRNA gene regulation and functional annotation
datasets, we constructed miRNA-function networks for each disease. By comparing the subtype-
specific networks between ICM and NICM, common and specific miRNAs, genes, and functions
were discovered. This study constructed a functional spectrum of miRNAs and dissected the
irregulation in the human heart diseases ICM and NICM.

MATERIAL AND METHODS
Datasets
Paired miRNA and mRNA expression profiles in ICM and NICM

The paired miRNA-mRNA expression profiles of ICM and NICM were downloaded from
gene expression and hybridization array data repositories (GEO ID: GSE46224) (Yang et al.,
2014). Briefly, paired left ventricular (LV) samples from patients with severe heart failure of ICM
(N = 8) and NICM (N= 8) origin were collected at the time of LV assist device (LVAD) implantation
(pre-LVAD). In addition, Human LV samples (N = 8) were also collected from donor hearts.

The mRNA expression profiles were measured by RNA-Seq and the miRNA expression
profiles were measured by small RNA-Seq. RNA sequence reads were aligned to the human
genome (hg19) with TopHat (Trapnell et al., 2009), and the alignment files were reconstructed
with Cufflinks (Pollier et al., 2013). For protein-coding gene analysis, the RefSeq and Ensembl
transcript databases were chosen as annotation references. The read counts of each gene were
normalized to the length of the gene and to the total mapped read count in each sample and
expressed as reads per kb of exon per million mapped reads (RPKM). With the use of miRanalyzer
(Hackenberg et al., 2011) and Bowtie (Langmead, 2010), small RNA-Seq sequence reads were
mapped to the miRBase (version 18) human database for the identification of known miRNAs
(Kozomara and Giriffiths-Jones, 2011). The miRNA expression is presented as sequences per
million mapped reads (PMMR).

Ago CLIP-supported miRNA-target interactions

To explore the miRNA-regulatory landscape, we retrieved the conserved miRNA target
sites predicted by at least one of five algorithms [TargetScan (Lewis et al., 2005), miRanda (Betel et
al., 2010), Pictar (Krek et al., 2005), PITA (Kertesz et al., 2007), and RNA22 (Loher and Rigoutsos,
2012)]. The combination of the predicted results with multiple-transcriptome-wide AGO-CLIP data
sets has been demonstrated to result in a higher yield of high-confidence miRNA binding sites. To
reduce false-positive predictions on miRNA-regulatory interactions, we next intersected the miRNA
target sites, predicted with the aforementioned algorithms, with Ago-CLIP clusters to gain CLIP-
supported sites. All the CLIP-identified binding site clusters or peaks were retrieved from starBase
v2.0 (Li et al., 2014). Using this approach, we characterized ~420,000 interactions between 386
conserved miRNAs and 13,802 protein-coding genes.
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Identification of differentially expressed miRNAs and mRNAs

Differential expression analysis was performed by comparing both the miRNA and gene
expression profiles in ICM or NICM with normal controls. Differential expression of genes was
analyzed using paired Student t-tests. In addition, the differential expression of miRNAs was
analyzed using the EdgeR software package (Robinson et al., 2010). The miRNAs and genes with
P values lower than 0.05 were considered as differentially expressed.

Functional enrichment analysis of the miRNA-regulated differentially expressed
mRNAs

In order to unravel miRNA-regulatory interactions, a functional enrichment analysis
was performed. Here, we selected miRNAs and genes that exhibited opposite patterns of up- or
downregulation. KEGG pathways or GO terms were considered in our current study. If the whole genome
had a total of N genes, of which K were involved in the pathway or GO terms under investigation, and
the set of interesting miRNA target genes for analysis had a total of M genes, of which x were involved
in the same pathway or GO terms, then the P value can be calculated to evaluate the enrichment
significance for that pathway or those GO terms according to the following equation:

P= 1-F(x\N,K,M)z1-i%
B (MJ
Pathways or GO terms with P values lower than 0.05 were regarded as significant.

Construction of the miRNA functional network in ICM and NICM

After identifying all the pathways or GO terms regulated by miRNAs as described above,
we constructed an miRNA-function network for ICM and NICM. In the network, the nodes represent
miRNAs and their functions (pathway or GO terms), and miRNAs were linked to functions enriched
by their target genes.

RESULTS AND DISCUSSION
Differential miRNA and mRNA expression in ICM

Based on the paired miRNA and mRNA expression profiles, we first identified the
differentially expressed miRNAs and mRNAs in ICM. At a significance level of 0.05, 165 miRNAs
and 368 mMRNAs were identified to be differentially expressed (Table S1). By systematic analysis
of the expression patterns of miRNAs, we found that 83 miRNAs were downregulated and 82 were
upregulated (Figure 1A).

