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Abstract

MicroRNAs (miRNAs) are endogenous small non-coding ribonucleotides that regulate expression
of target genes governing diverse biological functions. Mechanistically, miRNA binding to the
target complimentary sequences on the mRNA results in degradation or inhibition of protein
translation. The short guiding and binding sequence of miRNA allows them to target a large
repertoire of transcripts altering expression of many proteins. These miRNA targets are not
restricted to specific signaling pathways but to a diverse group of transcripts, which harbor the
target complimentary sequence. miRNA targeting of these diverse transcripts result in regulation
of multiple signaling pathways establishing miRNAs as regulators of systems biomolecular
networks. Accumulating evidence shows that miRNAs play an important role in cardiac
development, hypertrophy, and failure, thereby are integral to regulating adaptive and maladaptive
remodeling. Since cardiac remodeling and failure is a complex phenotype, it is apparent that
global biomolecular networks and miRNAs profiles would be altered. Indeed, the miRNA profiles
are varied with different etiologies of heart failure indicating that miRNAs could be the global
regulators. Although the idea of miRNA being global regulators is not new, we believe that the
time is ripe to discuss the role of miRNAs in regulating biomolecular networks. We discuss in the
review, the use of Ingenuity Pathways Analysis algorithms with predicted targets of altered
miRNA in dilated cardiomyopathy to computationally determine the alterations in canonical
functional pathways and to generate biomolecular networks.
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Introduction

The pathophysiology of cardiac dysfunction is a complex phenotype that ensues with
alterations in the cellular signaling with progression of the pathology [1-3]. The phenotype
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is complex in part, due to the dynamic response of the cardiovascular system to diverse
workloads including hemodynamic or neuroendocrine stresses emanating from
hypertension, aortic stenosis, valvular dysfunction, or myocardial infarction. In response to
multiple stresses, the heart undergoes adaptive compensatory remodeling [3-5] that
augments the immediate needs of enhanced workload. Despite being beneficial in the short
run, prolonged adaptive remodeling is deeply deleterious to the myocyte [3]. A growing
body of evidence indicates that multiple signaling pathways are altered upon cardiac insult
suggesting global changes accounting for both the complexity of stresses and the resultant
phenotype [6-8]. Therefore, it is imperative to start understanding global alterations in
cardiac pathology to a myriad of stresses rather than understanding the regulation of
individual genes/proteins in a signaling pathway. It has long been appreciated that global
analysis is key to better understanding the complex pathology of heart failure [9, 10]. In this
regard, only transcription factors have been studied in that realm [11-14] due to its ability to
regulate generation of multiple proteins [12-14]. In-depth studies on transcription factors
regulating cardiac signaling pathways still cannot completely elucidate pathological
manifestations suggesting the presence of other global regulators. miRNA with their ability
to regulate expression of multiple molecules in non-canonical manner could be one of the
global regulators.

MicroRNAs

MicroRNAs (miRNAs) are endogenously expressed 18-25 nucleotide-long non-coding
single-stranded RNA that regulates target gene expression in a sequence-specific manner
[15]. miRNAs are transcribed from DNA as long pre-miRNA transcripts that are processed
into pre-miRNA hairpin by RNase-11l enzyme Drosha [16] and transported out of the
nucleus [15]. The hairpin loops of pre-miRNA are cleaved by ribonuclease Dicer generating
mature double-stranded RNA [16]. Single strand from this mature miRNA is incorporated
into RNA-induced silencing complex (RISC) that enables for interaction with target MRNA
transcripts [15]. miRNAs encoded from the introns of the genes (also referred as mirtrons)
[17, 18] escape the Drosha-mediated cleavage and are thought to be recognized by Dicer
machinery (due to looped spliceosome intermediates) to be processed for loading into the
RISC complex [17].

