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Abstract

MicroRNAs (miRNAs or miRs) are short, highly conserved noncoding RNAs that regulate gene
expression at the post-transcriptional level by inhibiting translation or promoting the degradation
of target mMRNA. Even though the field of miRNA biology is relatively young, growing lines of
evidence suggest that miRNAs play a key role pathogenesis of heart failure through their ability to
regulate genes that govern the process of adaptive and maladaptive cardiac remodeling. Herein,
we review the biology of miRNAs in relation to their role in modulating various aspects of the
cardiac remodeling process, as well as discuss the potential applications of miRNA biology to the
field of heart failure.
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The scientific quest for the basic mechanisms that are responsible for the development and
progression of heart failure has been exhaustive; nonetheless, no single unifying hypothesis
has been unraveled that explains the syndrome of heart failure. Recent studies have
identified profound roles for a family of tiny regulatory non-coding RNAs, known as
miRNAs in the control of diverse aspects of cardiac function [1-3]. Even though the field of
miRNA biology is relatively young, growing lines of evidence suggest that miRNAs play an
important role in the pathogenesis of heart failure through their ability to negatively regulate
expression levels of genes that govern the process of adaptive and maladaptive cardiac
remodeling. Specific miRNAs are differentially regulated in the failing heart, and gain- and
loss-of-function experiments in mice have shown that miRNAs modulate various aspects of
the heart failure phenotype [1-6]. This article focuses on the biology of miRNAs in relation
to their role in the pathogenesis of cardiac remodeling, as well as discusses the potential
application of miRNA biology to the field of heart failure.
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Biology of miRNAs

miRNAs are short, approximately 22 nucleotides in length, evolutionarily conserved,
regulatory RNA molecules that repress gene expression at the post-transcriptional level by
targeting mRNA [7]. miRNAs were first discovered as critical regulators of development in
Caenorhabditis elegans, however, subsequent studies have shown that miRNA biogenesis
and function are conserved in many organisms [8]. Up to 1000 miRNAs are predicted to
exist in the human genome, each of which could potentially target hundreds or thousands of
mMRNAs and regulate as many as 30% of mRNA transcripts in the whole genome [9]. In
addition, most 3" UTRs contain predicted binding sites for a large number of individual
miRNAs, allowing cooperative interactions between various unrelated miRNAs. As shown
in Figure 1, binding of miRNAs to their cognate target mMRNAs commonly leads to
decreased expression of target genes through translational repression or mMRNA degradation.
Increased expression levels of mMiRNAs can also result in the ‘paradoxical’ upregulation of
previously suppressed target genes either directly, by decreasing the expression of inhibitory
proteins and/or transcription factors, or indirectly, by inhibiting the expression levels of
inhibitory miRNAs. Alternatively, decreased expression levels of inhibitory miRNAs can
lead directly to increased target gene expression.

The majority of miRNAs are transcribed by RNA polymerase Il from intergenic, intronic or
exonic locations generating a long hairpin-shaped structure [10]. These primary miRNAs
(pri-miRs) are cleaved in the nucleus by the RNase I11-type enzyme, Drosha, into smaller,
70-100 nucleotide-long hairpin shaped precursors, called pre-miRs (Figure 2). Pre-miRs are
then transported into the cytoplasm through nuclear pore complexes with the help of
exportin-5 and further processed into a 19-25 nucleotide and double stranded miRNA
duplex by the RNAse Il1-type enzyme, dicer [11]. The fully processed miRNA duplex is
then incorporated into a multiprotein RNA-induced silencing complex (RISC). During this
process, one strand of the miRNA duplex is selected as the ‘mature miRNA’ while the other
strand, named as star strand (miRNA%*), is rapidly degraded [12,13]. When presented
correctly by the RISC, the mature miRNA associates with the 3' UTR of target mRNA and
acts as a negative regulator of gene expression through translational repression or mRNA
degradation [14]. Translational repression seems to be the predominant mechanism of
regulation in animals, however accumulating evidence suggests that miRNAs not only
inhibit translation but also destabilize its target mMRNA [15,16].

Complementarity of the 5’ region of a miRNA, from nucleotide positions 2—7, termed the
‘seed region” with the 3' UTR of the corresponding mRNA is thought to confer much of the
target recognition specificity [17]. However, since miRNASs are conserved throughout more
than the whole length of the mature miRNA, it is likely that the remainder of the miRNA
(mismatch tolerant region) may also play a role in target specificity. A number of
bioinformatics tools with varying algorithms are available for mammalian target prediction,
including TargetScan, miRanda, Pic Tar and DIANA-micro T [18-21]. Potential targets are
ranked on the basis of several criteria including seed complementarity, degree of
conservation, and multiple binding sites in the 3' UTR region. However, each miRNA target
prediction method is expected to have a sizable rate of both false-positive and false-negative
predictions, therefore, experimental validation is of utmost importance for confirmation of
target genes.

Expression profiles of miRNAs in experimental & clinical heart failure

The expression profile of the miRNAs failing myocardium have been explored in numerous
studies performed by microarray in various well-established murine models of cardiac
hypertrophy, including thoracic aortic constriction (TAC) [4,22-24], coronary artery
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ligation, ischemia-reperfusion [25,26], calcineurin overexpression [4] and Akt
overexpression [27], as well as myocardial samples obtained from patients with
cardiomyopathy compared with nonfailing controls [4,28-32]. Several points merit
consideration before interpretation of the results of these studies. First, it should be noted
that the expression analysis has been carried out on an evolving microarray platform and
limited by identification of miRNAs with only known sequences. In this regard, next-
generation high-throughput miRNA sequencing may allow for discovery and experimental
validation of novel or predicted miRNAs with higher sensitivity and specificity, as this
technology comes into broader application [33,34]. Second, human heart failure studies of
miRNA expression are limited by the lack of standardized protocols, small number of
subjects and high degree of variability between groups. In addition, differential expression
of particular miRNAs should not always be attributed to cardiomyocytes since other
myocardial cell types such as fibroblasts, endothelial cells and inflammatory cells may
contribute to the altered levels of miRNAs. This is particularly important given the fact that
the majority of these studies performed miRNA profiling on myocardial tissue rather than
specific cell types.

