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1. Introduction
Cardiac hypertrophy or enlargement of the heart muscle is defined as
an increase in heart size without changes in myocyte number. Cardiac
hypertrophic growth occurs in response to pathological and physiological haemodynamic overload due to different forms of injury or
stress, such as hypertension, valve disease, and myocardial infarction
(pathological), or regular physical activity and chronic exercise training (physiological).1,2 Both pathological and physiological cardiac
hypertrophy result in increased myocardial mass, but where pathological hypertrophy is accompanied by deleterious events such as
foetal gene upregulation, myocardial fibrosis, and cardiac dysfunction,
physiological hypertrophy is characterized by overall normal cardiac
structure and function.3 Distinct signalling pathways mediate each
type of cardiac hypertrophy, and because sustained hypertrophy is a
key risk factor in the development of heart failure,4 much effort has
been dedicated to the identification of signals and pathways, inducing
pathological hypertrophy for rational drug design for heart failure.
Species of non-coding RNA molecules, microRNAs (miRNAs),
have been shown to regulate these complex processes.5 – 7 The recognition of miRNAs as essential regulators of cardiac morphology and
function in the past decade has fundamentally changed our view of
the physiological and pathological aspects of the cardiovascular
system. MicroRNAs not only target single genes but often functionally
related gene networks, yielding complex gene regulatory networks.
This review comprises the most recent progress made in demonstrating how single miRNAs can regulate different aspects of cardiac
hypertrophy and explores future directions of miRNA therapeutics
in heart failure.

2. MicroRNA regulation of cardiac
hypertrophy: microRNA maturation
MicroRNA maturation is a complex process where any step is subject
to tight molecular regulation. MicroRNAs are initially transcribed by
RNA polymerase II into primary transcripts (pri-miRNAs) that can
encode one or more miRNAs.8 Hereafter, multiple 60–100 bp
long hairpin-like structures are released by the action of RNase III endonuclease Drosha, followed by export of these precursor stem-loop
structures (pre-miRNA) from the nucleus in a Ran/GTP/Exportin5-dependent manner. Once in the cytoplasm, pre-miRNAs are
further cleaved and processed to generate mature miRNA species.9 – 11

3. Regulation of miRNA processing:
Drosha complex
Primary miRNAs are several thousand nucleotides (nt) long that
undergo a nuclear cleavage step by endonuclease Drosha, generating
a 60– 100 nt long pre-miRNA.12,13 The Drosha microprocessor
complex is formed by several associated polypeptides, and the fact
that recombinant Drosha in vitro is unable to generate pre-miRNAs
supports the requirement of additional cofactors for proper Drosha
catalytic activity.14 DiGeorge syndrome critical region gene 8
(DGCR8), one of those cofactors, is known to stabilize Drosha
levels and to promote accurate cleavage of the stem loops within the
pri-miRNAs.15 Although Drosha expression and activity is regulated
in certain cancers,16 – 18 limited information on its precise regulation
in cardiovascular diseases is available. While a homologous
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MicroRNAs refer to a subfamily of small non-coding RNA species that are designed to influence gene expression in
nearly all cell types studied to date. Studies from the past decade have demonstrated that microRNAs are atypically
expressed in the cardiovascular system under specific pathological conditions. Gain- and loss-of-function studies using
in vitro and in vivo models have revealed distinct roles for specific microRNAs in cardiovascular development,
physiological functions, and cardiac pathological conditions. In this review, the current relevant findings on the
role of microRNAs in cardiac hypertrophic growth are updated, the target genes of these microRNAs are
summarized, and the future of microRNAs as potential therapeutic targets is discussed.
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4. Regulation of miRNA processing:
Dicer and related proteins
Once generated, pre-miRNAs are transported via exportin-5 into the
cytoplasm where they are processed by the ribonuclease III Dicer into
22 nt species.30 In vertebrates, Dicer is expressed through all stages
of embryonic and adult development,31 and its proper function is critical during processing of most pre-miRNAs into their mature
form.32,33 Accordingly, a Dicer null mutation in mice leads to an embryonic lethal phenotype at E7.5,34 and embryonic stem cells lacking
Dicer display severe differentiation defects.35 Aside from playing an
important role during normal foetal development and in stem cell
maintenance, a requirement for Dicer has also been described in a
variety of physiological and pathological cellular processes in adult
mammals.
Several studies have specifically assessed the global role of miRNAs
in cardiac development and function by generating animal models with
cardiac-specific ablation of Dicer. Zhao et al.36 deleted a floxed Dicer
allele using Cre recombinase under the control of the Nkx2.5 regulatory region and allowing for early embryonic deletion in the cardiogenic region. This deletion decreased the presence of functional
miRNAs during cardiac development and resulted in chamber malformation and embryonic death at E12.5 with the hearts displaying pericardial oedema and impaired cardiac ventricular function.36,37 Similar
results were obtained in another study that investigated the effect of
Dicer deletion in the postnatal myocardium immediately after birth
(driven by a myh6-Cre deleter strain).6 To circumvent the observed
lethality and analyse the role of Dicer in the juvenile and adult
heart, Cre deleter mice with conditional cardiac ablation of Dicer
(myh6-driven, tamoxifen activated MerCreMer deleter strain) were