miRNA-loaded RISC complex is an active site of translational repression. The miRNA-
RISC complex presented correctly leads to partial complementary binding with the mRNAs
3’ untranslated region (UTR) that results in translational repression of the target mRNA [15].
Significantly, the 3’ UTR can be bound by multiple RISC complexes that may in turn bring
about cooperative synergistic repression of the target MRNA. Although the mechanisms of
repression are only partially understood, it is believed that RISC complexes on the 3’ UTR
may alter the structural organization of the mRNA sterically hindering the ribosomal
machinery movement [19, 20]. In addition to translational repression, the RISC-targeted
mMRNAs are also directed towards degradation. More recently, studies have shown that
miRNA may also stimulate transcription [21] thereby, suggesting that more work needs to
be done to dissect the mechanisms by which miRNAs regulate gene expression. Therefore,
alteration in miRNAs leads to changes in gene expression, and the sequence-based
mechanism provides miRNAs with a large arsenal of targets qualifying them as a new
generation of global regulators. Indeed, studies in mouse models from Olson’s group have
shown that alteration in expression of single miRNA notably mimics the complex phenotype
of cardiac hypertrophy and failure [22] indicating that miRNAs may critically regulate
cardiac pathology.
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miRNAs—Cardiac Function/Dysfunction and Heart Failure

From the time miRNAs were first identified to be altered in cardiac disease [22] 5 years ago,
there has been a dramatic increase in the number of studies linking miRNAs to cardiac
development, dysfunction, and heart failure [23-26]. Genome-wide miRNA profiles have
identified specific miRNA signatures in mouse models and human heart failure [27-30] in
which specific miRNAs are either up- or downregulated with etiologies of heart failure (Fig.
1) [29]. We and others have reported in patients with heart failure upregulation of miRNAs
-21, -23a, —125b, —195, —199A, —-214, and —342 and downregulation of miRNAs -1, -7,
-29b, —30, —133, —150, and —378 [27-31]. Studies have been carried to specifically define
the function for some of the altered miRNAS seen in human heart failure using neonatal
cardiomyocytes, transgenic and knockout mice (detailed in Table 1), and some of the critical
mice studies are discussed below. Cardiac overexpression of miRNA-195 in mice leads to
hypertrophic growth and myocyte disarray resulting in dilated cardiomyopathy (DCM) and
heart failure [22]. Knockout mice for miRNA-133 (double knockout of miRNA-133a 1 and
2) showed that embryos had septal defects, and mice surviving till adulthood had severe
dilated cardiomyopathy [32]. Intriguingly, miRNA-133 is downregulated in mouse hearts
following induction of hypertrophy, and this hypertrophy can be rescued by adenoviral
overexpression of miRNA-133 [33]. Conversely, just the infusion of anti-sense oligo-
nucleotide for miRNA-133 was sufficient to induce hypertrophic growth, activation of fetal
gene program, and electrophysiological abnormalities [33]. Subjecting miRNA-133a
transgenic mice to banding did not inhibit cardiac hypertrophy but was associated with less
myocardial fibrosis and apoptosis [34]. Furthermore, overexpression of miRNA-133
increased the QT intervals in electrocardiographic recordings in isolated ventricular
myocytes suggesting a broader role for miRNA-133a in the modulating cardiac function
[34]. Similarly, electrophysiological abnormalities are also observed in the mice with
deletion of miRNA-1, which is attributed to upregulation of Irx5, a transcription factor that
negatively regulates Kv4.2 potassium channel [35]. Surprisingly, cardiac overexpression of
miRNA-214 had no cardiac hypertrophic phenotype [22] despite its consistent dysregulation
in multiple human heart failure studies [27-30]. It is also interesting to note that miRNA-214
is one of the first miRNAs to be altered following transverse aortic banding [29], and yet,
overexpression of miRNA-214 does not have a hypertrophic phenotype [22]. This suggests
that either the right phenotypic read out for miRNA-214 is yet to be determined, or it could
potentially be a miRNA that would be an “effect” and not the “cause” of cardiac dysfunction
following initial insult on the heart. miRNA-21 and miRNA-29 are preferentially expressed
in cardiac fibroblasts and are altered with cardiac stress leading to profound effects on the
cardiac function. miRNA-29 is downregulated in cardiac hypertrophy leading to
upregulation of its target extracellular matrix proteins causing fibrosis [36]. While
miRNA-21 is progressively upregulated with congestive heart failure leading to inhibition of
its target SPRY 1 resulting in enhanced extracellular regulated signaling (ERK) providing
increased fibroblast survival [37].