The first report of miRNA profiling in human heart failure was performed by Thum and
colleagues who compared expression levels of miRNAs from nonfailing, failing and fetal
human hearts [32]. They have demonstrated a remarkable overlap of miRNA profiles
(85.5% concordance) of the failing and fetal myocardial samples, suggesting that a fetal
miRNA profile may also exist and is reactivated in response to myocardial stress and
potentially contribute to the reactivation of the fetal gene program during cardiac
remodeling. A larger study performed by Ikeda et al. analyzed miRNA expression patterns
in myocardial samples from patients with ischemic cardiomyopathy, idiopathic
cardiomyopathy and aortic stenosis [31]. Interestingly, using a supervised learning
technology, the authors found that miRNA expression profiles correctly grouped subjects by
their etiology with an accuracy rate approaching 70%. Sucharov and colleagues have
examined myocardial miRNA profiling in patients with ischemic and idiopathic
cardiomyopathy compared with nonfailing controls [30]. They demonstrated that the
majority of differentially regulated miRNAs (66.7%) were expressed in either ischemic or
idiopathic cardiomyopathy patients. Taken together, these results suggest presence of a
distinct myocardial miRNA signature in different etiologies of heart failure as a powerful
diagnostic tool. More recently, Matkovich et. al. have examined miRNA profiling in
patients with heart failure before and after hemodynamic unloading with left ventricular
assist devices [28]. Interestingly, they found that 20 of the 28 (71.4%) of the differentially
regulated heart failure miRNAs were normalized following left ventricular assist devices
support compared with 29 of the 444 (6.5%) differentially regulated mRNAs, suggesting
that miRNAs may serve as a marker of myocardial recovery in patients with advanced heart
failure.

In an attempt to summarize expression profiles of miRNAs in experimental models of heart
failure comparatively with human heart failure, we have generated a 2D graphical map
(Figure 3) similar to conventional heat maps generated for gene-expression studies. In this
map, each column represents a particular study and each row represents a particular miRNA
or miRNA family that is significantly regulated in at least two independent studies.
Upregulated miRNAs are depicted in red whereas downregulated miRNAs are depicted in
green. miRNAs with no significant changes are uncolored. Unlike a conventional heat map,
the color intensity of the miRNAs was not adjusted to reflect the magnitude of change in
miRNA expression (i.e., fold change). Evaluation of this heat map reveals a high level of
concordance between experimental and human heart failure with 43 out of 62 (69.3%)
miRNAS being expressed in both murine and human disease states. Indeed, seven miRNAs
or miRNA families (let-7 family, miR-15 family, miR-23a,b, miR-24, miR-125a,b,
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miR-199a-5p and miR-214) were found to be predominantly upregulated in at least four
independent studies (two experimental and two human heart failure studies) suggesting that
changes in miRNA expression patterns in experimental models may provide further insight
into our understanding of left ventricle (LV) remodeling in human heart failure.
Interestingly, the expression profile of miRNAs with decreased expression was far less
concordant in experimental models and human heart failure samples. Indeed, there were
only two miRNA families (the miR-17 and miR-30 family) that were downregulated in at
least four independent studies (two experimental and two human heart failure studies).
Analytic approaches such as the depicted heat map may function as a tool for generating
hypotheses with respect to exploration of potential roles of specific miRNAs in the
development and progression of heart failure.

To better understand how miRNAs may play a role in left ventricular remodeling process, it
is useful to recognize that adverse cardiac remodeling represents collective changes in the
biology of the cardiac myocyte, the volume of myocyte and non-myocyte components of the
myocardium, as well as in the geometry and architecture of the LV chamber (Box 1). Each
of these various components of the remodeling process may contribute independently to the
progression of heart failure.

Box 1
Overview of left ventricular remodeling

Alterations in myocyte biology
= Changes in excitation contraction coupling

= o-myosin heavy chain (fetal) gene expression
= B-adrenergic receptor desensitization

= Hypertrophy with loss of myofilaments

= Loss of cytoskeletal proteins

Myocardial changes
= Myocyte loss

— Necrosis

— Apoptosis

— Autophagy
= Alterations in extracellular matrix

— Matrix degradation

— Replacement fibrosis

— Impaired angiogenesis

Alterations in left ventricular chamber geometry

= Left ventricular dilation
= Increased left ventricular wall stress
= Mitral valve incompetence

= Wall thinning with afterload mismatch
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miRNAs involved in cardiac myocyte hypertrophy

miR-1

miR-133

In both animal models and the human heart, it is generally held that changes in the biology
of the cardiac myocyte are the primary initiating events that lead to cardiac remodeling [35],
although it should be noted that cardiac remodeling can occur in the absence of myocyte
dysfunction in some experimental models [36,37]. One of the principal changes that occurs
in the biology of the failing cardiac myocyte is an increase in cell size (hypertrophy). Based
on the extant literature, there is evidence that various miRNAs control and/or modulate key
components of the hypertrophic process in cardiac myocytes, and are reviewed below.

miR-1 is a muscle specific miRNA that is expressed from bicistronic units with members of
the miR-133 family. The vertebrate genome contains two distinct loci for the miR-1/
miR-133 cluster producing identical mature miRNA sequences (miR-1-1 and miR-1-2).
Cardiac expression of miR-1 is regulated by serum response factor transcription factor [5].
During cardiogenesis, miR-1 levels are suppressed whereas its target, Hand2, a transcription
factor that promotes cardiac myocyte proliferation, is expressed at high levels. As the heart
develops, miR-1 levels increase and Hand2 protein levels decrease as the cardiac myocytes
exit the cell cycle and differentiate into mature cardiac myocytes [5]. Zhao et al. have
demonstrated that targeted deletion of a single copy of miR-1 (miR-1-2) resulted in
increased late embryonic/postnatal mortality mainly secondary to ventricular septal defects
[2]. In addition to its crucial role in cardiac development, a number of studies suggest a
potential role of miR-1 in cardiac myocyte hypertrophy. Sayed and colleagues demonstrated
that cardiac expression of miR-1 was downregulated as early as 1 day and 7 days after TAC
[22]. Care et al. also demonstrated reduced expression of miR-1 (along with miR-133) in
three different models of hypertrophy namely TAC, Akt overexpression, and exercise-
induced hypertrophy [27]. In a recent study by Ikeda and colleagues, adenoviral
overexpression of miR-1 in neonatal rat ventricular cardiomyocytes abolished endothelin-1-
induced cardiac myocyte hypertrophy and attenuated endothelin-1-induced expression of
fetal genes (NPPA, NPPB and ACTAL), likely via negative regulation of calmodulin,
MEF2A and GATA4, key components of calcium signaling pathways necessary for
induction of cardiomyocyte hypertrophy [38]. IGF signaling pathway — a key regulator of
cardiac myocyte growth and differentiation — was shown to be regulated by miR-1 through
translational repression of IGF1 and IGF1R proteins as a potential mechanism of miR-1 for
the development of cardiac hypertrophy [39]. The role of miR-1 in the development and
progression of human heart failure is still unclear. Some studies report the downregulation
of miR-1 levels in the failing heart whereas others report the opposite (Figure 3); therefore,
future studies are warranted to explore the role of miR-1 in the development of cardiac
hypertrophy.