used.5 While Dicer loss in cardiomyocytes of young animals resulted
in sudden death due to arrhythmias and a mild form of cardiac dysmorphogenesis, Dicer deletion in adult animals led to the development of considerable cardiac hypertrophy, fibrosis, and severe
cardiac dysfunction.
The observation of reduced Dicer expression in failing human
hearts6 suggests the presence of functional Dicer regulatory
mechanisms in cardiac disease. In fact, and similar to Drosha,
Dicer also associates with several regulatory proteins, such as the
TAR RNA-binding protein (TRBP) and protein kinase R-activating
protein (PACT)38 to promote stability and processing activity. Although the specific role of these proteins during cardiovascular diseases is currently unknown, the fact that TRBP phosphorylation is
dependent on ERK-MAP kinase,39 a kinase involved in cardiac
hypertrophy40 and fibrosis,41 implies that Dicer may be subject to
regulation by cellular signalling pathways in certain cardiovascular
diseases.
Dicer associates with other proteins to form the RISC-loading
complex, where the cleavage of the pre-miRNA by Dicer results
in an unstable miR –miR* duplex composed of an active guide
strand (miRNA) and the passenger opposite strand (miRNA*). Degradation of the miRNA* strand mostly yields a mature miRNA that,
once loaded into the RNA-induced silencing complex (RISC), is
guided to cognate target mRNAs to induce post-transcriptional
gene regulation either by mRNA degradation or translational inhibition, ultimately decreasing target gene protein expression.42 Argonaut (AGO) proteins play a crucial role in miRNA-mediated
mRNA silencing,43,44 and although there are four AGO proteins in
humans, AGO2 is the only one with cleavage and stabilizing activity
in mammals with its deletion resulting in reduced levels of mature
miRNAs.44,45 Because AGO stability is affected by certain growth
factors,46 AGO regulation may have clear ramifications for miRNA
processing in cardiac hypertrophy.

5. Regulation of miRNA processing:
modification, editing, and decay
Similar to protein-coding mRNA genes, miRNAs, more specifically
pri-miRNAs, also have a 7-methy-guanylate cap at the 5′ -end and
a poly(A) tail at the 3′ -end.47 Modifications at the 3′ -end of specific
miRNAs result in altered stability. Adenosine deaminases that act
on RNA (ADARs) are known to affect pri- and pre-miRNA stability
by converting adenosine to ionosine in dsRNA molecules.48 One
specific splicing variant of ADAR2 is enriched in cardiac
disease,49 but its biological role and relevance remain to be
explored.
The half-life of some miRNAs in cardiac cells, among others, is relatively long, and alterations in their expression and stability may be
related to miRNA decay mechanisms. While some tissues, such as
neural tissue, display a high turnover of certain miRNAs,50 in
cardiac cells, miR-208, involved in stress-dependent hypertrophic
cardiac growth, was shown to have a half-life of 12 days.51 Although
these mechanisms have been mostly described in lower organisms
such as flies and worms,52 they may also be effective and relevant
in mammals as an explanation for the spatiotemporal changes
observed in the expression pattern of certain miRNAs.
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chromosomal deletion of the region where Drosha-DGCR8 is located
leads to a modest decrease in expression of 60 miRNAs,19 a
cardiomyocyte-specific deletion of DGCR8 results in dilated cardiomyopathy and early lethality,20 suggesting an important role of
DGCR-8-dependent miRNAs in cardiac biology and function.
Deregulation of components of the microprocessor will directly
affect the maturation and expression profile of specific miRNAs.
The DEAD-box RNA helicases p68 and p72, two Drosha-regulating
proteins,21,22 have been shown to be involved in processing of
miR-199a and miR-214, with both miRNAs being expressed at low
levels in p68-p72 null fibroblasts.23,24 This suggests that proper
recruitment of the microprocessor to specific pri-miRNAs requires
the functional presence of those two helicases. Curiously, miR-21
has also been shown to be dependent on the association of specific
proteins with Drosha and p68 in Arabidopsis. 25 Whether these
proteins are also required during regulation of miR-21 expression in
cardiac cells remains to be investigated.
In a similar way, other miRNAs have been described to be dependent on Drosha regulation by specific auxiliary proteins, including
miR-let-7a and miR-206, involved in pulmonary hypertension26 and
muscle diseases,27 respectively. These miRNAs require the KH-type
splicing regulatory protein (KSRP), a factor that targets G-rich
regions of a set of pri-miRNAs during processing28 and which is
also involved in post-transcriptional regulation of miR-155,29 an
inflammation-related miRNA.
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6. miRNA regulation of
pathological cardiac hypertrophy:
differential expression of miRNAs
One reoccurring phenomenon that is observed in situations of pathological cardiac hypertrophy entails a switch from gene expression profiles characteristic for the adult myocardium to profiles that normally
are present in the foetal heart.53 – 56 One piece of evidence that
miRNAs play a role in the induction of a foetal gene profile derives
from the observation that the expression of miRNAs also changes
during this canonical switch in gene expression.57 A number of
studies have used high-density array platforms for miRNA profiling
in order to measure alterations in the expression of individual
miRNAs under either experimental or clinical conditions of cardiac
hypertrophy and heart failure.58 – 62 Regarding the specific role of
miRNAs in cardiac hypertrophy, van Rooij et al.59 have reported
the first microarray study using two animal models of pathological
cardiac hypertrophy: the thoracic aortic-banded mouse model and
calcineurin-overexpressing transgenic mice. Their results show that
the miRNA expression pattern in the two animal models were
similar, implying the presence of similar miRNA-controlled hypertrophic mechanisms.59 Moreover, Thum et al.63 demonstrated that
miRNA expression in the failing myocardium shifts towards a foetal
heart miRNA expression program. Expression of messenger RNAs