Among these miRNAs, several have been demonstrated to play key roles in heart disease.
The human miRNA-21 gene is located on the plus strand of chromosome 17g23.2 and it plays an
important role in the development of heart disease (Thum et al., 2008; Roy et al., 2009). It is one
of the miRNAs whose expression is increased in failing murine and human hearts. Furthermore,
inhibition of MiRNA-21 in mice using chemically modified and cholesterol-conjugated miRNA
inhibitors (antagomirs) inhibits interstitial fibrosis and improves cardiac function in a pressure-
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overload cardiac disease mouse model (Thum et al., 2008).

However, the majority of the differentially expressed genes in ICM were upregulated
(306), and only 62 genes were downregulated. Hierarchical clustering analysis revealed that
both differentially expressed miRNAs and genes were globally grouped into two classes. In each
class, the expression levels were similar across all patient samples and controls. Unsupervised
hierarchical clustering of the expression profiles of cardiac miRNAs and mRNAs revealed a distinct
expression signature for the two RNA species in cardiomyopathic samples compared with controls
(Figure 1B and C). These results suggest that failing and nonfailing LV can be distinguished based
on their mRNA and miRNA expression profiles.

When we investigated the function of the differentially expressed genes, we found that
they are mainly involved in the regulation of the voltage-gated potassium channel complex, small
molecule metabolic processes, and biological processes associated with molecular binding (Figure
1C). Potassium channels sense metabolic changes and translate them to both morphological
changes and secondary signaling, thus coupling the energetic status of the cell to membrane
excitability. Cardiac potassium channel dysfunction is a feature of several primary cardiomyopathies,
including hypertrophic cardiomyopathy and dilated cardiomyopathy (Vatta, 2010). In addition, the
energy for the cardiac muscle is supplied by adenosine triphosphate (ATP), which is primarily
produced through the breakdown of fatty acids (Guertl et al., 2000). Metabolic disturbances may
therefore cause cardiac muscle dysfunction and result in metabolic cardiomyopathies. All these
results indicate that the miRNA and gene transcriptome are significantly changed in ICM and may
disturb downstream pathways.
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Figure 1. Differentially expressed miRNAs and genes in ischemic cardiomyopathy (ICM). A. Number of differentially
expressed miRNAs and genes in ICM. B. and C. Clustering results based on miRNA and gene functions. The enriched
gene functions are shown on the right in panel C.
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Functional miRNA network in ICM

Currently, the functional interpretation of miRNAs relies mainly on the function of their
target genes. Several studies predicted the functions of miRNAs based on the enrichment analysis
of their target genes from a number of functional categories. The relationships between miRNAs
and their regulatory targets remain poorly understood in ICM. In this study, we constructed a
bipartite graph of miRNA-function interactions to explore the effects of miRNA regulation in ICM.
In total, 432 miRNA-GO terms were identified, consisting of 116 miRNAs and 88 GO terms (Figure
2). The upregulated miRNAs were mainly involved in the regulation of small molecule metabolic
processes, while the downregulated miRNAs are likely to play key roles in cell cycle regulation.

We also identified 74 miRNA-pathway associations in ICM (Figure 3A). The most strongly
associated pathway is the Wnt signaling pathway. Many biological processes in cardiac stem cells,
including cardiac specification, survival, and differentiation, are associated with Wnt signaling
(Pagliari et al., 2014). We found that most of the genes in the Wnt pathway were upregulated by
the downregulation of only a few miRNAs (Figure 3B), including miR-125a, miR-20a, and miR-
302d. miR-20a inhibits the angiogenic activity of mature endothelial cells in vitro, and miR-20a
knockdown increased vessel formation in an in vivo matrigel plug assay (Jakob and Landmesser,
2012). Our comprehensive analysis established an overview of miRNAs and their putative target
pathways and we found that genes differentially expressed in ICM were significantly enriched for
targets of certain miRNAs.

@ DEmir (up)
@ DEmir (down)

B function term

Figure 2. ICM miRNA-function network. A. Overall miRNA-biological process (BP) term networks in NICM. B. and
C. miRNA-cellular components (CC) and miRNA-molecular function (MF) regulated by upregulated miRNAs and
downregulated miRNAs.
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Figure 3. ICM miRNA-pathway network. A. Overall miRNA-pathway networks in ICM. B. Example of pathway regulated
by downregulated miRNAs.

Differential miRNA and mRNA expression in NICM

We identified 130 miRNAs and 606 genes that showed distinct expression patterns in
NICM and in control samples (Table S1). In total, 51 miRNAs were downregulated and 79 miRNAs
were upregulated. In contrast, 170 genes were downregulated and 436 were upregulated (Figure
4A). One of the miRNAs that was found to be downregulated in NICM in this study was miR-17. The
miR-17-92 cluster, which is induced by the transcription factor c-Myc, regulates distinct angiogenic
functions (lkeda et al., 2007). Our results demonstrate that the expression profiles of subsets of
miRNAs or mRNAs are useful to discriminate ICM from control samples. To explore whether the
same is true for NICM, we conducted additional analyses on subsets of mMiRNAs and mRNAs in
NCIM. Interestingly, selection of the most differentially expressed miRNAs and mRNAs (Figure
4B and 4C) resulted in discriminatory power, and NICM and control samples were more clearly
separated. Functional analysis indicated that these genes are mainly involved in the regulation of
small molecule metabolic processes and transforming growth factor beta (TGF-f) receptor binding.