The miR-133 family consists of three members, miR-133a-1, miR-133a-2 and miR-133b,
each of which are cotranscribed from bicistronic units with miR-1-2, miR-1-1 and
miR-206, respectively. miR-133a-1 and miR-133a-2 are expressed in cardiac and skeletal
muscle whereas miR-133b is only expressed in skeletal muscle. Care et al. demonstrated
that miR-133 expression levels were downregulated in myocardium in three different
models of cardiac hypertrophy namely TAC, Akt overexpression and exercise-induced
hypertrophy [27]. In this study, adenoviral overexpression of miR-133 resulted in
attenuation of hypertrophic growth and fetal gene expression in phenylephrine or
endothelin-1-treated neonatal cardiac myocytes. Moreover, partial in vivo knockdown of
miR-133 in mice using specific O-methyl modified, so called, antagomiRs was sufficient to
induce hypertrophy at least in part through regulation of RHOA and CDCA42 protein levels
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through translational repression, suggesting an active role for miR-133 in the inhibition of
cardiac hypertrophy [27]. By contrast, Liu and colleagues demonstrated that genetic ablation
of either miR-133a gene in mice led to a normal cardiac phenotype at baseline and after
TAC despite an approximate 50% decrease in miR-133a levels in the heart [40]. It is not
clear why genetic deletion of miR-133 and knockdown with antagomiRs provoke different
effects; however, transient versus long-term decrease in miR levels may have different
effects on the target mMRNA regulation. In a study by Matkovich et al. mice overexpressing
miR-133a using an a-myosin superimposition of a heavy chain promoter had no effect on
cardiac hypertrophy at baseline or following pressure overload. Moreover, as seen in Figure
3, the majority of studies from human heart failure failed to show differential regulation of
miR-133a levels [41]. Therefore, further studies are required to determine whether
modulation of miR-133 levels would be an interesting therapeutic target in heart failure.

miR-21 is one of the few miRNAs which demonstrate a consistent pattern of upregulation in
the failing myocardium (Figure 3). miR-21 is also highly expressed in various types of
cancer tissues and cell lines, suggesting a common feature of miR-21 in stress response and
pathological cell growth [42]. However, the exact role of miR-21 in development of cardiac
hypertrophy remains controversial. Knockdown of miR-21 using an antisense
oligonucleotide was shown to be sufficient to attenuate phenylyephrine or angiotensin-I1
induced cell growth and protein synthesis in cultured neonatal cardiac myocytes [23]. By
contrast, a different group of investigators demonstrated that knockdown of miR-21 using
locked nucleic acid modified antisense oligonuclotide caused increased cardiomyocyte size
and induction of hypertrophic gene markers such as ANF and skeletal muscle a-actin [24].
The reasons for this discrepancy remains unclear, however, it may be partially related to
differences in the chemical structure of knockdown probes used to modulate miR-21 levels.
A carefully designed study by Thum and colleagues revealed that miR-21 is predominantly
expressed in cardiac fibroblasts, not cardiomyocytes [43]. Moreover, expression levels of
miR-21 in isolated cardiomyocytes did not change in the failing verses nonfailing hearts,
suggesting a limited role of miR-21 in cardiomyocytes. Therefore, the change in miR-21
levels in the failing myocardium could be primarily related to an increase in fibroblast cell
number or activity rather than changes in cardiomyocyte function. To date, miR-21 has no
validated gene targets that are directly related to cardiac myocyte hypertrophy. Accordingly,
future studies are needed to investigate effects of miR-21 on cardiac hypertrophy.

There are two miR-23 genes (miR-23a and miR-23b) that differ by only one nucleotide in the
mature strand. Both miR-23 genes are clustered with miR-24 and miR-27 genes suggesting
that these miRNAs may be transcribed together. Lin and colleagues reported that all three
members of this cluster (miR-23a, miR-24 and miR-27a) were upregulated in cardiac
myocytes upon isoproterenol or aldosterone stimulation; however, only knockdown of
miR-23a by a specific antagomiR, not miR-24 or miR-274a, attenuated isoproterenol or
aldosterone-induced hypertrophic response [44]. Moreover, in vivo knockdown of miR-23a
via an antagomiR was shown to inhibit isoproteronol induced hypertrophy, decrease the
HW:BW ratio, and decrease fetal gene expression in a mouse model of heart failure. The
authors demonstrated that NFATC3 could directly active miR-23a expression through
transcriptional machinery and MURF-1, an antihypertrophic protein, is a direct target of
miR-23a as a potential mechanism of prohypertrophic effects of miR-23a [44].
Overexpression of miR-24 under the a-MHC promoter caused embryonal lethality
suggesting a role of miR-24 in development [4].
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Other candidate miRs involved in cardiac myocyte hypertrophy

