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MicroRNAs as therapeutic targets in 
cardiomyopathies: myth or reality?

Abstract: The identification of biomarkers for cardiomyo-
pathy presents a distinct challenge as the etiologies are 
widely varied. The discovery of small non-coding miRNAs 
with gene regulatory function has opened new avenues of 
investigation in basic and clinical sciences. The search for 
regulatory nucleotide sequences that have specific gene 
targets have put miRNAs at the forefront of development 
of therapeutics, and may serve as valuable diagnostic 
and/or therapeutic targets. MiRNAs appear to influence 
both positive and negative remodeling. As cardiac remod-
eling is a complex process, global molecular networks and 
miRNA profiles may be required to fulfill the roles of mac-
roregulators. The type of cardiomyopathy leading to heart 
failure in the long run appears to have a distinct molecu-
lar pattern underlying the pathophysiology. This review 
discusses in brief the existing literature on the molecular 
signatures in dilated, ischemic, hypertrophic, stress, and 
peripartum cardiomyopathies that may be used to target 
therapies for specific etiologies once diagnosed, therefore 
exploring the utility of specific miRNAs in tailoring ther-
apy for heart failure based on etiology.
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Introduction
The discovery of microRNAs (miRNAs) has opened a whole 
new area of investigation in diagnostics and therapeutics 
for cardiovascular diseases. MiRNAs are approximately 

22-nucleotide non-coding RNA sequences that regulate 
gene expression at the post-transcriptional level by tar-
geting the 3′-untranslated region of mRNA sequences. 
Gene expression studies and research on loss of function 
in animal models have established the role of miRNAs in 
the regulation of growth and development. The existence 
and regulatory function of small non-coding miRNAs were 
first identified in Caenorhabditis elegans in 1993 (1–3), and 
since then their importance has grown in logarithmic 
proportions in the basic and clinical sciences. The search 
for regulatory nucleotide sequences through advances in 
bioinformatics and sequencing, which enhance the pre-
diction of specific gene targets, have put miRNAs at the 
forefront of development in therapeutics.

MiRNAs have proven to be attractive candidates as 
biomarkers, as they circulate packaged either in microves-
icles, exosomes, or apoptotic bodies, which makes them 
resistant to temperatures  > 100°F and be conveniently 
stored at room temperature for long periods. These small 
non-coding nucleotides are also tolerant to acidic and 
alkaline conditions (4). Binding of miRNAs to RNA-bind-
ing proteins such as argonaute 2 and nucleophosmin 1, or 
by linkage to high-density lipoprotein (HDL), confers pro-
tection from circulating RNases (5–8).

Primary RNAs give rise to miRNAs in a two-stage 
process catalyzed by ‘drosha’ in the nucleus and ‘dicer’ 
in the cytoplasm. The freshly synthesized miRNAs bind to 
the argonaute protein to produce the RISC complex (effec-
tor RNA-induced silencing complex), which, in turn, binds 
to target mRNAs, resulting in the inhibition of translation 
and or degradation of the target RNA.

Many properties of miRNas have set them apart as 
candidates not only for diagnostic but also for therapeu-
tic purposes. Their remarkable stability in circulation is 
an important aspect that enables their easy and sensitive 
detection. This property also makes them good targets 
for therapeutic interventions as they can be silenced by 
antisense oligonucleotides. Some of the major strategies 
to target miRNas are to either construct molecules that 
mimic the functions of the miRNAs and thereby make 
them dysfunctional, or overexpress the miRNA of interest 
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in diseases where it is downregulated, or to construct 
directly inhibiting antisense oligonucleotides that are spe-
cific and can be target delivered.

The anti-miRNA concept is currently much used; 
however, the problems of specificity and stability are still in 
the process of being resolved. Chemically modified mRNAs 
ensure stability. 2-O-methyl-group (OMe)-modified oligo-
nucleotides and locked nucleic acid (LNA)-modified oligo-
nucleotides are some of the current modifications in use. 
Additionally, oligonucleotides with increased phosphoro-
thioate versus phosphodiester linkages between nucleotides 
confer more stability and increased resistance to nucleases.

Present-day medical management consists of neuro-
hormonal blockade with β-blockers/angiotensin inhibitors/
angiotensin receptor blockers and aldosterone receptor 
blockers. The current optimal medical management is a 
generalized strategy that targets all types of cardiomyopa-
thies by blockade of the sympathetic and renin-angiotensin 
and aldosterone systems, which helps alleviate symptoms 
and prevents remodeling but cannot be tailored for specific 
etiologies. The concept of molecular medicine, which can 
be used to target specific etiologies, drives home an impor-
tant point in the practice of personalized medicine.

The identification of biomarkers can lead to the devel-
opment of diagnostics and therapeutics. However, there 
are many challenges in developing robust biomarkers that 
would be useful in the development of therapeutic targets. 
This review attempts to explore the existing literature on 
different types of cardiomyopathies and the utility of spe-
cific miRNAs in tailoring therapy for heart failure depend-
ing on the etiology.

MiRNAs are versatile molecules of regulation. They 
can either inhibit translation or degrade their target 
mRNAs, depending on the extent of complementarity 
and number of binding sites. It is also dependent on the 
accessibility of these sites, which is largely dependent on 
free energy states. Greater complementarity of the acces-
sible binding sites results in target mRNA degradation. 
Imperfect sequence complementarities with target mRNAs 
primarily result in inhibition of translation. MiRNAs con-
stitute  > 2% of the predicted human genes that regulate 
∼30% of protein-coding genes and are in some cases 
expressed at  > 1000 copies per cell (9–12).

The transport of miRNAs to target genes is a complex 
process in which they are enclosed in protective vesicles 
during intercellular transport. Exosomes, microparticles, 
and high- and low-density lipoproteins (LDLs) have been 
implicated in the process. MiRNas carried in exosomes are 
released into the extracellular compartment on fusion with 
the plasma membrane. Microparticles form by outward 
budding and blebbing of the plasma membrane. During the 

process of apoptosis or programmed cell death, cells release 
microparticles and apoptotic bodies containing miRNAs, 
which then constitute the intercellular transport (13–15).

The type of cardiomyopathy leading to heart failure in 
the long run appears to have a distinct molecular pattern 
influencing the pathophysiology. This review discusses in 
brief the existing literature on the molecular signatures in 
dilated, ischemic, hypertrophic, stress, and peripartum 
cardiomyopathies, which may be used to target thera-
pies for specific etiologies once diagnosed. MiRNAs have 
been shown to be involved actively in cardiac develop-
ment, hypertrophy, and failure. They appear to play a role 
in positive and negative remodeling. However, cardiac 
remodeling and heart failure is a complex phenotype and 
may require global molecular networks and miRNA pro-
files suggesting that miRNAs could be the macroregula-
tors. Therefore, it is yet to be proven if miRNA signatures 
or single miRNAs would be suitable as therapeutic targets. 
It is possible that both miRNA signatures and individual 
miRNAs may serve as therapeutic targets for different car-
diomyopathies as more specific mRNAs are discovered for 
each disease process. Figure 1 shows the existing miRNA 
patterns in cardiomyopathies of different etiologies from 
the current literature.