and miRNAs showed an inverse correlation in failing hearts, suggesting
that altered miRNA expression accounts, at least partially, for alterations in the transcriptome of the failing human heart. Collectively,
these studies demonstrate that the human transcriptome is influenced
by or even controlled by differing miRNA expression profiles.

7. miRNA regulation of
pathological cardiac hypertrophy:
antagonists
miR-1-1 and miR-1-2 are among the most abundantly expressed
miRNAs in the human heart, providing a first clue that they may
have a specific role in cardiomyocyte morphology and function
(Figure 1 and Table 1).64 – 66 Whereas miR-1 has a crucial role in the
developing heart, with its overexpression causing developmental
arrest due to dilated ventricles and heart failure at E9.0,67 in the
adult heart, downregulation of miR-1 is one of the earliest changes
observed after subjecting a mouse heart to increased pressure overload, preceding changes in the expression of other miRNAs, an increase in cardiac mass, and contractile dysfunction.68,69 This
observation, together with a study demonstrating that adenoviral
miR-1 overexpression attenuates cardiomyocyte hypertrophy,69 – 71
provides compelling evidence that miR-1 downregulation has a
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Figure 1 Regulation of pathological cardiac hypertrophy by microRNAs. Schematic representation of the microRNAs that are involved in the development of cardiac hypertrophy. MicroRNAs can have an anti-hypertrophic function (miR-1, miR-133, miR-26, miR-9, miR-98, and miR-29), while
others are agonists of the hypertrophic response (miR-143, miR-199a, miR-199b, miR-208, miR-23a, miR-499, and miR-21). miR-21 and miR-29 primarily act within fibroblasts to modulate a pathological fibrotic response and thereby contributing to myocardial remodelling. A subset of
stress-activated transcription factors have been revealed to regulate microRNA transcription, mechanistically linking microRNA downstream genes
with molecular hypertrophic and fibrotic targets in the setting of adult hypertrophic cardiac remodelling and heart failure. Target genes of each
miRNA were selected based on their identification from in vitro and/or in vivo (marked in bold) experiments.
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Table 1 Anti- (blue) and pro-hypertrophic (red) microRNAs involved in cardiac hypertrophy; the animal models of cardiac
disease where they have been shown to be differentially expressed and the approaches used to modulate their expression in
vivo
miRNA

Model cardiac disease

In vivo modulation

miR-1

aMHC-CnA, aMHC-Akt, TAC, exercise
aMHC-CnA, aMHC-Akt, TAC, exercise
TAC
Iso/Aldo infusion
AngII infusion
aMHC-CnA, TAB, MI
Exercise
aMHC-CnA, aMHC-b2AR TAC
aMHC-CnA, TAC
aMHC-CnA, TAC
PE infusion
MI, I/R
aMHC-b1AR, TAC, I/R, Iso/AngII infusion

Genetic KO, gene transfer (AMO), Ad-miR

.......................................................................................................................................................................................
miR-133
miR-26
miR-9
miR-98
miR-29
miR-143
miR-199a
miR-199b
miR-23a
miR-499
miR-21

miR-mimic
Ad-miR Ad-anti-miR
Antagomir
n.a.
n.a.
Antagomir, aMHC-miR
Genetic KO, aMHC-miR
Antagomir, aMHC-miR
Antagomir, aMHC-miR
Genetic KO, antagomir, LNA

AMO, 2′ -O-methyl-modified antisense oligonucleotides; LNA, locked nucleic acid.