Through miRNA microarray profiling of TAC and calcineurin overexpressing models of
cardiac hypertrophy, van Rooij et al. identified seven miRNAs that were upregulated and
four miRNAs that were downregulated in both models. Six of the upregulated miRNAs
(miR-23a, 23b, 24, 195, 199a and 214) were shown to provoke cardiac myocyte hypertrophy
when transfected into neonatal cardiac myocytes, whereas two downregulated miRNAs
(miR-150 and -181b) caused a reduction in myocyte size [4]. The authors demonstrated that
cardiac restricted overexpresion of miR-195 initially induced cardiac growth with presence
of severe myocyte disorganization on histologic examination, and followed by progression
into a dilated cardiac hypertrophic phenotype by 6 weeks of age. However, the molecular
mechanisms for the induction of cardiac hypertrophy in miR-195 overexpressing mice
remain unknown. miR-195 is a member of the miR-15 gene family (miR-15a, 15b, 16, 195,
427 and 497) and is clustered with miR-497. As seen in Figure 3, members of miR-15 family
are consistently upregulated across mouse models of heart failure, as well as human heart
failure, suggesting that members of this family may play an important role in cardiac
hypertrophy. In a recent study by Wang et al., upregulation of miR-9 was shown to attenuate
cardiac hypertrophy and ameliorate cardiac function in a mouse model of isoproterenol
infusion [45]. This effect was mediated at least in part through downregulation of myocardin
expression by direct targeting of miR-9. Since miR-9 is not differentially expressed in
human heart failure (heat map), additional studies are required to investigate its potential
role in cardiac hypertrophy.

miRNAs involved in excitation—contraction coupling

miR-208

Excitation—contraction coupling refers to the cascade of biological events that begins with
cardiac action potential and ends with myocyte contraction and relaxation. Classic studies
from explanted failing hearts have shown that patients with end-stage heart failure exhibit
decreased contractility and impaired relaxation, which is believed to be secondary to
changes in the abundance and/or phosphorylation state of critical calcium (Ca2*) regulatory
proteins that are thought to play an important role in crossbridge activation and relaxation.

An additional defect in myocyte function in hypertrophy and heart failure is thought to occur
secondary to changes in the actin and myosin myofibrillar crossbridges. Indeed, early
studies showed that myofibrillar ATPase was reduced in the hearts of patients who died of
heart failure and that these abnormalities in ATPase activity could be explained by an
isoform switch from a-MHC, which hydrolyzes ATP rapidly and is expressed in the adult
heart, to B-MHC, which hydrolyzes more slowly and is expressed in the fetal heart. Whereas
a-MHC accounts for approximately 33% of MHC mRNA in normal human myocardium,
the abundance of a-MHC mRNA decreases to approximately 2% in the failing heart [46].
Given the aforementioned link between expression levels of miRNAs and the development
of cardiac myocyte hypertrophy, it is logical to consider that miRNAs might also regulate
the Ca?* regulatory proteins involved in excitation — contraction coupling that are
downregulated in cardiac hypertrophy.

The genome contains of two copies of miR-208 gene (miR-208a and miR-208b), which share
the same seed sequence but differ at three nucleotides in their 3’ region. miR-208a and
miR-208b are of unique importance to cardiac function as these genes are encoded by
introns of a-MHC and B-MHC genes, respectively. The cardiac specific miR-208a, encoded
by an intron of the a-MHC gene, is coordinately regulated with the a-MHC gene. van Rooij
and colleagues showed that mice deficient for miR-208a(~/~) had a normal cardiac
phenotype up to 20 weeks of age; however, these mice had a blunted hypertrophic response,
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decreased myocardial fibrosis following TAC [3]. In addition, miR-208a~/~ mice did not
express B-MHC in response to TAC suggesting that miR-208a may regulate the induction of
B-MHC expression on cardiac stress. Callis et al. demonstrated that cardiac restricted
overexpression of miR-208a was sufficient to induce hypertrophic growth in mice and
upregulate expression levels of B-MHC and miR-208b [47]. Interestingly, B-MHC
upregulation was restricted to areas of myocardial fibrosis. Regulation of cardiomyocyte
growth by miR-208a might be at least in part due to the repression of thyroid hormone
receptor-associated protein 1 and myostatin 2, negative regulators of muscle hypertrophy
[3,47]. Even though protective in the short-term, long-term depletion of miR-208a led to
decreased contractility [3] and abnormalities in cardiac conduction system causing atrial
fibrillation, in part through dysregulation of cardiac transcription factors, such as
homeodomain-only protein and GATAA4, and the gap junction protein connexin 40 [47].
Taken together, these observations suggest that miR-208 is required for the development of
cardiac hypertrophy and myocardial fibrosis and that miR-208 is a positive regulator of a-
MHC gene expression.

miRNAs involved in regulating the cytoskeleton

The cytoskeleton of cardiac myocytes consists of actin, the intermediate filament desmin,
the sarcomeric protein titin, and a- and p-tubulin, which form the microtubules by
polymerization. Vinculin, talin, dystrophin and spectrin represent a separate group of
membrane-associated cytoskeletal proteins. Disruption of cytoskeletal and/or membrane
associated proteins has been implicated in the pathogenesis of heart failure in numerous
studies. Indeed, the loss of integrity of the cytoskeleton, with a resultant loss of linkage of
the sarcomere to the sarcolemma and extracellular matrix (ECM) would be expected to lead
to contractile dysfunction at the myocyte level, as well as at the myocardial level. At
present, there is limited evidence that miRNAs are involved in regulating the cytoskeleton;
insofar as relatively few studies have examined these targets.

miR-1 & miR-133

As noted above, the decreased expression of miR-1 and miR-133 allows for the increased
expression of growth related genes that are responsible for cardiac hypertrophy. Adenoviral-
mediated overexpression of miR-1 suppressed sarcomeric a-actin organization that is
normally observed in serum-deprived neonatal cardiac myocytes. The effects of miR-1 on
cytoskeletal reorganization were also thought to be responsible for the inhibition of
endothelin-induced cell spreading in neonatal myocytes [22]. Similarly, adenoviral
transfection with miR-133 inhibited the reorganization of the actin myofilaments observed
in hypertrophic growth of cardiac myocytes [27]. Two validated gene targets of miR-133 are
RHOA and CDC42, a fact that is of interest insofar members of the Rho family of GTP
binding proteins are involved in myofibrillar rearrangement and are, therefore, important for
cell motility and contractility. miR-1 also targets a number of cytoskeletal-related proteins,
including microtubule-related proteins, kinectins, actin binding proteins and cadherins. The
significance of the aforementioned miRNA-induced changes in the cytoskeleton vis-a-vis
the biology of the failing myocyte remains to be determined.

miRNAs involved in myocardial alterations in the failing heart

The alterations that occur in failing myocardium may be categorized broadly into those that
affect the number of cardiac myocytes, as well as those changes that occur in the volume
and composition of the ECM (Box 1). With respect to the changes that occur in cardiac
myocyte component of the myocardium, there is increasing evidence that suggests that
progressive myocyte loss, through necrotic, apoptotic or autophagic cell death pathways,
may contribute to progressive cardiac dysfunction and LV remodeling.
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miRNAs involved in regulating cell fate

miR-21

Progressive myocyte loss secondary to apoptosis occurs in failing hearts and contributes to
progressive cardiac dysfunction and LV remodeling. Apoptosis requires activation of
phylogenetically conserved ensemble of proteins belonging to the extrinsic (death receptor
mediated) or intrinsic (mitochondrial) pathways that ultimately lead to activation of
executioner caspases and myocyte loss. The extensive synergistic regulation of proand
antiapoptotic proteins in response to stress signals raises the possibility that miRs may be
involved in regulating programmed cell death.