MiIRNA-208 is unique with regards to cardiac function as it specifically expressed only in
the cardiac myocytes as a part of the a-MHC gene. Importantly, miRNA-208 knockout mice
neither showed any hypertrophic response with transverse aortic constriction nor did it not
undergo pathological remodeling upon being bred with mouse model of pathological
hypertrophy [38]. Understanding the role of individual miRNAs is critical as it is understood
that miRNAs may be quick responders to stress [28] thereby altering the expression of target
proteins leading to changes in homeostasis. Therefore, changes in miRNAs could thereby
bring about translational alteration of multiple genes modulating their expression in a non-
canonical manner. Indeed, majority of the in vivo studies discussed above have assessed the
complex cardiac hypertrophic response as a measure of function upon alteration of a miRNA
and yet have evaluated only few molecules at molecular level as targets. The ability of
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miRNAs to alter the complex hypertrophic response suggests that miRNAs may have a
much broader role to play in cardiac pathology and could regulate various processes rather
than targeting single gene products. Our study has used this concept to assess the global
signaling pathways modulated by predicated targets of altered miRNAs from end-stage
human heart failure [29] using the tools described below.

Global Regulation of Signaling by miRNAs

As the role of miRNAs in regulating single gene to multiple genes is emerging, it is
becoming clear that miRNAs could be regulators of global processes resulting in a specific
phenotypic outcome [39]. Consistent with their global role, studies have shown that
miRNAs alter the protein output of multiple gene products [29] thereby regulating signaling
networks in a non-classical manner. Indeed, miRNA signature profile varies with etiology as
observed in aortic stenosis, dilated cardiomyopathy, and ischemic cardiomyopathy [27].
Therefore, the process leading to the phenotype appears to be regulated not by a single
miRNA but the net effect on gene expression by subset of altered miRNAs in each of the
etiologies. Translational repression brought about by miRNAs may affect both the beneficial
as well as deleterious pathways [40, 41]. The net effect on a phenotype is thought to be a
balance between the deleterious and compensatory signaling pathways regulated by miRNA
targeting. Thus a concept for simultaneous alterations in miRNAs upsetting the homeostasis
orienting the global signaling networks towards progression of pathology places a systems
perspective on the disease regulated by miRNA. Further supporting the idea that miRNAs
potentially play a role in global pathways comes from recent comprehensive studies on
miRNA and mRNA profiles carried out on human heart failure samples pre- and post left
ventricular assist device (LVAD) placement [28]. Interestingly, the authors observed a
significant reversal in the miRNA profile following LVAD compared to mRNA profile
suggesting that miRNASs are more sensitive responders to stress [28]. Therefore, miRNAs
may be the critical quick responders regulating biomolecular networks in response to
changes in the homeostasis.

miRNA-based regulation adds a new layer of control (as schematized in Fig. 2), altering the
influence of transcriptome on a phenotype. All these components of the multi-layered
regulation (Fig. 2) play a critical role in maintenance of homeostasis. Acute alteration in any
of these drives the system towards dysfunction as inputs from all these modulators (Fig. 2)
are integrated into the manifestation of a phenotype. Although it is known that each of the
layers cross-talk with each other, it is believed that one of the most powerful regulators for
sustained changes in homeostasis leading to pathology are the transcription factors [13]. The
effects of transcription factors are global as their activity manifests in upregulation or
downregulation of transcript, and in turn, proteins affecting the signaling pathways and
physiology [12, 14]. It is important to note in this context that miRNA generation itself is
regulated by transcriptional factors, and the generated miRNAs themselves can regulate
production of proteins including transcriptional factors [42]. Although input from global
regulators is not independent in the systems biomolecular network, it is however important
to determine the contributions of each of regulators in a given phenotype.