Dilated cardiomyopathy
Dilated cardiomyopathy is essentially the end product of a 
number of pathological processes involving hypertrophy 
and disarray of myocytes as well as changes involving the 
extracellular matrix proteins. β-Adrenergic receptor sign-
aling plays an important role in the progression of cardiac 
failure. In cardiac explants from patients with dilated 
cardiomyopathy, inhibition of miR-100, an miRNA upreg-
ulated in heart failure, typically prevents β-adrenergic-
mediated downregulation of the adult component of the 
fetal gene program. In the murine system, overexpression 
of miR-195 leads to hypertrophic growth and myocyte dis-
array, leading to dilated cardiomyopathy and finally heart 
failure (16–18). In a small study of dilated cardiomyopathy 
patients compared with age- and sex-matched controls, 
elevated plasma miR-423-5p levels were noted, which cor-
related positively with the level of NT-proBNP (19).

Deep sequencing experiments in a loss-of-function 
mouse model showed that miR-1 and miR-133a were respon-
sible for the dramatic loss of function seen in Dgcr8-defi-
cient cardiomyocytes derived from these knockout mice 
(20). Analysis of data from a small study of 82 dilated car-
diomyopathy patients compared with 21 normal subjects 
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showed involvement of mir-208a. Mir-208a was found to 
correlate with myosin heavy chain mRNA expression, with 
increase in miR-208 levels being a strong predictor of clini-
cal outcomes in dilated cardiomyopathy (21).

Although a number of miRNAs have been shown to 
be involved in dilated cardiomyopathy, few have been 
directly implicated as therapeutic targets. Interestingly, 
in a mouse model, Sgcb-null mice, which are genetically 
engineered to produce sarcoglycanopathy, necrotic foci 
appear at 9 weeks of age and dilated cardiomyopathy from 
20 weeks. Intraventricular delivery of adeno-associated 
viral-mediated miRNA therapy in this transgenic model 
of severe, chronic myotonic dystrophy-associated dilated 
cardiomyopathy shows a long-term benefit. Overexpres-
sion of mir-699a improved survival and decreased cardiac 
remodeling fibrosis and apoptosis. Sarcomere organiza-
tion improved with reduced ventricular atrial natriuretic 
peptide and improved molecular markers of dilated car-
diomyopathy. Increases in fractional shortening were also 
observed on long-term treatment of these mice (22). Such 
direct implication of miRNA-targeted therapeutic benefit 
brings hope to this area of investigation. More precise 
studies in patient populations are needed to advance 
these findings toward the development of therapeutics.

Ischemic cardiomyopathy
Reduced contractility and negative remodeling after an 
acute myocardial infarction usually results from increased 
fibrosis of the extracellular matrix (ECM). The pathophysi-
ology underlying this process involves transformation of 
myocardial fibroblasts into myofibroblasts secreting ECM 

molecules. Such changes cause disturbances in conduc-
tion of electrical impulses in addition to deterioration of 
pump function.

Several miRNAs have been shown to be involved 
in the regulation of fibrotic reactions. MiR-29 appears to 
play a role after myocardial infarction, while miR-21 may 
exert a fundamental role in post-angioplasty restenosis. 
MiR-208 is involved in the shift toward a fetal gene expres-
sion pattern in contractile proteins in heart failure. MiR-1 
influences susceptibility to cardiac arrhythmias after 
myocardial infarction. Shear stress induces expression 
of miR-21 in endothelial cells, which leads to decreased 
apoptosis and activation of the nitric oxide pathway (23). 
This is important, as apoptosis is also reported to play an 
important role in the progression of left ventricular (LV) 
remodeling in ischemic hearts.

It is interesting to note that a number of miRNAs have 
been implicated in plaque formation and pathogenesis of 
atherosclerosis, in a variety of roles such as monocyte and 
macrophage activation, LDL and HDL level modulation, 
as well as plaque angiogenesis and fibrous cap stabiliza-
tion. Mir-221and mir-222 have been shown to induce vas-
cular smooth muscle cell proliferation, whereas mir-195 
was noted to reduce proliferation of this cell type (24–34). 
Such miRNAs may serve as therapeutic targets if delivered 
appropriately and can be modulated.

Cardiac fibrosis and hypertrophy
Two miRNAs appear to play key roles in cardiac fibrosis 
and hypertrophy. MiR-1 and miR-133 are specific to skel-
etal muscle and cardiac myocytes. Overexpression of 

Figure 1 MicroRNAs in cardiomyopathies with different etiologies.



442      N. Nair and E. Gongora: MicroRNAs as therapeutic targets in cardiomyopathies

miR-1 in vivo results in thinning of the ventricular walls. 
On the contrary, miR-1 knockout mice have thickened ven-
tricles. MiR-1 is downregulated at the onset of pressure 
overload, possibly leading to the initiation and progres-
sion of cardiac hypertrophy. At the molecular level, miR-1 
downregulates calcium-calmodulin signaling through the 
calcineurin/NFAT pathway and negatively regulates the 
expression of Mef2a and Gata-4 to inhibit cardiomyocyte 
growth. The cytoskeleton regulatory protein twinfilin-1 is 
a novel target of miR-1, and reduction of miR-1 by hyper-
trophic stimuli upregulates twinfilin-1, which, in turn, 
leads to hypertrophy (35–40).

MiR-133 also has been shown to influence cardio-
myocyte hypertrophy. Expression of mir-133 was down-
regulated in both in vivo and in vitro cardiac models of 
hypertrophy. In these systems, calcineurin activity was 
enhanced. When cyclosporine was used to inhibit cal-
cineurin, the downregulation of mir-133 was suppressed, 
suggestive of a reciprocal association. Such effects of 
downregulation of mir-133a were also noted in diabetes-
induced cardiac hypertrophy through SGK1 and IGFR1 (18, 
41–44).

The miR-29 family targets a series of mRNAs that 
encode proteins involved in fibrosis, including collagens, 
fibrillins, and elastin. In a recent study by Roncarati et al. 
(45), about a dozen miRNAs were found to be elevated 
in plasma from hypertrophic cardiomyopathy subjects. 
These include miR-27a, miR-199a-5p, miR-26a, miR-145, 
miR-133a, miR-143, miR-199a-3p, miR-126-3p, miR-29a, miR-
155, miR-30a, and miR-21. Interestingly, in this study, the 
miRNA signature obtained was different from those seen 
in hypertrophy resulting from aortic stenosis. MiR-199a-5p, 
miR-27a, and miR-29a were shown to correlate with LV 
hypertrophy. Of these, miR-29a is the only molecule that 
was significantly associated with both hypertrophy and 
fibrosis, making it an attractive candidate as a specific 
biomarker for hypertrophic cardiomyopathy.