As discussed earlier, miR-21 is upregulated in various types of cancers, and based on its in
silico predicted proapoptotic gene targets, has been proposed as a potential antiapoptotic
miRNA. Cheng and colleagues showed that miR-21 is upregulated in cultured cardiac
myocytes upon exposure to hydrogen peroxide (H,05,), and that modulating miR-21 levels
by antisense oligonucleotide knockdown probes led to an increase in H,O»-induced cell-
death suggesting a protective role of miR-21 on apoptosis at least in part through targeting
PCDC4 protein [48]. As shown in Figure 3, miR-21 is consistently upregulated in heart
failure which may represent a prosurvival stress response in response to hemodynamic
pressure overload.

miR-1 & miR-133

miR-199a

miR-320

Even though miR-1 and miR-133 have similar effects on myocyte proliferation,
differentiation and cytoskeletal organization; increasing lines of evidence suggest that these
miRNAs have opposite roles with respect to regulating cell fate. Xu and colleagues
demonstrated that overexpression of miR-1 in HIC2 cell line induced significant apoptotic
cell death, which was largely prevented by cotransfection of miR-1 and miR-133 indicating
an antiapoptotic effect of miR-133 [49]. Similar effects on oxidative stress induced
apoptosis were observed in H,O,-treated H9C2 cells, where miR-1 and miR-133 had
promoting and inhibitory effects on cell death, respectively. HSP60 and HSP70 were
identified and validated as miR-1 targets whereas caspase 9 was confirmed as a miR-133
target as a potential contributing mechanism of their opposing effects on cell fate.

The miR-199 family has three members, miR-199a-1, miR-199a-2 and miR-199b, which are
encoded by the antisense strand of an intron of the dynamin gene (DNM2, DNM3 and
DNMZ1, respectively). Care et al. recently reported that mature miR-199a was rapidly
reduced to undetectable levels during cardiac ischemia, and that this reduction was
necessary for induction of hypoxia-induced apoptotic gene program at least in part through
derepression of HIF1A, an important transcription factor for the induction of gene
expression in hypoxic conditions [50]. In addition to targeting HIF1A, downregulation of
miR-199a derepressed Sirtuin 1 in cardiac ischemia, which in turn contributed to the
accumulation of HIF1A protein, suggesting that miR-199a downregulation has an important
role in hypoxia-induced cell death. miR-199a appears to be upregulated in various models of
heart failure (Figure 3). Moreover, transfection of miR-199a in cardiac myocytes results in a
hypertrophic phenotype [4]. However, the mechanisms for these effects remain unknown at
this time.

Ren and colleagues demonstrated that miR-320 expression was downregulated in both in
vivo and ex vivo models of ischemia-reperfusion (I/R) injury [51]. Overexpression of
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miR-320 enhanced cell death and apoptosis in cultured adult rat cardiomyocytes on
simulated I/R, whereas knockdown was found to be cytoprotective. Transgenic mice with
cardiac-specific overexpression of miR-320 revealed increased apoptosis and infarction
sizes after in vivo and ex vivo I/R injury compared with the wild-type controls, whereas in
vivo treatment with antagomiR-320 reduced infarction size relative to the administration of
mutant antagomiR-320 and saline controls, which was in part mediated by regulation of
target protein HSP20. Therefore, targeting miR-320 may represent an alternative approach
to attenuate myocardial I/R injury.

mMiRNAs involved in regulating the ECM

miR-29

miR-21

Changes within the ECM constitute the second important myocardial adaptation that occurs
during cardiac remodeling. The myocardial ECM consists of a basement membrane, a
fibrillar collagen network that surrounds myocytes, proteoglycans and glycosaminoglycans,
and biologically active signaling molecules. Important changes occur in the ECM during
cardiac remodeling, including changes in fibrillar collagen synthesis and degradation, as
well as changes in the degree of collagen crosslinking. One of the histological signatures of
advancing heart failure is the progressive increase in collagen content of the heart
(myocardial fibrosis). The increased fibrous tissue would be expected to lead to increased
myocardial stiffness, which would theoretically result in decreased myocardial shortening
for a given degree of afterload. In addition, myocardial fibrosis may provide the structural
substrate for atrial and ventricular arrhythmias, thus potentially contributing to sudden death.

The miR-29 family has three members (miR-29a, -29b and -29c), which are transcribed
from two bicistronic miRNA clusters. van Rooij et al. found that members of miR-29 family
were downregulated after murine myocardial infarction (M), particularly in the borderzone.
Interestingly, miR-29 family has a high number of targets related to myocardial fibrosis,
including collagens, fibrillins and elastin. Knockdown of miR-29 in vivo using an
antagomiR approach induced myocardial collagen deposition, whereas overexpression of
miR-29 in isolated fibroblasts using a miR-mimic resulted in reduction in collagen gene
expression [25]. Similarly, Divakaran and colleagues demonstrated that miR-25 and
miR-29a were differentially regulated in SMAD3- mice, which demonstrated increased
myocardial fibrosis after transaortic constriction compared with wild-type mice [52].
Interestingly, transfection of either miR-29a or miR-25 into primary cardiac fibroblasts
resulted in a significant decrease in collagen gene expression, suggesting that collagen genes
are targeted by these miRNAs. Taken together, these studies suggest that pharmacological
manipulation of the miR-29 family can modulate the myocardial fibrosis that is observed in
the failing myocardium.