Understanding global alterations of proteins by miRNAs is still at its infancy; our recent
studies in human DCM has shown that a specific set of signaling networks that contain
predicted targets of altered miRNAs in DCM are altered [29]. All the predicted targets of
altered miRNA in human dilated cardiomyopathy were used in the analysis as an unbiased
approach toward understanding global regulation of signaling networks. Computational
analysis of these predicted targets using Ingenuity Pathway knowledge base determined that
the most over-represented functional network with highest significance was the
cardiovascular system development and function [29] (Table 2). The confirmation that
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~1,800 predicted targets of altered miRNASs regulate cardiovascular function using the
unbiased computational approach suggests that this bioinformatic approach is a great tool
for global analysis of signaling networks. Although the unbiased computational approach
identified cardiovascular function to be altered, it is to be noted that predicted targets of
altered miRNAs were used in the analysis. Recent studies [43] have identified that there is a
high rate of false positives in the predicted targets database and therefore is a limitation in
these studies. Despite this limitation on the use of predicted targets, identification that these
predicted targets regulated cardiovascular function suggest that in our case, a significant
portion of the predicted targets may be actual targets. Similar over-representative canonical
pathways analysis was carried out using predicted targets of dysregulated miRNAs in
primary muscle disorders [44]. In this study, 39 miRNAs were found to be altered, and use
of all the predicted targets for the 39 mRNAs (~4,400 genes) leads to over-representation of
pathways that regulated various aspects of muscular disorders [44]. The most well-
represented pathways targeted by miRNA being cellular pathways regulating cell motility,
communication, and degradation [44]. These studies reinforce the idea that inclusion of all
the predicted targets in the canonical pathway function analysis could result in identification
of functionally relevant pathways that are regulated by miRNA targeting. ldentification of
relevant pathways to the disease condition is of great significance as these pathways can be
resurrected by therapeutically targeting the miRNAs.

A network view of pathological process reveals that identification of specific canonical
pathways is just a cog in the big wheel of signaling networks where in cross-talk between
pathways and molecules are integral to defining the phenotype. It is important to appreciate
that miRNAs altered in cardiovascular pathology would have simultaneous targeting effects
globally. With growing body of evidence that miRNAs could regulate cardiovascular
phenotype [25, 36, 40], it is time to integrate “miRNome” (miRNA profile) as another
regulatory layer to already multilayered system controlling the phenotypic outcome (Fig. 2).
Consistently, miRNome in different cardiac etiologies like aortic stenosis, dilated
cardiomyopathy, or ischemic cardiomyopathy is different [27] suggesting that these subset
of altered miRNAs may target different signaling pathways thereby contributing to
phenotypic differences. Studies by Thum et al., [30] show that a combination of miRNAs or
a selective miRNome is sufficient to initiate fetal gene expression and morphological
changes similar to those observed in heart failure. Indeed, overexpression of single miRNA
[22] alters cellular hypertrophy, strengthening the idea that the miRNome alterations will
have implications in global biomolecular signaling networks.

Lack of integrated miRNome and proteomic analysis in different cardiac etiologies at
present is a limitation that we anticipate will be overcome. Currently, the networks that are
built have used an unbiased approach of using all the predicted targets as comprehensive
identification and validation of targets for each of the miRNAs is not available. We believe
that this limitation should not markedly alter the targeted biomolecular networks by
miRNome in dilated cardiomyopathy because inclusion of all predicted targets for canonical
function analysis showed that the predicted targets regulate cardiac function (as described
above). Importantly, intense efforts are currently required to develop high-throughput
methods to identify and validate the targets for each of the miRNA, which will allow for
determination of biomolecular networks targeted by altered miRNome with etiology. As
more efforts are put into identification of targets for various miRNAs, miRNome will be
another regulatory layer deciding the phenotypic outcomes like in embryonic development
or stages in pathology as these stages have specific miRNA profiles [22, 23, 27-29]. Since
miRNAs in general reduce the expression of the proteins by targeting the transcripts, these
target proteins can therefore be used in analytical algorithmic tools to assess for potential
causality of the pathology. Such an analysis can be referred to gene expression-trait
causality correlationship that in our case is primarily driven by miRNome. Many databases
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and analytical tools have been developed to understand the function contributions of genes/
proteins in a given process. Gene set enrichment analysis [45], Database for Annotation
Visualization and Integrated Discovery [46, 47], and Ingenuity Pathway Analysis (IPA) [48]
are some of the tools developed to test for enrichment of specific biological processes and
molecular function of the genes involved in those processes. These analytical capabilities
provide us with powerful tools to globally understand dysregulation of pathways in a given
pathology.