Restrictive cardiomyopathy
Restrictive cardiomyopathy can be of multiple etiologies, 
with a common tenet that it is always a consequence of 
fibrosis. Several miRNAs are upregulated in fibrosis; 
however, only a few have been thus far shown to affect 
the pathophysiology. Cardiac fibrosis results from a com-
bination of an exaggerated fibroblast proliferation accom-
panied by ECM deposition. Upregulation of miR-21 and 
downregulation of miR-29 and miR-30 in cardiac fibro-
blasts, as well as downregulation of miR-30 and miR-133 

in cardiomyocytes, have been characteristically noted in 
stress. Spry1 is a negative regulator of ERK-MAP kinase, 
which is repressed by miR-21, resulting in extensive fibro-
blast proliferation contributing to fibrosis (46). Other 
miRNAs that are known to be involved in actively repress-
ing downstream signaling pathways are miR-29, mir-30, 
and mir-133. Mir-29 represses expression of collagens, 
targets TGFβ/SMAD, and disrupts regulation of cell differ-
entiation/proliferation/apoptosis/generation of ECM (47–
49). MiR-30 and miR-133 repress the expression of CTGF, 
a positive regulator of fibrosis. MiR-199 upregulation aug-
ments fibrosis through the calcineurin/NFAT pathway, 
thus illustrating the importance of calcineurin signaling 
in this process (50, 51). Hence, it would be interesting to 
determine the miRNA signature for cardiac fibrosis and 
then use it to decipher how it compares and varies with 
the different etiologies for restrictive cardiomyopathy.

Stress cardiomyopathy
Stress cardiomyopathy or takotsubo cardiomyopathy is 
usually triggered by emotional or physical stress leading 
to reversible wall motion abnormalities involving apical, 
midventricular, basal, or focal segments of the LV (52–
55). Typically, wall motion abnormalities resolve within 
a few days to weeks, and the overall prognosis is gener-
ally good. However, stress cardiomyopathy can be life-
threatening in the acute phase, with 10% of the patients 
developing malignant arrhythmia, cardiogenic shock, or 
ventricular wall rupture resulting in up to 8% mortality. In 
the acute phase, it is indistinguishable from an acute myo-
cardial injury with respect to clinical symptoms, electro-
cardiographic changes, and cardiac biomarkers (56–60). 
Although the peak ratio of NTproBNP/troponin has been 
used to distinguish these patients with those with acute 
myocardial infarctions, rapid diagnosis on admission still 
remains a problem and requires coronary angiography for 
confirmation (61, 62).

The first report on a specific miRNA signature for 
takotsubo cardiomyopathy consisting of miR-1, miR-16, 
miR-26a, and miR-133a has been recently published (63). 
This panel has a diagnostic accuracy of 0.835, sensitivity 
of 74.2%, and specificity of 78.6% when patients were com-
pared with healthy subjects. The panel can also be used to 
differentiate takotsubo cardiomyopathy from an ST eleva-
tion myocardial infarction, which makes it a fairly robust 
test. What makes this panel interesting is that in addition 
to mir-1 and mir-133a, which are upregulated in myocar-
dial ischemia/infarction, two other miRNAs upregulated 
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in psychological stress, mir-16 and mir-26a, are also ele-
vated in stress cardiomyopathy. Three other miRNAs that 
are elevated in stress cardiomyopathy (mir-22, mir-519d, 
and let-7f) are not statistically significant (63). However, 
mir1-25a-5p has been shown to regulate the expression of 
endothelin-1. Downregulation of mir-125a-5p in takotsubo 
cardiomyopathy is accompanied by upregulation of ET-1 
(63). Although it is a small study of 91 subjects (63), this 
paves the way for the development of diagnostic and ther-
apeutic targets for takotsubo cardiomyopathy.

Peripartum cardiomyopathy
Peripartum cardiomyopathy (PPCM) is a devastating 
disease of unknown etiology causing considerable mor-
bidity and mortality in the peripartum period and beyond. 
Insight into the pathophysiology of the disease was first 
elucidated in elegant experiments in mice with stat3 
deletion (64). These mice showed increased expression/
activity of cathepsin D associated with the generation of 
a cleaved antiangiogenic and proapoptotic 16-kDa form of 
prolactin. Bromocriptine, an inhibitor of prolactin secre-
tion, prevented PPCM in the STAT3-deletion-carrying 
mice. Production of the 16-kDa form of prolactin impaired 
the cardiac capillary network and function in the myocar-
dium, resulting in the cardiac phenotype of PPCM. Analy-
sis of myocardial STAT3 protein levels showed reduction 
in serum levels of activated cathepsin D and parallel ele-
vations of the 16-kDa prolactin (64, 65). At the molecular 
level, mir-146a has been implicated in the regulation of the 
prolactin signaling pathway (66). Studies in mouse models 
suggest a major role for a systemically damaged vascula-
ture in PPCM. The truncated 16K PRL fragment exerts neg-
ative effects on endothelial cells by upregulating miR-146a, 
which, in turn, impairs their proliferation and survival 
(67). MiR-146a is also known for its role in innate immunity 
where it targets TRAF6 and IRAK1 and prevents constitu-
tive activation of NF-κB inflammation (27).

Elegant in vitro experiments have shown that mir-146a 
has a significant role in antiangiogenesis. Levels of miR-
146a increased when pre-miR-146a was transfected into 
human umbilical vein endothelial cells (HUVECs), and 
this, in turn, reduced their proliferation. Alternately, inhi-
bition of mir-146a by anti-miR-146a enhanced the prolifer-
ation of these cells. This effect has been demonstrated in 
other proliferation assays such as ex vivo aortic ring assay 
and in an in vitro model of choroidal neovascularization.

A new target for mir-146a was identified as NRAS, 
which was found to be downregulated in HUVECs treated 

with the 16K prolactin fragment. This effect was reversed 
when HUVECs were transfected with anti-miR-146a anti-
sense oligonucleotide (66). Interestingly, delivery of mir-
146a through transfection or fusion of mir-146a-laden 
exosomes to neonatal rat cardiomyocytes showed a 
downregulation of target genes Erbb4, Notch1, and Irak1. 
In vivo cardiac tissue from cardiomyocyte-specific Stat3 
knockout mice with post-partum cardiomyopathy phe-
notype showed increase in mir-146a levels and an asso-
ciated decrease in mRNA levels of NRAS, Erbb4, Notch1, 
and Irak1. Additionally, mir-146a levels were increased in 
patients with PPCM acutely, and this was resolved after 
treatment with heart failure regimen and bromocriptine 
defining the role of prolactin (66).

Functional targets of miRNAs
The complexity of molecular basis of disease has always 
been very intriguing. Table 1 summarizes the functional 
targets known in the literature for a wide variety of 
miRNAs. It helps illustrate the fact that miRNAs can target 
numerous genes and biochemical pathways so upregulat-
ing or downregulating these molecules can have a multi-
tude of effects, some of which may be unwanted. However, 
if specific miRNA signatures are identified, it may better 
suit therapeutic strategies as adverse effects could be 
minimized if not eliminated. This is well illustrated in the 
discussions on peripartum and takotsubo cardiomyopa-
thies where specific miRNAs have been found to play a 
major role in the pathophysiology of both diseases. The 
targeted delivery of antisense nucleotides to regulate spe-
cific genes remains the greatest challenge.