As discussed earlier, miR-21 is predominantly expressed in cardiac fibroblasts and is
upregulated in various models of heart failure (Figure 3). Thum et al. demonstrated that
miR-21 levels are increased selectively in fibroblasts of the failing heart, augmenting ERK-
MAP kinase activity through inhibition of sprouty homologue 1, thereby increasing
fibroblast survival and fibrosis [43]. In vivo knockdown of miR-21 with specific antagomiR
resulted in attenuation of interstitial fibrosis and cardiac remodeling in mice following TAC.
Interestingly, miR-21 was upregulated in the fibroblast enriched borderzone region
following M1 [25,26] and was shown to increase MMP-2 activation at least in part through
targeting PTEN [26].
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Liu and colleagues demonstrated that genetic deletion of both copies of miR-133a leads to
extensive fibrosis and to a dilated cardiomyopathic phenotype suggesting that miR-133a can
be a negative regulator of cardiac fibrosis [40]. Consistent with this finding, Duisters et al.
demonstrated that knockdown of miR-133a in cultured cardiac myocytes and fibroblasts
caused an increase in target CTGF, and indeed CTGF was validated as a direct target of
miR-133a as potential mechanism for its antifibrotic effect on myocardium [53]. Similarly,
mice with cardiac overexpression of miR-133a under the a-MHC promoter were protected
from myocardial fibrosis after transaortic constriction [41]. Interestingly, CTGF mRNA
levels were increased more than twofold in miR-133a transgenic hearts, suggesting presence
of an alternative mechanism for the antifibrotic effects of miR-133a overexpression in
myocardium.

As noted earlier, van Rooij and colleagues have shown that miR-208, a cardiac-specific
miRNA encoded within an intron of the a-MHC gene, is required for cardiac fibrosis in
response to hemodynamic pressure overload. Indeed, miR-208 deficient mice were resistant
to developing fibrosis following TAC [3]. Similarly, myocardial fibrosis was significantly
attenuated when heart failure mice with cardiac restricted overexpression of calcineurin was
cross bred with miR-208 deficient mice [3]. Thus, miR-208 appears to be required for the
development of cardiac fibrosis; however, the mechanisms for this effect remain currently
unknown.

mMiRNAs involved in electrophysiological alterations

In addition to cardiac remodeling and neurohormonal activation, there are important changes
in ion channel function and expression in the failing heart that lead to alterations in the
electric phenotype of both atrial and ventricular myocytes. This “electrophysiological
remodeling’ renders the heart more vulnerable to ventricular arrhythmias that underlie
sudden cardiac death. Although the exact role of miRNAs in the development of atrial and
ventricular arrhythmias in the setting of clinical heart failure is unknown, the experimental
literature suggests that cardiac specific miRNAs are sufficient to provoke cardiac
arrhythmias.

miR-1 & miR-133

It has been suggested that the pacemaker current (If) carried by hyperpolarization activated
channels encoded by HCN2 and HCN4 genes plays an important role in cardiac
automaticity, and that increased activity of these channels contributes to the risk of
arrhythmias under pathological conditions such as cardiac hypertrophy [54]. Interestingly,
HCN2 was experimentally validated as a target for both miR-1 and miR-133, and HCN4 was
established as a target for miR-1 only. Moreover, co-transfection of miR-1 and miR-133 was
shown to abrogate angiotensin ll-induced upregulation of HCN2 and HCN4 protein levels in
cultured ventricular myocytes, suggesting that downregulation of miR-1 and miR-133 can
induce arrhythmias in myocardium [55]. Zhao and colleagues reported that mice with
genetic deletion of miR-1-2 exhibited abnormal cardiac electrical activity, including
bradycardia, shortened PR interval, widened QRS complexes associated with increased
mortality. The ECG abnormalities were in partially attributed to upregulation of iroquois
family transcription factor 5, which is a confirmed target for miR-1 and a negative
transcriptional regulator of KCND2 gene (Kv 4.2 channel) and important for cardiac
repolarization [2]. By contrast, Yang et al. demonstrated that overexpression of miR-1
exacerbated arythmogenesis in both normal and post-MI myocardium at least in part by
post-transcriptionally repressing KCNJ2 (which encodes the K* channel subunit Kir2.1) and
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GJA1 (which encodes connexin 43), suggesting a proarrhythmic effect of miR-1 in the post-
MI setting [1]. In addition to modulating cardiac conduction and repolarization current,
adenoviral overexpression of miR-1 in cardiac myocytes was shown to induce spontaneous
arrhythmogenic oscillations of intracellular Ca%* in presence of isoproterenol [56]. This was
mediated in part through a decrease in expression of the protein phosphatase, PP2A
regulatory subunit B560, a miR-1 target leading to hyperphosphorylation of .-type Ca2*
channels as well as RYR2. A recent study by Matkovich and colleagues showed mice with
cardiac restricted overexpression of miR-133a had a prolonged QT interval on ECG surface
and prolonged action potential in isolated ventricular myocytes compared with wild-type
controls [41]. Interestingly, miR-133a overexpression induced K* channel remodeling in the
myocardium, and was associated with a reduction in TAC associated decrease in Ito,f
current partially through downregulation of KCNIP2 gene that encodes the Ito,f channel
accessory subunit KCh1P2 [41].

Role of miRNAs in personalized heart failure therapy

As reviewed in the preceding discussion, growing lines of evidence suggest that miRNAs
contribute to adverse/pathological cardiac remodeling through regulating expression of
genes or gene networks that drive the so-called ‘heart failure phenotype’ (Figure 4).
Therefore, it is tempting to speculate that miRNAs, acting singly or in combination, may be
responsible for modulating the transition from adaptive to pathological cardiac remodeling.
Although predicting the success of future therapeutic strategies in the field of heart failure is
fraught with difficulty, one can envision that miRNA biology may contribute to
management of heart failure through multiple different applications.

Potential of miRs as diagnostic & prognostic markers in heart failure

Ikeda and colleagues have first reported that myocardial miRNA expression profiles
segregated the patients by the etiology of heart failure (ischemic vs idiopathic vs aortic
stenosis) with 100% accuracy, using a discriminant analyis technique, suggesting that each
form of heart failure is characterized by a distinct miRNA expression profile [32]. A major
limitation to clinical application of this approach is the need for an invasive procedure to
obtain myocardial samples. Recent evidence suggest that endogenous circulating miRs,
which are remarkably stable and are protected from endogenous RNAse activity may serve
as biomarkers of cardiovascular disease [57,58]. Indeed, Tijsen et al. demonstrated that
miR-423-5p was enriched in serum of patients with heart failure and significantly correlated
with circulating brain natriuretic peptide levels as well as left ventricular ejection fraction;
however, the source and mechanism of increased circulating miR-423-5p levels in patients
with heart failure is unknown [58].