causative role in the pathogenesis of cardiac hypertrophy. A wealth of
literature now provides evidence that calcium-mediated signalling
serves as an upstream mediator of cardiomyocyte hypertrophy.72
Interestingly, miR-1 was demonstrated to regulate two separate signalling mediators of calcium signalling, calmodulin, and Mef2a, where
cardiac calmodulin transcripts of the genes Calm1 and Calm2 are
both repressed by miR-1 in animal models of heart failure.69,72 In addition, downstream transcriptional effectors, MEF2A and GATA4, are
regulated by the same miRNA, suggesting that miR-1 plays a centralized role by regulating the expression of calcium signalling modalities
simultaneously.
miR-1 was reported to target a cytoskeletal regulatory protein,
twinfilin 1 (Twf1), that binds to actin monomers, preventing their assembly into filaments.65 The expression level of Twf1 is low in the
adult heart and inversely correlates with high expression of miR-1.
Downregulation of miR-1 induced by hypertrophic stimuli, such as
aortic banding or a-adrenergic stimulation with phenylephrine (PE),
results in increased Twf1 expression. The fact that Twf1 overexpression is sufficient to induce cardiac hypertrophy in neonatal rat cardiomyocytes suggests therapeutic relevance of appropriate
manipulation of Twf1 expression in attenuating cardiac hypertrophy.
Another validated target of miR-1 is insulin-like growth factor
(IGF-1), a modulator of growth, survival, and differentiation in most
cell types.73 In models of cardiac hypertrophy and failure, there is a
repression of miR-1 expression and concomitant upregulation of
IGF-1.68 Accordingly, acromegalic patients, in whom IGF-1 is
induced following atypical synthesis of this growth hormone, display
increased cardiac mass and wall thickness. Besides being a target of
miR-1, miR-1 expression is dependent on the activation state of
IGF-1, through activation of the PI3K/AKT signalling pathway and
repression of its downstream target, Foxo3a, providing evidence for
the existence of a new feed-forward model to understand how
IGF-1 modulates cardiac and skeletal muscle structure and function.68
There are two bicistronic clusters encoding miR-1, miR-133a-1/
miR-1-2, and miR-133a-2/miR-1-1 in the heart.67 A third bicistronic
miRNA cluster composed of miR-206 and miR-133b is expressed in

skeletal muscle and is, therefore, not present in the heart.67,74
There exists strong evidence that miR-133 regulates proper cardiac
development and cardiac function. First, overexpression of this
miRNA attenuates agonist-induced hypertrophy,71,75 while conversely, silencing of miR-133 by using chemically modified antisense oligonucleotides (so-called antagomirs76) or by expression of tandem
repeat antisense sequences for miR-133 (so-called miRNA
sponges77) sensitizes the myocardium to excessive cardiac growth.
Mechanistically, miR-133 represses family members of the Rho
kinase family, RhoA and Cdc42, as well as NelfA, a negative regulator
of RNA polymerase II. The derepression of these miRNA targets
was demonstrated to play a role in the cardiac growth response
downstream of miR-133.68
Genetic deficiency for both miR-133a-1 and miR-133a-2 resulted in
extensive fibrosis and impaired cardiac function, but there was no significant difference in left ventricular posterior wall thickness in diastole
between wild-type and double-deficient mice, confirming that those
hearts were not hypertrophic.78 Of importance are the differences in
phenotypes between the miRNA knockout studies vs. antagomir silencing, and these differing approaches used to study miRNAs could underlie fundamental biological differences and have ramifications for our
understanding of how to investigate miRNA cellular function. First, the
likelihood that antagomirs have off-target effects is small, as a single nucleotide mismatch already leads to a dramatic loss of specificity,76 although this possibility cannot be excluded. Likewise, miRNA silencing
by antimiRs could theoretically lead to escape mechanisms by RNA
editing, most commonly by ADARs48,49 and affecting 16% of all primiRNAs in the cell,79,80 rendering the silencing approach less efficient.
Finally, a genetic loss-of-function miRNA strategy, unlike those for
protein coding genes, results in simultaneous loss of two mature
miRNA species, the 5p sequence and 3p sequence (also referred to as
the ‘star’ sequence and shown to be functional in several studies),81 – 83
each with their individual target genes, which would not truly reflect a
loss-of-function strategy for one single mature miRNA species.
Cellular and in vivo models of cardiac hypertrophy with increased
activity and expression of calcineurin (CnA) display decreased
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level of upregulation, indicating Trx1 is a regulator of this miRNA
family. miR-98 is downregulated in cardiac hypertrophy and its overexpression contributes to suppression of angiotensin II-stimulated
cardiomyocyte hypertrophy.96 A member of the G1-phase cyclin
family, cyclin D2, was identified as a direct target gene of miR-98
with luciferase activity assays showing that miR-98 upregulation significantly reduces cyclin D2 expression levels.97,98 Altogether, downregulation of Trx1 leads to upregulation of miR-98 and simultaneous
inhibition of hypertrophy, wherein cyclin D2 plays an essential role
by mediating the anti-hypertrophic actions of miR-98.