Multiple tools/algorithms are available to globally determine the biomolecular networks
associated with complex phenotypes, and all of them are based on two modeling approaches,
forward or reverse modeling. The forward network modeling approach applies a set of
equations generated a priori from previously defined biological relationships that are then
tested and revised as needed. The reverse approach does not apply predefined set of
relationship, but rather utilizes mathematical tools for network construction and lets the data
define the relationship among elements studied [49]. IPA analytical tool used in our studies
to an extent is based on the forward networking approach. The Bayesian networking model
uses the probabilistic approach to a certain extent based on reverse networking model. We
have used the IPA tool to generate the networks as they have the sophistication/flexibility to
handle large datasets to generate networks based on the comprehensive IPA knowledge base
[48, 50]. The IPA tool generates systems-based signaling networks by modeling relationship
based on the various elements in the system (in our case the predicted targets for the
miRNome in DCM). Each predicted target is assessed for network eligibility using the
Ingenuity knowledge base that utilizes the ability of the identified molecule to interact and
cross-talk with molecules in the database. The network eligible molecules serve as seeds for
generating networks. The network eligible molecules are combined to maximize their
specific connectivity that generates a network. An example of the network is shown in Fig. 3
from our studies on human DCMs and represents the basic unit for systems-wide approach.
According to the algorithm used by IPA, a maximum of 35 molecules can be a part of the
network; and therefore, individual networks may have up to 35 molecules depicting their
connectivity or cross-talk. Although the IPA networking tool has great capabilities, there are
limitations associated with it as it uses a curated database to generate network; and therefore,
the networks may be biased towards well-studied molecules. Another limitation of using
IPA is the use of the fixed number of molecules (35) to determine individual networks as it
is potentially possible that the actual networks in the cell may be larger than this imposed
restriction. Despite these limitations, studies on the effects of butyrates in kidney epithelial
cells have shown that IPA analysis/tool can lead to linking of metabolic networks previously
thought to be independent [51].

Networks are composed of elements that give its topology. Elements in the network include
specific transcripts/proteins (also known as nodes) and the connections (relationship) among
them (edges) [50, 52]. The edges indicate a relationship between two elements in the
network that could involve regulation at transcript level, protein interaction pattern, or any
other measurement that describes a meaningful association [52]. Since IPA uses biological
data, a network can be composed of a small number of highly connected molecules and
many more with far few connections. Critically, the molecules that are high connected tend
to behave more similarly to one another compared to the less-connected ones (in the
network) with regards to a phenotype [53]. It is known that high-degree connectivity nodes
are more essential than nodes that have fewer interaction partners as they maintain the
overall connectivity of the network. These high connectivity nodes are called hubs, which
play a central role in the network as targeting the hub genes disrupts the network and likely
impacts the biological process [50, 52, 53]. The hub molecule NF-xB had a high degree of
connectivity with many molecules in our representative network (Fig. 3) [29]. It is important
to note that the less-connected molecule like HDGF in the network (Fig. 3) may also be
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critical in the biomolecular network as they provide for connectivity to a node on the
neighboring network that could be described as a meaningful association between two
elements in a system.

Since a single network cannot regulate the physiological process in isolation, the global
regulation involves integrative cross-talk between the networks that manifests in a
phenotype. The IPA algorithm can be used to assess the connectivity between the networks,
and the interacting networks can be merged to give a global biomolecular network. Each
network like the one represented in Fig. 3 was then merged with other networks by sub-
network connectivity to generate a DCM miRNome-regulated biomolecular network [29].
The predicted targets for the DCM miRNome were represented in 43 networks from the
total of 75 networks encompassing the complete global biomolecular network. Important
limitations of these studies are a) the use of predicted targets to generate the network and b)
the use of curated IPA knowledge database as already mentioned in the previous section.
Despite these limitations, the association of DCM miRNome predicted targets with 43 of the
75 networks [29] suggests that not random but a specific set of pathways may be
operationally altered manifesting in the DCM phenotype.

As all the targets for miRNAs are not identified and validated, an alternative strategy to
obtain information on network is to assess the expression of all the predicted targets from
the publicly available database for the pathology and assess the expression pattern
relationship to its cognate miRNA. This is based on the assumption that upregulation of
miRNA results in downregulation of its targets and vice versa. Therefore, proteins identified
in expression studies to have inverse correlationship with the miRNAs expression profile
may potentially be actual targets accounting for identification that these predicted proteins
alter cardiac signaling [29]. An overlay of these molecules onto the network generates
potentially targeted pathways by the miRNome in that given pathology and is a method to
understand the underpinnings of miRNome-regulated pathways. Such strategies have been
used by us and others to generate information on potential pathways that miRNAs could
specifically regulate determining the progression of the disease [29, 44]. In this context of
the overlay of the miRNA targets, it has to be explained that regulation by miRNAs is not
included into the IPA algorithm as regulatory mechanism connecting two nodes in the
network. Therefore, integration of the miRNA targets into the network will provide for new
connectivity between the nodes and can be included into the algorithm once they are
validated as targets. It is important to note that miRNA-mediated regulation of the various
targets is different than the classical regulatory mechanisms like phosphorylation—
dephosphorylation mediated by kinases—phosphatases or feed-back mechanisms in the
metabolic cascades. The regulation by transcriptional regulators, kinases, phosphatases,
signaling cascades, and ubiquitination is already integrated into the algorithm to generate the
network topology, while miRNA-mediated regulation is not integrated into the algorithm
and will therefore be another regulation on the nodes of the network that may potentially
alter the topology of the network.