Therapeutic potential of miRNAs
Antisense oligonucleotides and their modified counter-
parts can be used in gain-of-function or loss-of-function 
approaches by specific targeting of mRNAs. Antisense 
miR oligonucleotides are usually complementary to target 
miRs, and abolish miR action. Antisense oligonucleotides 
when chemically modified to produce antagomirs have 
been noted to be more effective in suppressing target 
genes than the unmodified oligonucleotides. An antago-
mir is a tagged oligonucleotide that has a cholesterol base 
at its 3′ end. The difference in effectiveness can be attrib-
uted to the lipid modification, which allows binding to 
apolipoproteins, facilitating systemic delivery and also 
allows easier cellular uptake through the LDL scavenger 
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1) receptor. Once inside the cell, they bind to mature miRs, 
interfere with RNA-induced silencing complex loading, 
and therefore initiate miR degradation. Specific silenc-
ing has been demonstrated in murine models (44, 46, 68). 
Another intelligent design has been to target all members 
of an miR seed family through a series of tandem-binding 
sites for a seed into the 3′-untranslated region of a reporter 
gene. Such ‘sponges’ are spatially designed so that miR-
binding sites have a bulge at the argonaute 2 cleavage 
site. This design allows targeting of miRs while protecting 
the sponges themselves from being degraded. When miR 
sponges are transfected into cells, the level of targeted 
miRs is more strongly suppressed than when using sepa-
rate inhibitors because an entire miR family is affected. 
Mir sponges have been shown to more effectively repress 
(68, 69).

Current challenges
Although challenges exist, successful therapeutic devel-
opments have emerged in other disease states. In pros-
tate cancer cells, mir-34a was found to be downregulated. 
Hence, transfection of mir-34a showed inhibition of tumo-
rigenesis, whereas expression of antagomirs to mir-34a 
promoted tumorigenesis in a murine model (70). Another 
area that has shown success is antiviral therapy against 
hepatitis C. In chronically infected chimpanzees, hepatitis 
C viremia was abolished with no essential adverse effects 
by an LNA-modified oligonucleotide (SPC3649) comple-
mentary to miR-122. This is relevant because mir-122 binds 
to two closely spaced target sites in the 5′ non-coding 
region of the hepatitis C viral genome, resulting in its 
upregulation and leading to pathological consequences 
of the disease process (71).

Nucleic-acid-based therapies are challenging because 
of the difficulties in targeting therapies. With ongoing 
investigations showing that miRNAs play a substantial 
role as extracellular messengers, new avenues for efficient 
systemic delivery of therapeutic miRNAs may open. Non-
viral basic strategies currently being explored for delivery 
of therapeutic oligonucleotides are lipid-based delivery 
systems and polymer-based carriers for oligonucleotide 
delivery. Carrier-encapsulating oligonucleotides based on 
ionizable lipids as stabilized antisense lipid particles or 
stable nucleic acid lipid particles have provided an impor-
tant advancement in the field. Polymeric micro- and nano-
structured platforms are another area of investigation (72).

A recent review by van Rooij and Kauppinen (73) high-
lights the specific successes in the treatment of hepatitis C, 
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atherosclerosis, diabetes, and heart failure. However, 
challenges remain in the safe delivery and targeting of 
these molecules. Restoring miRNA in diseases where it is 
depleted is very much possible through double-stranded 
mimics as evidenced in cancer therapeutics (74–76). 
However, the challenges are to avoid reaching suprath-
erapeutic levels and to target these molecules in a guided 
fashion to avoid adverse effects. Inhibition of miRNA can 
be done using either miRNA sponges or antisense oligo-
nucleotides (antimirs). Antimirs have been considered 
more effective, especially when they are modified to have 
better binding affinity, biostability, and pharmacokinetic 
properties. One of the important chemical modifica-
tions is to increase nuclease resistance by substituting 
the phosphodiester backbone with a phosphorothioate 
linkage (77). In addition, phosphothiorate linkages confer 
enhanced binding to plasma proteins, leading to reduced 
clearance by glomerular filtration and urinary excretion. 
Another modification is the PNA (peptide nucleic acid) or 
morpholino linkage studied in vitro and in animal models 
(78–80).

Delivery of miRNA modulators has always been an 
extraordinary challenge. It has been shown that in vivo 
delivery of anti-miR oligonucleotides through choles-
terol conjugation or by modification of the phosphate 
backbone with phosphothiorate linkages could be effec-
tive. Intravenous administration of antagomers has been 
shown to be effective in a mouse pancreatic cancer model 
(81). However, local delivery appears to be more effective 
than systemic. Regional LNA-92a delivery reduced miR-92a 
levels and infarct size in a porcine model (82). The exact 
mechanisms underlying cellular uptake and distribution 
are still not well understood. Generating tissue specific-
ity is an ongoing area of investigation. Targeted delivery 
to specific cell types using conjugation or encapsulation 
strategies appear to have success (73).

In the last decade, there has been an explosion of 
studies on the role of miRNAs in regulating gene expres-
sion. MiRNAs have definitely evolved as major players 
in the development of molecular therapeutics; however, 
challenges still remain. Further investigations are needed 
to tailor specificity and determine the extent of reversibil-
ity and potential toxicity of these molecules in different 
microenvironments.

This review highlights the current literature on some 
of the successes achieved, especially in PPCM, there-
fore rendering hope to the concept of using miRNAs as 
therapeutics. However, more studies are needed before 
it evolves into a true reality in routine medical practice 
to tailor heart failure therapy depending on molecular 
etiology.

References
1.	 Lee RC, Feinbaum RL, Ambros V. The C. elegans heterochronic 

gene lin-4 encodes small RNAs with antisense complementarity 
to lin-14. Cell 1993; 75: 843–54.

2.	 Lee RC, Ambors V. An extensive class of small RNAs in Caeno-
rhabditis elegans. Science 2001; 294: 862–4.

3.	 Ambros V. MicroRNA pathways in flies and worms: growth, 
death, fat, stress, and timing. Cell 2003; 113: 673–6.

4.	Chen X, Ba Y, Ma L, Cai X, Yin Y, Wang K, Guo J, Zhang Y, Chen J, 
Guo X, Li Q, Li X, Wang W, Zhang Y, Wang J, Jiang X, Xiang Y, 
Xu C, Zheng P, Zhang J, Li R, Zhang H, Shang X, Gong T, Ning G, 
Wang J, Zen K, Zhang J, Zhang CY. Characterization of microRNAs 
in serum: a novel class of biomarkers for diagnosis of cancer 
and other diseases. Cell Res 2008; 18: 997–1006.

5.	 Valadi H, Ekstrom K, Bossios A, Sjostrand M, Lee JJ, Lotvall JO. 
Exosome-mediated transfer of mRNAs and microRNAs is a novel 
mechanism of genetic exchange between cells. Nat Cell Biol 
2007; 9: 654–9.

6.	Wang Z, Luo X, Lu Y, Yang B. miRNAs at the heart of the matter. 
J Mol Med 2008; 86: 771–83.

7.	 Latronico MV, Catalucci D, Condorelli G. Emerging role of micro-
RNAs in cardiovascular biology. Circ Res 2007; 101: 1225–36.

8.	Latronico MV, Condorelli G. MicroRNAs and cardiac pathology. 
Nat Rev Cardiol 2009; 6: 419–29.

9.	 Brennecke J, Stark A, Russell RB, Cohen SM. Principles of micro-
RNA target recognition. PLoS Biol 2005; 3: e85.

10.	 Nilsen TW. Mechanisms of microRNA-mediated gene regulation 
in animal cells. Trends Genet 2007; 23: 243–9.

11.	 Lewis BP, Shih IH, Jones-Rhoades MW, Bartel DP, Burge CB. Pre-
diction of mammalian microRNA targets. Cell 2003; 115: 787–98.