8. miRNA regulation of
pathological cardiac hypertrophy:
agonists
miR-195 was the first-characterized miRNA involved in inducing
hypertrophic growth in the adult heart (Figure 1 and Table 1).59
Array data show that this miRNA is upregulated both in human and
mouse hypertrophied hearts. Adenoviral-mediated overexpression
of miR-195 is sufficient to induce hypertrophy in cultured neonatal
rat cardiomyocytes, and miR-195 overexpression leads to dilated cardiomyopathy and heart dysfunction in vivo.59,99 Although these results
suggest that miR-195 is a pro-hypertrophic factor that actively participates in the hypertrophic process, so far no direct targets of this
miRNA have been reported in the context of hypertrophic heart
disease.
Myosin heavy chains of the cardiac sarcomere are primarily
composed of gene products from three myosin heavy chain genes:
Myh6, which encodes the fast-twitch a-myosin heavy chain and
displays higher actomyosin ATPase activity; Myh7, which encodes
the slow-twitch b-isoform; and low amounts of Myh7b, another
fast-twitch isoform.100 Importantly, different species harbour different
relative amounts of the a-isoform vs. b-isoforms, so that the adult
heart of small rodent species primarily contains the a-isoform,
while larger species such as humans are composed of more than
95% of the b-isoform. The difference between the relative compositions of the sarcomere for these proteins determines the contractile
properties and energy consumption of the heart.101 Interestingly, a
family of so-called myomiRs was discovered that are encoded by
introns of the separate myosin heavy chain genes, where miR-208a,
miR-208b, and miR-499 are located within the Myh6, Myh7, and
Myh7b genes, respectively. Given that the sarcomere composition in
small rodent species displays strong fluctuations of myosin heavy
chain isoform expression by thyroid hormone levels and in disease
situations, these myomiRs are thought to play a crucial role in the
regulation of myosin gene expression and the cardiac stress response
in rodent species.100 In vivo deletion of miR-208a results in viable
animals with normal cardiac size and function at baseline, but those
animals start exhibiting a mild decline in cardiac function up to 5
months of age.51 In response to cardiac stress, the knockout hearts
developed a greater cardiac dysfunction than the control animals,
without evident signs of cell hypertrophic growth or fibrosis.
miR-208a is controlled by the thyroid hormone receptor (TR)102
and was demonstrated to be necessary for b-MHC upregulation in
response to stress and hypothyroidism.51 In contrast, overexpression
of miR-208a was sufficient to upregulate Myh7 and to elicit cardiac
hypertrophy, resulting in cardiac systolic dysfunction.103
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miR-133 expression levels, suggesting that calcineurin is a direct target
of miR-133.84 Although two potential binding sites for miR-133 on the
3′ UTR of CnAb were reported, only one site is sensitive to altered
miR-133 levels.84 Treatment of neonatal rat cardiomyocytes or mice
with cyclosporin A, an inhibitor of calcineurin, prevented miR-133
downregulation.84 In line with this, antisense oligonucleotides
designed against the catalytic subunit of CnAb and NFAT-specific
decoy oligonucleotides were both capable of increasing miR-133 expression in cultured primary cardiomyocytes. The 3′ UTR sequence of
NFATc4, one of the four calcineurin-activated NFAT family members,
has two functional binding sites for miR-133. There is functional redundancy between NFAT isoforms in their involvement to evoke a
full hypertrophic response,85 – 88 and NFATc4 overexpression is sufficient to promote cardiac hypertrophy in vivo,86 although NFATc4targeted ablation is not sufficient to impair the cardiac hypertrophic
response in vivo.86 Gain-of-function approaches showed that
miR-133 is able to reduce NFATc4 mRNA levels as well as the hypertrophic response to PE-mediated stimulation in primary cardiomyocytes.89 Accordingly, miR-133 loss-of-function caused increased
NFATc4 expression and a spontaneous hypertrophic response.
Jointly, these findings unveil a homeostatic regulation of several
players in the same signalling cascade, further lending support to
the importance of calcium-activated signalling in pathological remodelling of the heart.
The fibrotic response of the heart contributes to diastolic stiffening
and may serve as a precipitate for lethal arrhythmias. One interesting
finding in miR-133 knockout mice was the excessive myocardial
fibrotic response accompanied by increased cardiomyocyte apoptosis,78 which could be explained by the fact that miR-133 directly
represses connective tissue growth factor,90 although it could also
represent a secondary effect by the loss of cardiomyocytes.75
miR-26 was recently shown to regulate myocyte survival and