Two studies have examined miR expression in patients with mechanical circulatory support.
Through microarray profiling, Matkovich and colleagues showed that 28 different miRs that
were significantly altered in heart failure group was near normalized in the post-treatment
left ventricular assist device group [28]. Another study using RT-PCR, demonstrated a
decrease in miR-1, miR-133a, and miR-133b levels following mechanical support in patients
with dilated cardiomyopathy, whereas an opposite trend was noted in patients with ischemic
cardiomyopathy [59]. Taken together, these studies suggest that unique patterns of miRNA
expression may provide fingerprints that may serve as molecular biomarkers for the
diagnosis, prognosis of disease, and prediction of therapeutic response in patients with heart
failure.

Per Med. Author manuscript; available in PMC 2011 July 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Topkara and Mann

Page 13

Potential of miRs as therapeutic targets in heart failure

In addition to their utility as markers of diagnosis and disease progression, miRNAs are
emerging as potential therapeutic targets in the treatment of heart failure. Modulation of
cardiac miRNA expression can be achieved through a number of pharmacological
interventions, including antisense oligonucleotide mediated (anti-miR) knock-down and
miR-mimic mediated overexpression techniques. One of the potential advantages of mMiRNA
based therapies over conventional therapeutics used in the treatment of heart failure would
be the ability to modulate multiple target genes or networks related to cardiac remodeling
process. In this regard, it is important to note that since miRNAs typically act as negative
regulators of gene expression, overexpressing a miRNA through miR-mimics would
downregulate its target genes, whereas inhibiting a miRNA through antimiR knockdown
approach would relieve the inhibition of genes that are normally targeted by the miRNA.

AntimiRs are antisense oligonucleotides with the reverse complementarity sequence of the
mature target miRNA. Upon cellular uptake, antimiRs bind to target miR and reduce its
activity. Since native nucleic acids are rapidly degraded by the enzymatic activity in
biological environments, various chemical modifications have been proposed to enhance
their stability, cellular uptake, and inhibitory action on the target miRNA. Krutzfeld and
colleagues reported on the first mammalian miRNA knockdown using cholesterol
conjugated, ‘antagomiRs’, to inhibit a liver specific miRNA (miR-122), which caused
upregulation of genes in cholesterol biosynthesis and a reduction of serum cholesterol levels
[60]. The utility of antagomiRs in preventing and/or reversing various components of
adverse/pathological cardiac remodeling has been demonstrated in a number of animal
studies [25,27,43,44]. Alternative modification techniques such as 2'-O-methoxyethy!|
phosphorothioate substitution and use of locked nucleic acid chemistry were shown to
effectively knockdown target miRNA levels, and the use of locked nucleic acid technology
is currently under investigation in the first clinical human trial [61,62].

In situations in which an increase in the activity of a specific miRNA is desired, the use of
miR-mimics has been used to achieve elevated cellular concentrations of given miRNA. A
miR-mimic is a double stranded oligonucleotide that involves the mature miRNA sequence
(quide strand), as well as a complementary passenger strand, which is required for the
efficient recognition and loading of the guide strand into the RNA-induced silencing
complex. Whereas miR-mimics have been used in vitro to decrease the expression of target
MRNAs, their efficacy has not yet been tested in vivo. Since miR-mimics function as mature
miRNAs, they cannot be modified or stabilized like anti-miRs, requiring a much higher
dosing, which would in turn increase their potential risk for side effects. However, the
feasibility of the RNA interference technique through the use of cardiotropic adeno-
associated virus carrying short hairpin RNAs has been demonstrated, suggesting that a
strategy that targets select MRNAs may be effective in vivo. For example, Suckau and
colleagues showed that delivery of short hairpin RNAs targeting phospholamban reduced
phosholamban levels and significantly improved cardiac function without apparent toxicity
in rats undergoing transaortic constriction [63]. Therefore, the use of miR-mimics may
represent an attractive approach of enhancing myocardial miRNA levels for those that are
downregulated in the failing heart.

Even though a number of studies discussed in this article demonstrate that miRNA-based
therapies hold promise for the treatment of heart failure, there are several limitations to
overcome before this technology can be safely and successfully applied in clinical medicine.
First, given that a single mMiRNA may regulate expression of hundreds or thousands of
genes, modulation of a miRNA of interest can lead to unintended side effects through
regulation of the remaining as well as unknown target mMRNAs with pathological
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consequences. Second, pharmacokinetics, biodistribution and tissue penetration of miRNA
based therapies needs to be improved through molecular modifications to optimize tissue
specificity. Alternatively, catheter-based miRNA-based delivery techniques including
intramyocardial injection as well as transcoronary infusion may serve as an alternative
attractive to intravenous application in patients with heart failure.

MiRNA polymorphisms & potential implications for heart failure
pharmogenomics

Given the pivotal role of miRNAs in the regulation of gene expression, it is tempting to
speculate that naturally occurring polymorphisms or mutations in miRNA regulatory genes
may have profound effects on mechanisms of disease progression and response to medical
and/or device therapy in patients with heart failure. Polymorphisms in miRNAs encoding
genes may lead to sequence variations in the pri-, pre- or mature miRNASs and profoundly
influence processing and/or target specificity of the effected miRNAs. A recent study
identified a polymorphism in the seed region of miR-125a that significantly inhibited
processing of pri-miRNA to pre-miRNA and attenuated miR-125a mediated translational
suppression of a known target mRNA [64]. In addition to sequence variations in miRNA
encoding genes, polymorphisms effecting 3" UTR of the target mMRNAs may also interfere
with the regulatory function of the miRNA on the target mRNA expression. Using computer
alignment, Martin and colleagues have demonstrated that +1166A/C polymorphism in the
human AT1R, which was previously shown to be associated with cardiovascular disease,
was indeed recognized by a specific miRNA, miR-155 [65]. In the presence of the +1166 C
allele, these authors demonstrated that the ability of miR-155 to interact with 3' UTR of
target AT1R gene was disrupted, resulting in increased expression of AT1R gene and
activation of ERK1/2, as a potential mechanism leading to cardiovascular disease. A
bioinformatics survey of human SNP database by Saunders and colleagues revealed a
relatively low level of variation in functional regions of miRNAs, but an appreciable level of
variation at target sites [66]. Interestingly, the likelihood of a SNP occurring in a miRNA
seed region was less than 1%, suggesting that seed regions are highly conserved from
sequence variation from an evolutionary standpoint. Last, polymorphisms in genes encoding
proteins that are involved in various steps of miRNA transcription, processing, export and
targeting such as RNA polymerase I, Drosha/Pasha, exportin-5, Dicer and the RISC
complex, may have effects on the miRNA function (Figure 5) [67,68]. In this regard, it is
interesting to note that cardiomyocyte specific deletions of Dicer or Dgcr8 cause
development of heart failure in mice [69,70].