12.	 Miranda KC, Huynh T, Tay Y, Ang YS, Tam WL, Thomson AM, Lim 
B, Rigoutsos I. A pattern-based method for the identification 
of microRNA binding sites and their corresponding heterodu-
plexes. Cell 2006; 126: 1203–17.

13.	 Boon RA, Vickers KC. Intercellular transport of microRNAs. Arte-
rioscler Thromb Vasc Biol 2013; 33: 186–92.

14.	 Vickers KC, Palmisano BT, Shoucri BM, Shamburek RD, Remaley 
AT. MicroRNAs are transported in plasma and delivered to recipi-
ent cells by high-density lipoproteins. Nat Cell Biol 2011; 13: 
423–33.

15.	 Zernecke A, Bidzhekov K, Noels H, Shagdarsuren E, Gan L, 
Denecke B, Hristov M, Koppel T, Jahantigh MN, Lutgens E, Wang 
S, Olson EN, Schober A, Weber C. Delivery of microRNA-126 by 
apoptotic bodies induces CXCL12-dependent vascular protec-
tion. Sci Signal 2009; 2: ra81.

16.	 Naga Prasad SV, Karnik SS. MicroRNAs – regulators of signaling 
networks in dilated cardiomyopathy. J Cardiovasc Transl Res 
2010; 3: 225–34.

17.	 van Rooij E, Sutherland LB, Liu N, Williams AH, McAnally J, 
Gerard RD, Richardson JA, Olson EN. A signature pattern of 
stress-responsive microRNAs that can evoke cardiac hyper-
trophy and heart failure. Proc Natl Acad Sci USA 2006; 103: 
18255–60.

18.	 Sucharov C, Bristow MR, Port JD. miRNA expression in the failing 
human heart: functional correlates. J Mol Cell Cardiol 2008; 45: 
185–92.

19.	 Fan K, Zhang H, Shen J, Zhang Q, Li X. Circulating microRNAs 
levels in Chinese heart failure patients caused by dilated cardio-
myopathy. Indian Heart J 2013; 65: 12–6.



446      N. Nair and E. Gongora: MicroRNAs as therapeutic targets in cardiomyopathies

20.	Rao PK, Toyama Y, Chiang HR, Gupta S, Bauer M, Medvid R, 
Reinhardt F, Liao R, Krieger M, Jaenisch R, Lodish HF, Blelloch R. 
Loss of cardiac microRNA-mediated regulation leads to dilated 
cardiomyopathy and heart failure. Circ Res 2009; 105: 585–94.

21.	 Satoh M, Minami Y, Takahashi Y, Tabuchi T, Nakamura M. 
Expression of microRNA-208 is associated with adverse clinical 
outcomes in human dilated cardiomyopathy. J Cardiac Fail 2010; 
16: 404–10.

22.	 Quattrocelli M, Crippa S, Montecchiani C, Camps J, Cornaglia AI, 
Boldrin L, Morgan J, Calligaro A, Casasco A, Orlacchio A, 
Gijsbers R, D’Hooge J, Toelen J, Janssens S, Sampaolesi M. Long-
term miR-669a therapy alleviates chronic dilated cardiomyopathy 
in dystrophic mice. J Am Heart Assoc 2013; 2: e000284.

23.	Weber M, Baker MB, Moore JP, Searles CD. miR-21 is induced 
in endothelial cells by shear stress and modulates apoptosis 
and eNOS activity. Biochem Biophys Res Commun 2010; 393: 
643–8.

24.	Raitoharju E, Lyytikäinen LP, Levula M, Oksala N, Mennander A, 
Tarkka M, Klopp N, Illig T, Kähönen M, Karhunen PJ, Laaksonen 
R, Lehtimäki T. miR-21, miR-210, miR-34a, and miR-146a/b are 
up-regulated in human atherosclerotic plaques in the Tampere 
Vascular Study. Atherosclerosis 2011; 219: 211–7.

25.	 Nazari-Jahantigh M, Wei Y, Noels H, Akhtar S, Zhou Z, Koenen 
RR, Heyll K, Gremse F, Kiessling F, Grommes J, Weber C, Schober 
A. MicroRNA-155 promotes atherosclerosis by repressing Bcl6 in 
macrophages. J Clin Invest 2012; 122: 4190–202.

26.	Ponomarev ED, Veremeyko T, Barteneva N, Krichevsky AM, 
Weiner HL. MicroRNA-124 promotes microglia quiescence and 
suppresses EAE by deactivating macrophages via the C/EBP-
PU.1 pathway. Nat Med 2011; 17: 64–70.

27.	 Taganov KD, Boldin MP, Chang KJ, Baltimore D. NF-κB-
dependent induction of microRNA miR-146, an inhibitor targeted 
to signaling proteins of innate immune responses. Proc Natl 
Acad Sci USA 2006; 103: 12481–6.

28.	Cordes KR, Sheehy NT, White MP, Berry EC, Morton SU, Muth AN, 
Lee TH, Miano JM, Ivey KN, Srivastava D. miR-145 and miR-143 
regulate smooth muscle cell fate and plasticity. Nature 2009; 
460: 705–10.

29.	 Liu X, Cheng Y, Zhang S, Lin Y, Yang J, Zhang C. A necessary role of 
miR-221 and miR-222 in vascular smooth muscle cell proliferation 
and neointimal hyperplasia. Circ Res 2009; 104: 476–87.

30.	Wang YS, Wang HY, Liao YC, Tsai PC, Chen KC, Cheng HY, Lin RT, 
Juo SH. MicroRNA-195 regulates vascular smooth muscle cell 
phenotype and prevents neointimal formation. Cardiovasc Res 
2012; 95: 517–26.

31.	 Krützfeldt J, Rajewsky N, Braich R, Rajeev KG, Tuschl T, Mano-
haran M, Stoffel M. Silencing of microRNAs in vivo with ‘antago-
mirs’. Nature 2005; 438: 685–9.

32.	Rayner KJ, Suárez Y, Dávalos A, Parathath S, Fitzgerald ML, 
Tamehiro N, Fisher EA, Moore KJ, Fernández-Hernando C. miR-33 
contributes to the regulation of cholesterol homeostasis. Sci-
ence 2010; 328: 1570–3.

33.	Bonauer A, Carmona G, Iwasaki M, Mione M, Koyanagi M, 
Fischer A, Burchfield J, Fox H, Doebele C, Ohtani K, Chavakis E, 
Potente M, Tjwa M, Urbich C, Zeiher AM, Dimmeler S. MicroRNA-
92a controls angiogenesis and functional recovery of ischemic 
tissues in mice. Science 2009; 324: 1710–3.

34.	Chen WJ, Yin K, Zhao GJ, Fu YC, Tang CK. The magic and mystery 
of microRNA-27 in atherosclerosis. Atherosclerosis 2012; 222: 
314–23.

35.	 Chen JF, Mandel EM, Thomson JM, Wu Q, Callis TE, Hammond 
SM, Conlon FL, Wang DZ. The role of microRNA-1 and micro-
RNA-133 in skeletal muscle proliferation and differentiation. Nat 
Genet 2006; 38: 228–33.