hypertrophy by targeting Gata4.91 This miRNA is significantly downregulated in the heart after 1 week of pressure overload, allowing
for upregulation of Gata4 expression during hypertrophy. Modulation
of miR-26 expression levels by adenoviral delivery revealed that this
miRNA could inhibit endothelin-1-mediated upregulation of Gata4
in a dose-dependent fashion. In contrast, knockdown of miR-26
using an adenovirus expressing a tandem repeat of antisense miR-26
induced an increase in cell size.91
miR-9 was demonstrated to be a negative regulator of cardiac
hypertrophy by targeting myocardin, a transcriptional coactivator
that promotes cardiac hypertrophic responses.92,93 Myocardin is
expressed at low levels under physiological conditions, but its expression is increased upon hypertrophic stimulation as a downstream
target of NFATc3, a player in calcium-induced hypertrophic signalling.
Under hypertrophic stimulation with isoproteronol and aldosterone,92 in vitro adenoviral-mediated overexpression of miR-9 as well
as the introduction of a miR-9 mimic in vivo led to inhibition of
cardiac hypertrophy and decreased myocardin expression levels,
providing further evidence that myocardin is a direct target gene of
miR-9.93
Thioredoxin (Trx1) is a ubiquitously expressed antioxidant that
suppresses cardiac hypertrophy by inhibiting nuclear factor
kappa-light-chain enhancer of activated B cells (NF-kB), Ras, and
apoptosis signal-regulating kinase 1 (ASK1),94,95 thereby negatively
regulating protein kinase cascades known to stimulate hypertrophy.
miR-98/let-7b family members are upregulated in hearts of transgenic
mice overexpressing cardiac Trx1, with miR-98 showing the strongest
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by upregulation of the transcription factor hypoxia-inducible factor
1-alpha (HIF-1a), and sirtuin (Sirt1), a histone deacetylase that
induces modest hypertrophy and protects cardiomyocytes from
apoptosis.115,116 Both genes have been previously identified as
direct target genes of miR-199a in studies where cardiomyocytes
were subjected to hypoxia or ischaemia.115 Under these conditions,
miR-199a was found to be downregulated, resulting in HIF-1a-mediated
inhibition of hypoxia-induced proapoptotic pathways.115 Downregulation of HIF-1a has been reported to cause the transition from hypertrophy to heart failure 2 weeks after pressure overload in mice.117
However, no changes in Sirt1 expression were reported in the same
studies.117 Overexpression of miR-199a in vitro with an adenoviral
vector was sufficient to increase cell hypertrophy, whereas antisense
oligonucleotide-mediated knockdown of miR-199a decreased cardiomyocyte size and attenuated hypertrophy induced by PE.115 Altogether,
these results suggest that alteration of miR-199a expression is a cause of
heart failure rather than a consequence.
The signal transducer and activator of transcription 3 (STAT3) is
expressed in postnatal hearts and is required for maintenance of
cardiac integrity and function.118 STAT3 knockout mice display elevated levels of miR-199a compared with control animals. Overexpression of miR-199a in cardiomyocytes results in disruption of sarcomere
structure and, conversely, suppression of miR-199a abolishes this
phenotype. In turn, miR-199a regulates ubiquitin-conjugated
enzymes (Ube2i and Ube2g1), and in vitro knockdown of these
enzymes results in cardiomyocyte dysfunction due to the loss of sarcomeric organization and reduction in a- and b-MHC expression
levels.118 In conclusion, miR-199a is negatively regulated by STAT3,
a factor that controls postnatal cardiac integrity, by repressing
ubiquitin-conjugating enzymes via post-transcriptional regulation.
Another miRNA upregulated during pressure overload-induced and
isoproterenol-induced hypertrophy is miR-23a.59,66,70,119,120 NFATc3
is known to directly regulate this miRNA, and miR-23 expression is
sufficient and required to mediate hypertrophic cardiac growth in
response to activation of the calcineurin/NFAT pathway. An antagomir
approach to silence miR-23a revealed negative regulator muscle ring
finger 1 (MuRF1) as a direct target gene of miR-23a. Absence or low
expression of miR-23a in vitro and in vivo resulted in increased levels
of MuRF1 followed by strong inhibition in isoproterenol-induced
cardiac hypertrophic growth and improved cardiac function, respectively. Accordingly, mice lacking MuRF1 develop a more pronounced
pressure overload-induced cardiac hypertrophic phenotype.121
miR-23a, similar to miR-199b,111 is regulated by the calcineurin/
NFAT signalling pathway and it will be interesting to know how both
miRNA functions integrate to mediate calcineurin/NFAT signalling
during cardiac hypertrophy and heart failure.
miR-100 and miR-92 are also involved in the hypertrophic process.
miR-100 is upregulated in the failing heart, whereas miR-92 is downregulated.62 Although studies using mimics of miR-100 in cardiomyocytes show that increased expression of miR-100 represses the