Even though our understanding of genetic variations in the miRNA pathways and their
effects on adverse cardiac remodeling processes is very limited, miR polymorphisms have
tremendous potential for clinical application in the diagnosis, prognosis, and treatment of
heart failure patients. For example, certain miR-SNPs may serve as a powerful clinical tool
to assess disease severity and prognosis in patients with heart failure. In addition, miR-SNPs
can be used as predictors of response to medical and/or device therapy based on patient-
specific genetic make-up, which would allow physicians to tailor personalized therapies for
these patients. Therefore, understanding the role and function of miRNA polymorphisms has
a promising future in pharmacogenomics and personalized heart failure therapies.

Future perspective

Since the initial discovery of miRNAs as key regulators of gene expression in mammalian
cells, research in this field has been growing at an exponential rate. Given that a number of
distinct miRNAs and/or miRNA families are differentially regulated in the failing heart, and
an individual miRNA may target thousands of different MRNAs, we are only beginning to
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understand the extent of miRNA function in the pathogenesis of heart failure. Over the next
5-10 years, we anticipate that an increasing number of miRNA-mRNA interactions will be
discovered and significantly contribute to our understanding of basic mechanisms of the
disease process.

From a clinical standpoint, it is expected that serum and/or myocardial miRNA profiling
will serve as biomarkers of disease severity and therapeutic response in patients with heart
failure. In addition, screening for genetic polymorphisms in miRNA-mRNA regulatory
pathways will predict response to medical and device therapies and enable physicians to
tailor personalized therapies for heart failure patients. Advancements in pharmacology and
RNA silencing technology will eventually lead to discovery of cardiac specific miR-based
therapeutics (miR-mimics, antagomiRs and so on) and allow us to modulate cardiac miRNA
levels while minimizing their off-target effects. These agents are expected to be in clinical
use and may further improve outcomes in patients with heart failure in the foreseeable
future.
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Figure 1. Mechanism for miRNA regulation of target mRNA levels

Stress signals (such as hemodynamic overload) activate signal transduction pathways that
lead to either the upregulation or downregulation of specific miRNAS. Stress signals that
increase the expression levels of miRNAs can result in the downregulation of several target
mRNAs through gene silencing or, more commonly, translational blockade of the target
mRNA. Alternatively, a stress-induced decrease in the expression levels of inhibitory
miRNAs can lead to upregulation of previously suppressed target genes. Ultimately, it is the
miRNA-induced pattern of change in gene expression that contributes to the resultant
disease phenotype.

Reproduced with permission from [71].
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Figure 2. miRNA biogenesis and function

The primary transcripts of miRNAs, called pri-miRNAs, are transcribed as individual

~* mRNA degradation
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miRNA genes, from introns of protein-coding genes or from polycistronic transcripts. The

RNase Drosha further processes the pri-miRNA into 70-100 nucleotide-long, hairpin-

shaped precursors, called pre-miRNA, which are exported from the nucleus by exportin-5.

In the cytoplasm, the pre-miRNA is cleaved by Dicer into a miRNA:miRNA* duplex.

Assembled into the RISC, the mature miRNA negatively regulates gene expression by either

translational repression or mRNA degradation, which is dependent on sequence

complementarity between the miRNA and the target mRNA.
ORF: Open reading frame; RISC: RNA-induced silencing complex.

Reproduced with permission from [72].
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Figure 3. miRNA expression profiles in experimental models and human heart failure

miRNA expression data from 11 relevant studies were represented in 16 columns. miRNAs
that were significantly regulated in at least two independent heart failure studies were
included and listed on the left of the heat map. miRNAs that shared the same seed region
(nucleotides 2-8) were combined into families. The family was labeled as regulated if at
least one member was changed. Red color indicates miRs that were significantly
upregulated, green color indicates miRs that were significantly downregulated and yellow
color indicates miR families that include members that were regulated in opposite directions.
The let-7 family includes let-7b to -7j; miR-15 family, miR-15a,b/16/195/424/497; miR-29
family, miR-29a to -29¢; miR-30 family, miR-30a to -30e; and miR-17 family, miR-17-5p/
20a,b/93/106a.

AS: Aortic stenosis; BZ: Borderzone; DCM: Dilated cardiomyopathy; ICM: Ischemic
cardomyopathy; I/R: Ischemia reperfusion; MI: Myocardial infarction; R: Remote; TAC:
Thoracic aortic banding.
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Figure 4. Role of miRNAs in cardiac remodeling process

Candidate miRNAs with suggested roles in the cardiac remodeling process depicted with
respect to their target LV remodeling component.

ECM: Extracellular matrix; LV: Left ventricle.
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Figure 5. miRNA polymorphisms effecting cardiac remodeling

Polymorphisms present in the target mMRNA, pri-miRNA, pre-miRNA, mature miRNA,
Drosha, Dicer, exportin-5RanGTP and in the RISC complex may affect miRNA-mediated
regulation in the cell. The miR-polymorphisms can be present in the form of insertions,
deletions, amplifications or chromosomal translocations, leading to loss or gain of a miRNA
function. Since miRNAs are predicted to regulate target genes that are involved in the
cardiac remodeling process, genetic polymorphisms in miRNA pathways may lead to

adverse left ventricular remodeling.
RISC: RNA-induced silencing complex.
Modified with permission from [68].
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