36.	Zhao Y, Ransom JF, Li A, Vedantham V, von Drehle M, Muth AN, 
Tsuchihashi T, McManus MT, Schwartz RJ, Srivastava D. Dys-
regulation of cardiogenesis, cardiac conduction, and cell cycle 
in mice lacking miRNA-1-2. Cell 2007; 129: 303–17.

37.	 Sayed D, Hong C, Chen IY, Lypowy J, Abdellatif M. Micro-RNAs 
play an essential role in the development of cardiac hypertro-
phy. Circ Res 2007; 100: 416–24.

38.	Ikeda S, He A, Kong SW, Lu J, Bejar R, Bodyak N, Lee KH, Ma Q, 
Kang PM, Golub TR, Pu WT. MicroRNA-1 negatively regulates 
expression of the hypertrophy-associated calmodulin and 
Mef2a genes. Mol Cell Biol 2009; 29: 2193–204.

39.	 Li Q, Song XW, Zou J, Wang GK, Kremneva E, Li XQ, Zhu N, Sun T, 
Lappalainen P, Yuan WJ, Qin YW, Jing Q. Attenuation of micro-
RNA-1 derepresses the cytoskeleton regulatory protein twinfilin-1 
to provoke cardiac hypertrophy. J Cell Sci 2010; 123: 2444–52.

40.	Ali R, Huang Y, Maher SE, Kim RW, Giordano FJ, Tellides G, 
Geirsson A. miR-1 mediated suppression of Sorcin regulates 
myocardial contractility through modulation of Ca2+ signaling. 
J Mol Cell Cardiol 2012; 52: 1027–37.

41.	 Dong DL, Chen C, Huo R, Wang N, Li Z, Tu YJ, Hu JT, Chu X, Huang 
W, Yang BF. Reciprocal repression between microRNA-133 and 
calcineurin regulates cardiac hypertrophy: a novel mechanism 
for progressive cardiac hypertrophy. Hypertension 2010; 55: 
946–52.

42.	Feng B, Chen S, George B, Feng Q, Chakrabarti S. miR133a regu-
lates cardiomyocyte hypertrophy in diabetes. Diabetes Metab 
Res Rev 2009; 26: 40–9.

43.	van Rooij E, Sutherland LB, Liu N, Williams AH, McAnally J, 
Gerard RD, Richardson JA, Olson EN. Control of stress-depend-
ent cardiac growth and gene expression by a microRNA. Science 
2007; 316: 575–9.

44.	Liu N, Bezprozvannaya S, Williams AH, Qi X, Richardson JA, Bas-
sel-Duby R, Olson EN. MicroRNA-133a regulates cardiomyocyte 
proliferation and suppresses smooth muscle gene expression in 
the heart. Genes Dev 2008; 22: 3242–54.

45.	Roncarati R, Viviani Anselmi C, Losi MA, Papa L, Cavarretta E, Da 
Costa Martins P, Contaldi C, Saccani Jotti G, Franzone A, Galastri 
L, Latronico MV, Imbriaco M, Esposito G, De Windt L, Betocchi 
S, Condorelli G. Circulating miR-29a, among other up-regulated 
microRNAs, is the only biomarker for both hypertrophy and 
fibrosis in patients with hypertrophic cardiomyopathy. J Am Coll 
Cardiol 2014; 63: 920–7.

46.	Thum T, Gross C, Fiedler J, Fischer T, Kissler S, Bussen M, 
Galuppo P, Just S, Rottbauer W, Frantz S, Castoldi M, Soutschek 
J, Koteliansky V, Rosenwald A, Basson MA, Licht JD, Pena JT, Rou-
hanifard SH, Muckenthaler MU, Tuschl T, Martin GR, Bauersachs 
J, Engelhardt S. MicroRNA-21 contributes to myocardial disease 
by stimulating MAP kinase signalling in fibroblasts. Nature 
2008; 456: 980–4.

47.	 Kriegel AJ, Liu Y, Fang Y, Ding X, Liang M. The miR-29 family: 
genomics, cell biology, and relevance to renal and cardiovascu-
lar injury. Physiol Genomics 2012; 44: 237–44.

48.	Van Rooij E, Sutherland LB, Thatcher JE, DiMaio JM, Naseem RH, 
Marshall WS, Hill JA, Olson EN. Dysregulation of microRNAs after 
myocardial infarction reveals a role of miR-29 in cardiac fibrosis. 
Proc Natl Acad Sci USA 2008; 105: 13027–32.



N. Nair and E. Gongora: MicroRNAs as therapeutic targets in cardiomyopathies      447

49.	Wang J, Yang X. The function of miRNA in cardiac hypertrophy. 
Cell Mol Life Sci 2012; 69: 3561–70.

50.	da Costa Martins PA, Salic K, Gladka MM, Armand AS, Leptidis 
S, el Azzouzi H, Hansen A, Coenen-de Roo CJ, Bierhuizen MF, 
van der Nagel R, van Kuik J, de Weger R, de Bruin A, Condorelli 
G, Arbones ML, Eschenhagen T, De Windt LJ. MicroRNA-199b 
targets the nuclear kinase Dyrk1a in an auto-amplification loop 
promoting calcineurin/NFAT signalling. Nat Cell Biol 2010; 12: 
1220–7.

51.	 Dirkx E, Gladka MM, Philippen LE, Armand AS, Kinet V, 
Leptidis S, El Azzouzi H, Salic K, Bourajjaj M, da Silva GJ, 
Olieslagers S, van der Nagel R, de Weger R, Bitsch N, Kisters N, 
Seyen S, Morikawa Y, Chanoine C, Heymans S, Volders PG, 
Thum T, Dimmeler S, Cserjesi P, Eschenhagen T, da Costa 
Martins PA, De Windt LJ. Nfat and miR-25 cooperate to reactivate 
the transcription factor Hand2 in heart failure. Nat Cell Biol 
2013; 15: 1282–93.

52.	 Prasad A, Lerman A, Rihal CS. Apical ballooning syndrome 
(tako-tsubo or stress cardiomyopathy): a mimic of acute 
myocardial infarction. Am Heart J 2008; 155: 408–17.

53.	 Maron BJ, Towbin JA, Thiene G, Antzelevitch C, Corrado D, Arnett 
D, Moss AJ, Seidman CE, Young JB. Contemporary definitions 
and classification of the cardiomyopathies: an American Heart 
Association Scientific Statement from the Council on Clinical 
Cardiology, Heart Failure and Transplantation Committee; Qual-
ity of Care and Outcomes Research and Functional Genomics 
and Translational Biology Interdisciplinary Working Groups; and 
Council on Epidemiology and Prevention. Circulation 2006; 113: 
1807–16.

54.	Sharkey SW, Windenburg DC, Lesser JR, Maron MS, Hauser RG, 
Lesser JN, Haas TS, Hodges JS, Maron BJ. Natural history and 
expansive clinical profile of stress (tako-tsubo) cardiomyopathy. 
J Am Coll Cardiol 2010; 55: 333–41.