We have used the representative NF-xB network to discuss how miRNA-mediated
regulation may alter the network, and it provides some interesting insights into the way
miRNAs could regulate molecules that may not be obvious using the classical analytical
approaches. For instance, DCM miRNome did not directly target NF-xB, but members of
the NF-«xB network were targets of multiple miRNAs. Mutual interactions within the
network are bound to change as a result of altered miRNAs providing the explanation for
NF-xB deregulation in DCM [29]. Therefore, depending on the individually altered
miRNAs in the miRNome, the gene transcript will be regulated and have consequences on
the protein function. An overlay shows that lot of molecules in the NF-xB network are
predicted targets for the altered miRNAs in human DCM (Fig. 3). While expression analysis
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in human DCM showed that four of the predicted targets in the network were altered, of
which, only three of the predicted targets could be validated. Critically, alteration in these
three seems to be sufficient to alter expression of the hub NF-xB molecule [29]. These
studies now provide unique miRNA-based regulation of molecules in the network, which
needs to be integrated into the network building algorithm. Many of the altered proteins
assessed from cardio genomics expression database are hub molecules [29] and are
predicted targets of altered miRNAs in DCM. A significant number of these predicted
targets showed inverse correlationship of expression with their respective miRNAs.
Although the analysis is circumstantial, it definitely provides new information on the
regulation of miRNAs globally. The miRNA-mediated regulation is going to be a critical
determinant in signaling mechanism/physiological responses as miRNAs are known to be
more sensitive than mMRNAS to hemodynamic changes [28]. The sensitivity of miRNAs to
detect changes portrays them to be a critical player in physiological responses. Therefore,
based on important role, miRNAS are going in play in physiology; it is critical that efforts
are invested in identifying and validating miRNA targets so that they can be used for
network analysis instead of using predicted targets.

Conclusion and Future Direction

The role and regulation of individual genes/proteins in cardiovascular diseases have
progressed at a great pace, but understanding and integrating global changes into the
complex cardiovascular phenotype have significantly lagged behind. Although we are a long
way from understanding the cardiovascular phenotype from systems perspective, generation
of new analytical tools, high-throughput expression arrays (to define proteome, metabolme),
and importantly, miRNomes, the missing link in the puzzle of global interacting networks
will accelerate this process. We believe that with development of new technology and tools,
complex cardiovascular phenotype modulated by multiple elements can be better
understood, and higher order interactions will routinely include all players/elements
involved in this process. A key research goal of network analysis beyond various “omics” is
formulating universal characteristics of nonrandom networks associated with systems
pathology. We need to explain the formation of sub-network ties and hub centrality to
explain how network functions merge in vivo and how randomness is suppressed to
transgress towards pathology. Breaking such nonrandom networks into a more diffuse
network structure should be more conducive to collectively reversing the system to a healthy
phenotype.
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Heat Map of differentially expressed miRNAs “miRNome”
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Fig. 1.
Heat map of significantly altered miRNAs (miRNome) of individual patient samples from
non-failing and failing human hearts diagnosed with dilated cardiomyopathy (DCM) [29]

J Cardiovasc Transl Res. Author manuscript; available in PMC 2014 January 14.




1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Naga Prasad and Karnik Page 13

Systems perspective of pathology - multilayered regulation
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Fig. 2.

Systems perspective of complex disease pathology encompassing integrated analysis at each
level. The scheme represents a multilayered regulation that has been effectively studied to
provide a global analysis at each layer. Contribution by miRNA “miRNome” has been
added to the multilayered regulation to give another layer of regulation in complex global
signaling network
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A representative network with NF-xB as the hub
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Fig. 3.