expression of the adult genes a-MHC and sarco(endo)plasmic reticulum ATPases (SERCA), also increasing isoproterenol-mediated upregulation of the foetal genes ANF and b-MHC, the direct target
genes of miR-100 have not yet been identified. The role of miR-92
in cardiac hypertrophic growth remains to be clarified.
In vitro and in vivo studies have revealed that miR-18b is increased in
cardiac hypertrophy.119 Even though miR-18b expression levels are
very low in cardiomyocytes, inhibition of endogenous miR-18b is
able to induce hypertrophic growth. Moreover, overexpression of
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Although miR-208a is required for cardiac hypertrophic growth and
fibrosis in the mouse,51,103 the role of the co-transcribed miR-208b in
these pathological processes remains to be clarified. Furthermore,
other, not yet identified miR-208 target genes must also contribute
to cardiac hypertrophy since accumulation of isolated b-MHC
isoform in the heart is not sufficient for induction of a hypertrophic response.104 More importantly, in adult rodent myocardium, Myh6 is the
major myosin heavy chain, while in humans Myh7 predominates.102,105
Consequently, miR-208b is likely to be the major myomiR in the adult
heart, as suggested by assessment of cardiac miRNA expression.106 The
mechanism by which myomiRs regulate myosin heavy chain expression
in the adult heart is an important but unresolved question. In human
heart disease, Myh6 is downregulated while Myh7 is upregulated;101
however, expression of miR-208 family members has not been
reported to change in human heart disease.
miR-499 is an evolutionarily conserved muscle-specific miRNA that
is encoded in an intron of the myh7 gene and likely to play a role in
myosin gene regulation.100,107 This miRNA has been implicated in suppression of apoptosis in myocardial infarction and under ischaemia/
reperfusion (I/R) conditions.108 More recently, Shieh et al.109 generated transgenic mice with increased expression levels of miR-499 in
the heart by expressing miR-499 under control of the cardiac Myh6
promoter. Mice displaying low levels of miR-499 expression did not
develop a cardiac phenotype at baseline. In contrast, animals with elevated levels of miR-499 developed enlarged hearts and increased
heart-to-body weight ratios compared with littermate controls.
These animals also demonstrated reduced fractional shortening that
is indicative of contractile dysfunction. Comparison of global gene expression between miR-499 transgenic mice and littermate controls
revealed strong downregulation of several immediate early response
genes known to be relevant for the cardiac stress response.110 Predisposition of miR-499 transgenic animals to cardiac dysfunction may
reflect a key role of immediate early response genes in the cardiac
transcriptional response to stress.
Recently, miR-199b was depicted as a direct downstream target of
calcineurin-NFAT signalling,111 with increased expression in mouse
and human heart failure. NFAT transcription factors,112 and most prominently NFATc2,85 have been established as crucial activators of the
pathological cardiac remodelling gene response. This miRNA targets
the dual-specificity tyrosine (Y) phosphorylation-regulated kinase 1a
(Dyrk1a), a NFAT-kinase that was previously linked to dysregulation
of NFAT in Down’s syndrome.113,114 miR-199b regulates Dyrk1a in a
process that constitutes a pathogenic feed-forward mechanism affecting
calcineurin-responsive gene expression.111 In vivo inhibition of miR-199b
by a specific antagomir normalized Dyrk1a expression, reduced nuclear
NFAT activity, and caused marked inhibition and even reversal of hypertrophy and fibrosis in mouse models of heart failure. These findings indicate that a calcineurin/NFAT-responsive miRNA, miR-199b,
destabilizes a regulatory signalling circuit encompassing calcineurin/
NFAT and Dyrk1A, leading to acceleration of heart failure.
Rane et al.115 demonstrated upregulation of miR-199a-5p in hypertrophic hearts from mice subjected to pressure overload. In a later
stage of heart failure, there is a strong decline in the expression
levels of this miRNA. miR-199a-5p was also found to be upregulated
in mice overexpressing b1-adrenergic receptor (AR) or b2-AR, two
transgenic models of heart failure. In vitro studies also confirmed
upregulation of miR-199a in neonatal rat cardiomyocytes after isoproterenol stimulation. In contrast, insulin receptor-induced activation
of the Akt pathway resulted in downregulation of miR-199a followed
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this miRNA in cardiomyocytes decreased myocyte hypertrophy and
expression of hypertrophic markers but was not able to inhibit
PE-induced cardiomyocyte hypertrophy. These data suggest a causative role for miR-18b in cardiomyocyte hypertrophy, but the functional mechanisms and direct targets remain to be elucidated.