55.	 Tsuchihashi K, Ueshima K, Uchida T, Oh-mura N, Kimura K, Owa 
M, Yoshiyama M, Miyazaki S, Haze K, Ogawa H, Honda T, Hase 
M, Kai R, Morii I. Transient left ventricular apical ballooning 
without coronary artery stenosis: a novel heart syndrome mim-
icking acute myocardial infarction. Angina pectoris-myocardial 
infarction investigations in Japan. J Am Coll Cardiol 2001; 38: 
11–8.

56.	Bybee KA, Kara T, Prasad A, Lerman A, Barsness GW, Wright RS, 
Rihal CS. Systematic review: transient left ventricular apical 
ballooning: a syndrome that mimics ST-segment elevation myo-
cardial infarction. Ann Intern Med 2004; 141: 858–65.

57.	 Elesber AA, Prasad A, Lennon RJ, Wright RS, Lerman A, Rihal CS. 
Four-year recurrence rate and prognosis of the apical ballooning 
syndrome. J Am Coll Cardiol 2007; 50: 448–52.

58.	 Jaguszewski M, Fijalkowski M, Nowak R, Czapiewski P, Ghadri 
JR, Templin C, Rynkiewicz A. Ventricular rupture in takotsubo 
cardiomyopathy. Eur Heart J 2012; 33: 1027.

59.	 Desmet WJ, Adriaenssens BF, Dens JA. Apical ballooning of the 
left ventricle: first series in white patients. Heart 2003; 89: 
1027–31.

60.	Hertting K, Krause K, Harle T, Boczor S, Reimers J, Kuck KH. Tran-
sient left ventricular apical ballooning in a community hospital 
in Germany. Int J Cardiol 2006; 112: 282–8.

61.	 Kurowski V, Kaiser A, von Hof K, Killermann DP, Mayer B, 
Hartmann F, Schunkert H, Radke PW. Apical and midventricular 
transient left ventricular dysfunction syndrome (tako-tsubo car-
diomyopathy): frequency, mechanisms, and prognosis. Chest 
2007; 132: 809–16.

62.	Frohlich GM, Schoch B, Schmid F, Keller P, Sudano I, Luscher TF, 
Noll G, Ruschitzka F, Enseleit F. Takotsubo cardiomyopathy has 
a unique cardiac biomarker profile: NT-proBNP/myoglobin and 
NT-proBNP/troponin T ratios for the differential diagnosis of 
acute coronary syndromes and stress induced cardiomyopathy. 
Int J Cardiol 2012; 154: 328–32.

63.	Jaguszewski M, Osipova J, Ghadri JR, Napp LC, Widera C, 
Franke J, Fijalkowski M, Nowak R, Fijalkowska M, Volkmann I, 
Katus HA, Wollert KC, Bauersachs J, Erne P, Lüscher TF, Thum T, 
Templin C. A signature of circulating microRNAs differentiates 
takotsubo cardiomyopathy from acute myocardial infarction. Eur 
Heart J 2014; 35: 999–1006.

64.	Hilfiker-Kleiner D, Kaminski K, Podewski E, Bonda T, Schaefer A, 
Sliwa K, Forster O, Quint A, Landmesser U, Doerries C, Luchte-
feld M, Poli V, Schneider MD, Balligand JL, Desjardins F, Ansari 
A, Struman I, Nguyen NQ, Zschemisch NH, Klein G, Heusch G, 
Schulz R, Hilfiker A, Drexler H. A cathepsin D-cleaved 16 kDa 
form of prolactin mediates postpartum cardiomyopathy. Cell 
2007; 128: 589–600.

65.	Hilfiker-Kleiner D, Sliwa K, Drexler H. Peripartum cardiomyopa-
thy: recent insights in its pathophysiology. Trends Cardiovasc 
Med 2008; 18: 173–9.

66.	Halkein J, Tabruyn SP, Ricke-Hoch M, Haghikia A, Nguyen NQ, 
Scherr M, Castermans K, Malvaux L, Lambert V, Thiry M, Sliwa K, 
Noel A, Martial JA, Hilfiker-Kleiner D, Struman I. MicroRNA-146a 
is a therapeutic target and biomarker for peripartum cardiomyo-
pathy. J Clin Invest 2013; 123: 2143–54.

67.	 Patten IS, Rana S, Shahul S, Rowe GC, Jang C, Liu L, Hacker MR, 
Rhee JS, Mitchell J, Mahmood F, Hess P, Farrell C, Koulisis N, 
Khankin EV, Burke SD, Tudorache I, Bauersachs J, del Monte F, 
Hilfiker-Kleiner D, Karumanchi SA, Arany Z. Cardiac angiogenic 
imbalance leads to peripartum cardiomyopathy. Nature 2012; 
485: 333–8.

68.	Care A, Catalucci D, Felicetti F, Bonci D, Addario A, Gallo P, 
Bang ML, Segnalini P, Gu Y, Dalton ND, Elia L, Latronico MV, Hoy-
dal M, Autore C, Russo MA, Dorn GW II, Ellingsen O, Ruiz-Lozano 
P, Peterson KL, Croce CM, Peschle C, Condorelli G. MicroRNA-133 
controls cardiac hypertrophy. Nat Med 2007; 13: 613–8.

69.	 Ivey KN, Muth A, Arnold J, King FW, Yeh RF, Fish JE, Hsiao EC, 
Schwartz RJ, Conklin BR, Bernstein HS, Srivastava D. MicroRNA 
regulation of cell lineages in mouse and human embryonic stem 
cells. Cell Stem Cell 2008; 2: 219–29.

70.	Liu C, Kelnar K, Liu B, Chen X, Calhoun-Davis T, Li H, Patrawala 
L, Yan H, Jeter C, Honorio S, Wiggins JF, Bader AG, Fagin R, 
Brown D, Tang DG. The microRNA miR-34a inhibits prostate 
cancer stem cells and metastasis by directly repressing CD44. 
Nat Med 2011; 17: 211–5.

71.	 Lanford RE, Hildebrandt-Eriksen ES, Petri A, Persson R, 
Lindow M, Munk ME, Kauppinen S, Ørum H. Therapeutic 
silencing of microRNA-122 in primates with chronic hepatitis C 
virus infection. Science 2010; 327: 198–201.

72.	 De Rosa G, La Rotonda MI. Nano and microtechnologies for the 
delivery of oligonucleotides with gene silencing properties. 
Molecules 2009; 14: 2801–23.

73.	 van Rooij E, Kauppinen S. Development of microRNA therapeu-
tics is coming of age. EMBO Mol Med 2014; 6: 851–64.

74.	 Bader AG, Brown D, Stoudemire J, Lammers P. Developing thera-
peutic microRNAs for cancer. Gene Ther 2011; 18: 1121–6.

75.	 Garzon R, Marcucci G, Croce CM. Targeting microRNAs in cancer: 
rationale, strategies and challenges. Nat Rev Drug Discov 2010; 
9: 775–89.



448      N. Nair and E. Gongora: MicroRNAs as therapeutic targets in cardiomyopathies

76.	Thorsen SB, Obad S, Jensen NF, Stenvang J, Kauppinen S. The 
therapeutic potential of microRNAs in cancer. Cancer J 2012; 18: 
275–84.