A representative network showing NF-xB as the hub or high connectivity node. The hub is
the center of the web of signaling connections and NF-xB is connected to nearly all the
molecules in the network. Altered miRNAs in end-stage heart failure are overlaid with their
respective predicted targets. miRNA represented in green are downregulated and in red are
upregulated in end-stage human dilated cardiomyopathy. Importantly, NF-xB is not a
predicted target to any of the altered miRNAs “miRNome” in DCM, yet it could be
regulated by alterations in miRNA targets [29]
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miRNAs experimentally determined to play a role in cardiac hypertrophy/ cardiomyopathy

microRNA Experiment Phenotype
miRNA-1-2 Mouse knockout Cardiac septal defects, hyperplasia and delay between atrial
and ventricular repolarizations (PR interval) was shortened
[35]
miRNA-1 Neonatal cardiomyocyte Inhibits FBS/endothelin/isoproterenol overexpression-
mediated hypertrophy [42]
miRNA-21 TAC and isoproterenol induced cardiac hypertrophy Upregulated in compensatory hypertrophy and downregulated
in decompensation [54]
Neonatal cardiomyocyte overexpression Outgrowths in the cardiomyocytes accompanied by
connections via gap junctions [54]
Transgenic cardiomyocyte-specific expression No specific phenotype indicating minimal role for miRNA21
in cardiomyocytes [37]
Cardiac fibroblast overexpression Anti-apoptotic [37]
miRNA-23a  Antagomir infusion using minipumps Isoproterenol-induced cardiac hypertrophy is attenuated with
miRNA23a antagomirs [55]
Neonatal cardiomyocyte overexpression Induces hypertrophy [22, 55]
miRNA-23b  Neonatal cardiomyocyte overexpression Induces hypertrophy [22]
miRNA-24 Antagomir infusion using minipumps Isoproterenol-induced cardiac hypertrophy is not altered [55]
Neonatal cardiomyocyte overexpression Induces hypertrophy [22]
miRNA-27 Antagomir infusion using minipumps Isoproterenol-induced cardiac hypertrophy is not attenuated
[55]
miRNA-92 miRNA inhibitor treatment of neonatal cardiomyocytes Minimal effect on fetal gene expression [31]
miRNA-100  miRNA mimic treatment of neonatal cardiomyocytes Results in re-expression of fetal genes [31]
miRNA-129 Neonatal cardiomyocyte transfection Induces hypertrophy [30]
miRNA-133 Neonatal cardiomyocyte transfection Inhibited hypertrophy [33]
Antagomir infusion using minipumps Induces cardiac hypertrophy [33]
Double knockout of miRNA-133-a/b Embryonic myocyte proliferation, septal defects, and
surviving adults have severe dilated cardiomyopathy [32]
Transgenic cardiomyocyte specific expression Inhibitor of cardiomyocyte proliferation [32]
Transgenic cardiomyocyte-specific expression subjected to Cardiac hypertrophy is not inhibited, but decreases
TAC myocardial fibrosis and cardiomyocyte apoptosis [34]
miRNA-195  Neonatal cardiomyocyte overexpression Induces hypertrophy [22]
Transgenic cardiomyocyte specific expression Induces cardiac hypertrophy and dilated cardiomyopathy [22]
miRNA-199a  Neonatal cardiomyocyte overexpression Cardiomyocyte enlargement [22]
miRNA-208  Knockout mice subjected to TAC or bred to mouse model of No hypertrophic response in both the cases [38]
hypertrophy
miRNA-214 Neonatal cardiomyocyte overexpression Cardiomyocyte hypertrophy [22]

Transgenic cardiomyocyte specific expression

No phenotype [22]
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Table 2

Expression of potential targets and validated miRNA in human cardiomyopathy

Merged Networks
1,2,31,32,38,9 11,15,2,21,32,36 17,20,22,32,7,8 | 27,28,31,33,39,42,44]
Hub Targeting Hub Targeting Hub Targeting Hub Targeting
rnolecules hsa-mir Molecules hsa-mir | Molecules hsa-mir |Molecules | hsa-mir

PGDFRB

- - Red, Up-regulation, - - Green, Down-regulation

Reference: [29]
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