Functional miRNA network in NICM

We constructed an miRNA-function networking NICM based on enrichment analysis. As
a result, we found 411 significant miRNA-GO term links between 218 nodes (93 miRNAs and 125
GO terms). The most connected GO terms are ‘small molecule metabolic process’ and ‘synaptic
transmission’ (Figure 5). In addition, we identified 193 miRNA-pathway pairs in NICM (Figure
6A). Several of these pathways have been associated with heart disease, such as the calcium
signaling and cell cycle signaling. It has been well recognized that abnormal Ca?* handling is a key
pathophysiological mechanism in human heart failure (Lou etal., 2012). However, our understanding
of the molecular and cellular mechanisms underlying altered calcium handling in the failing human
heart remains incomplete. Here, we provide an miRNA-gene regulatory approach to map the key
roles of the calcium signaling pathway in NICM (Figure 6B). In addition, cardiac myocytes rapidly
proliferate during fetal growth but exit the cell cycle soon after birth in mammals (Ahuja et al.,

Genetics and Molecular Research 15 (2): gmr.15027465 ©FUNPEC-RP www.funpecrp.com.br


http://www.geneticsmr.com/year2016/vol15-2/pdf/gmr7465_ts1.xlsx

X. Lietal. 8

2007). Cell cycle regulation is important for heart development and function. Differential miRNA
expression may disturb the cell cycle via deregulation of target genes and could provide novel
miRNA-based targets for NICM treatment (Figure 6C). We found that both calcium signaling and
the cell cycle were regulated by a number of miRNAs that are associated with many diseases, such
as miR-125, miR-17, and miR-92.
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Figure 4. Differentially expressed miRNAs and genes in NICM. A. Number of differentially expressed miRNAs and
genes in nonischemic cardiomyopathy (NICM). B. and C. Clustering results based on miRNA and gene functions. The

enriched gene functions are shown on the right in panel C.

Figure 5. NICM miRNA function network. A. Overall miRNA-BP term networks in NICM. B. and C. miRNA-CC and
miRNA-MF regulated by upregulated and downregulated miRNAs.
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Figure 6. NICM miRNA-pathway network. A. Overall miRNA-pathway networks in NICM. B. and C. Two examples of
pathways regulated by differentially expressed miRNAs.

Common and specific miRNA/mRNA/functions in ICM and NICM

The straightforward differentiation between ICM and NICM can improve disease
management. Therefore, we compared the miRNAs, mRNAs, and their functions in ICM and NICM.
As shown in Figure 7A and B, the overlap of miRNAs and genes between the two conditions was
relative small. Only 55 miRNAs show consistent upregulation in ICM and NICM, including miR-
21-5p, miR-125b-1-3p, and miR-106b-5p. In contrast, 38 MiRNAs were downregulated in both
ICM and NICM, including miR-20a-5p, miR-17-5p, and let-7e-5p. In total, 180 genes showed the
same differential expression pattern in ICM and NICM. Some of these genes play key roles in the
heart, such as SLC9A1, ABCG2, and CCND1. CCND1 induces the expression of various genes
and regulates the cell cycle and DNA replication to promote cardiomyocyte division in a rat model.
Our findings also support a role for CCND1 in the heart and provide a novel insight into cell cycle
control mechanisms in heart failure.

Although the ICM and NICM show a relative small overlap in their differential miRNAs and
gene expression profiles, we found 41 miRNA-GO terms and 13 miRNA-pathways in both diseases.
Some of these pathways play key roles in heart failure, such as the Wnt signaling pathway and the
cell cycle (Figure 7C). The heart reactivates several signaling pathways and one of these pathways
is the Wnt signaling pathway, which controls heart development but is also modulated during adult
heart remodeling. Our current and previous studies show that the Wnt pathway plays a pivotal role
in heart failure and may be a suitable target for therapeutic intervention.
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Figure 7. Common and specific miRNA regulation in ischemic (ICM) and nonischemic cardiomyopathy (NICM). A.
Venny plot showing the overlap of differentially expressed miRNAs between ICM and NICM. B. Venny plot showing
the overlap of differentially expressed genes between ICM and NICM. C. Venny plot showing the overlap of miRNA

and gene functions between ICM and NICM.

CONCLUSION

In summary, the myocardial miRNA and mRNA transcriptome is dynamically regulated in
heart failure. The expression profiles of mMiRNAs or mRNAs allow for the discrimination between
these different pathologies. Our results suggest that miRNAs play an important role in the
pathogenesis of heart failure and the miRNAs and mRNAs identified here are attractive clinical

biomarker candidates.
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