77.	 Lennox KA, Behlke MA. A direct comparison of anti-microRNA 
oligonucleotide potency. Pharm Res 2010; 27: 1788–99.

78.	Babar IA, Cheng CJ, Booth CJ, Liang X, Weidhaas JB, Saltzman 
WM, Slack FJ. Nanoparticle-based therapy in an in vivo micro-
RNA-155 (miR-155)-dependent mouse model of lymphoma. Proc 
Natl Acad Sci USA 2012; 109: E1695–704.

79.	 Fabani MM, Abreu-Goodger C, Williams D, Lyons PA, Torres AG, 
Smith KG, Enright AJ, Gait MJ, Vigorito E. Efficient inhibition of 
miR-155 function in vivo by peptide nucleic acids. Nucleic Acids 
Res 2010; 38: 4466–75.

80.	Torres AG, Fabani MM, Vigorito E, Williams D, Al-Obaidi N, 
Wojciechowski F, Hudson RH, Seitz O, Gait MJ. Chemical structure 
requirements and cellular targeting of microRNA-122 by peptide 
nucleic acids anti-miRs. Nucleic Acids Res 2012; 40: 2152–67.

81.	 Pramanik D, Campbell NR, Karikari C, Chivukula R, Kent OA, 
Mendell JT, Maitra A. Restitution of tumor suppressor microRNAs 
using a systemic nanovector inhibits pancreatic cancer growth 
in mice. Mol Cancer Ther 2011; 10: 1470–80.

82.	Hinkel R, Penzkofer D, Zühlke S, Fischer A, Husada W, Xu Q-F, 
Baloch E, Van Rooij E, Zeiher AM, Kupatt C, Dimmeler S. Inhibi-
tion of MicroRNA-92a protects against ischemia/reperfusion 
injury in a large-animal model. Circulation 2013; 128: 1066–75.

83.	Tijsen AJ, Creemers EE, Moerland PD, de Windt LJ, van der Wal 
AC, Kok WE, Pinto YM. MiR423-5p as a circulating biomarker for 
heart failure. Circ Res 2010; 106: 1035–9.

84.	Ikeda S, Kong SW, Lu J, Bisping E, Zhang H, Allen PD, Golub TR, 
Pieske B, Pu WT. Altered microRNA expression in human heart 
disease. Physiol Genom 2007; 31: 367–73.

85.	van Almen GC, Verhesen W, van Leeuwen RE, van de Vrie 
M, Eurlings C, Schellings MW, Swinnen M, Cleutjens JP, 
van Zandvoort MA, Heymans S, Schroen B. MicroRNA-18 and 
microRNA-19 regulate CTGF and TSP-1 expression in age-related 
heart failure. Aging Cell 2011; 10: 769–79.

86.	Danielson LS, Park DS, Rotllan N, Chamorro-Jorganes A, Guijarro 
MV, Fernandez-Hernando C, Fishman GI, Phoon CK, Hernando 
E. Cardiovascular dysregulation of miR-17-92 causes a lethal 
hypertrophic cardiomyopathy and arrhythmogenesis. FASEB J 
2013; 27: 1460–7.

87.	 Tsuchiya N, Izumiya M, Ogata-Kawata H, Okamoto K, Fujiwara Y, 
Nakai M, Okabe A, Schetter AJ, Bowman ED, Midorikawa Y, 
Sugiyama Y, Aburatani H, Harris CC, Nakagama H. Tumor sup-
pressor miR-22 determines p53-dependent cellular fate through 
post-transcriptional regulation of p21. Cancer Res 2011; 71: 
4628–39.

88.	Gennarino VA, D’Angelo G, Dharmalingam G, Fernandez S, Rus-
solillo G, Sanges R, Mutarelli M, Belcastro V, Ballabio A, Verde P, 
Sardiello M, Banfi S. Identification of microRNA-regulated gene 
networks by expression analysis of target genes. Genome Res 
2012; 22: 1163–72.

89.	Yan X, Liang H, Deng T, Zhu K, Zhang S, Wang N, Jiang X, Wang X, 
Liu R, Zen K, Zhang CY, Ba Y, Chen X. The identification of novel 
targets of miR-16 and characterization of their biological func-
tions in cancer cells. Mol Cancer 2013; 12: 92.

90.	Icli B, Wara AK, Moslehi J, Sun X, Plovie E, Cahill M, Marchini JF, 
Schissler A, Padera RF, Shi J, Cheng HW, Raghuram S, Arany Z, 
Liao R, Croce K, MacRae C, Feinberg MW. MicroRNA-26a regu-
lates pathological and physiological angiogenesis by targeting 
BMP/SMAD1 signaling. Circ Res 2013; 113: 1231–41.

91.	 Silvestri P, Di Russo C, Rigattieri S, Fedele S, Todaro D, Ferraiu-
olo G, Altamura G, Loschiavo P. MicroRNAs and ischemic heart 
disease: toward a better comprehension of pathogenesis, new 
diagnostic tools and new therapeutic targets. Recent Pat Cardio-
vasc Drug Discov 2009; 4: 109–18.

Bionotes
Nandini Nair
Sacred Heart Medical Center, Providence 
Spokane Heart Institute, 122 West 7th 
Avenue, Suite 450, Spokane, WA 99204, 
USA
nandini.nair@gmail.com

Nandini Nair received her PhD from the Department of Biochemis-
try, Indian Institute of Science, Bangalore, India and her MD from 
St George’s University School of Medicine, Grenada, W.I. She then 
completed a basic science postdoctoral fellowship at the Univer-
sity of Massachusetts Medical School, Worcester, MA in Molecular 
Virology. She also completed her clinical training fellowships in 
Internal Medicine and Cardiovascular Diseases at Drexel University 
College of Medicine, Philadelphia, PA and advanced fellowships 
in Vascular Medicine, Advanced Heart Failure and Cardiac Trans-
plantation at Stanford University School of Medicine, CA. Dr. Nair is 
board certified in Internal Medicine – Cardiovascular Diseases and 
Vascular Medicine. Dr. Nair is currently a Clinical Associate Profes-
sor at the University of Washington and the Medical Director for 
Advanced Heart Failure, Mechanical Circulatory Support and Cardiac 
Transplantation at Sacred Heart Medical Center, Spokane, WA. Her 
research interests are in understanding molecular mechanisms 
underlying systolic and diastolic heart failure and development of 
molecular diagnostics and therapeutics.

Enrique Gongora
Memorial Cardiac and Vascular Institute, 
Hollywood, FL 33021, USA

Enrique Gongora is a cardiac surgeon by training. He earned 
his Medical degree from the Universidad del Rosario in Bogota, 
Columbia. Dr. Gongora completed his residency training in General 
Surgery and a fellowship in Surgical Critical Care at Washington 
Hospital Center in Washington, DC. He then completed a resi-
dency in Cardiothoracic Surgery at the Mayo Clinic, Rochester and 
further fellowship training in Adult Cardiac Surgery and Thoracic 
Transplantation/Mechanical Circulatory Support at the University 
of Pittsburgh Medical Center, PA. Dr. Gongora currently serves as 
the Medical Director, Adult Cardiac Surgical Transplant Program, 
Memorial Heart and Vascular Institute, Hollywood, FL. Dr. Gongora 
is board certified in General Surgery and Cardio Thoracic Surgery. 
Dr. Gongora‘s research includes the molecular basis of cardiac 
failure inaddition to developing novel surgical stratigies for 
advanced heart failure.