9. miRNA regulation of
pathological cardiac hypertrophy:
fibrosis

10. miRNA regulation of
physiological cardiac hypertrophy
Left ventricular hypertrophy (LVH) induced by aerobic exercise
training is an important physiological compensatory mechanism in
response to chronic increase in haemodynamic overload. This phenotype is associated with the addition of sarcomeres in series and in
parallel to lengthen the cardiac cell. The increased cross-sectional
area contributes to increased ventricular stroke volume and cardiac
output, which improves aerobic capacity.130 Although most of the
studies relating miRNA regulation to cardiac hypertrophy focus on
the pathological aspects of cardiac growth, recently these non-coding
RNA molecules have shown to be also involved in physiological
cardiac hypertrophy. A recent study has shown that swimming exercise training induced physiological LVH and that this was associated
with altered expression of miRNAs that target renin –angiotensin
system (RAS) genes.131 Although the implication of specific miRNAs
regulating RAS genes in cardiac hypertrophy induced by exercise
training has not been previously described, reports confirm that
miR-27a and -27b132 directly regulate angiotensin-converting
enzyme (ACE) and that ACE2 is a direct target gene of miR-143.133
In fact, expression of these miRNAs in exercised hearts inversely correlates with the mRNA levels of ACE genes and strongly suggests that
a decrease in miR-143 could upregulate cardioprotective genes in the
heart, while an increase in miR-27 expression would inhibit ACE
levels. In another recent study, where female rats were subjected to
intensive swimming training,134 miR-1, miR-133a, and -133b were
downregulated as observed in pathological cardiac hypertrophy but
without changes in pathological markers. Surprisingly, miR-29c
expression was strongly increased and correlated with a decrease
in collagen I and collagen III, indicating that increased miR-29c
expression and decreased collagen gene expression in the heart are
associated with aerobic high endurance training.
Recently, plasma-circulating miRNAs were shown to control cellular
processes, but the contribution of these circulating miRNAs to human
exercise remains poorly described. To determine whether circulating
miRNAs are dynamically regulated in response to acute exhaustive
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Cardiac hypertrophy and heart failure are accompanied by adverse
accumulation of collagens and other extracellular matrix proteins.122
A variety of miRNAs display dysregulated expression in situations
with excessive fibrosis, including miR-29.122 An interesting feature
of this miRNA is its demonstrated ability to simultaneously target
multiple genes that target proteins closely associated with the fibrotic
response, including elastin, collagens, and fibrillins.122 Additionally,
transforming growth factor beta (TGFb), a known agonist in the production and deposition of collagens in the heart, was identified as an
upstream regulator of miR-29. Real-time PCR analysis of cardiac fibroblasts treated with TGFb revealed a decrease in miR-29 expression,
indicating that downregulation of miR-29 is TGFb dependent.122
Downregulation of miR-149 and upregulation of miR-21, -214, and
-223 were shown to accompany downregulation of miR-29, but the
functional consequence of these changes is unknown.
miR-21 is upregulated in many pathological conditions including
cancer and in multiple types of stress.41,119,122 Thum et al.41 demonstrated that miR-21 contributes to myocardial remodelling through
regulation of the ERK-MAP kinase-signalling pathway, a crucial signalling
pathway in fibroblast survival and activation.123 miR-21 expression is
strongly induced in the failing myocardium and mostly predominant
in fibroblasts. This fibroblast-restricted expression pattern was previously suggested in a model of heart muscle-restricted Dicer depletion
where miR-21 was one of the few miRNAs to be upregulated.5 In vivo
silencing of miR-21 by a specific antagomir suppressed pathological
ERK-MAP kinase signalling and was able to prevent cardiac dysfunction
in a mouse model of cardiac pressure overload.41 Conversely, overexpression of miR-21 led to ERK-MAP kinase activation. Furthermore, validation experiments revealed that Sprouty-1 (SPRY1), a negative
regulator of ERK-MAP kinase signalling, is a direct target gene of
miR-21.41 miR-21 regulates fibroblast survival and growth factor secretion that eventually control the extent of interstitial fibrosis and cardiac
hypertrophy. Overall, these findings indicate that miR-21, similar to
miR-29, can contribute to myocardial remodelling by primarily acting
within cardiac fibroblasts. Downregulation of miR-21 could therefore
be a beneficial approach to inhibit fibroblast proliferation in heart
disease and thereby inhibit secondary cardiac remodelling.
There is apparent disagreement in the literature on the existence
and functional role of miR-21 in cardiomyocytes. Thum et al. 41 provided compelling evidence that loss- or gain-of-function approaches
did not provoke morphological effects in cultures cardiomyocytes.
Others observed that miR-21 overexpression induced direct downregulation of Spry2 accompanied by a peculiar phenotype characterized
by long, slim cellular outgrowths.124 In addition, there are other
reports demonstrating that miR-21 has a cardioprotective role by targeting Pdcd4, 125 and Tatsuguchi et al.119 demonstrated that miR-21 has
a mild, but reproducible, inhibitory effect on cardiac hypertrophy,
whereas LNA-based miR-21 inhibition induces hypertrophy. This

was confirmed by a study showing that phosphatase and tensin homologue (PTEN) is a direct target of miR-21 in cardiac fibroblasts in a
murine model of I/R.126 Moreover, models of ischaemic preconditioning (IP) and I/R showed that silencing of miR-21 exacerbated cardiac
injury, indicative of a protective function of miR-21 under these conditions.125 Recent data from Patrick et al. 127 confirmed that mice harbouring a genetic null allele for miR-21 responded normally to cardiac
stress induction (aortic constriction, calcineurin overexpression, or
angiotensin II treatment). Also, injection of very short (8 nt long)
LNA-modified oligonucleotides against the seed region of miR-21
that act briefly in the myocardium, are rapidly excreted from the
animal,127 and are chemically different from the antagomir used by
Thum et al.41 failed to suppress the cardiac remodelling response to
stress conditions. This implies that the chemical nature of oligonucleotides used for in vivo silencing of specific miRNAs has a considerable
impact on the phenotypic outcome and therapeutic benefit.128
These data also indicate that genetic deletion of the complete
genomic precursor sequence and simultaneous deletion of both the
mature 5′ miRNA and its 3′ star sequence differ from pharmacological
strategies aimed to silence only a single mature miRNA.129
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exercise and sustained exercise training, miRNA expression levels were
determined in competitive male rowers before and after a 90-day
period of rowing training.135 Distinct patterns of circulating miRNA response to exercise were observed: miRNAs up-regulated by acute exercise before and after sustained training (miR-146a and miR-222),
miRNAs responsive to acute exercise before but not after sustained
training (miR-21 and miR-221), miRNAs responsive only to sustained
training (miR-20a), and non-responsive miRNAs (miR-133a, miR-210,
miR-328). Although these results suggest a potential value of miRNAs
as exercise biomarkers, more functional studies are necessary to establish these specific miRNAs as physiological players of training-induced
cardiac remodelling.

Recent developments in the field of cardiovascular biology have
attributed a crucial role to miRNAs in the onset and development
of cardiac disease. In fact, such studies, aside from emphasizing the
great potential of miRNAs as therapeutic targets in cardiac disease,
also bring new possibilities for the development of innovative therapeutic approaches. It was recently demonstrated (and discussed
throughout this review) that a number of drugs of clinical relevance
could modulate miRNA expression both in vitro and in vivo, in cellular
and animal models of pathological hypertrophy, respectively. Progression of miRNA-based therapeutics is, however, confronted with
several dilemmas mostly concerning (specific) delivery to target
cells or organs, as in the heart. Although specific chemical modifications have been shown to prevent degradation of synthetic nucleotides in systemic circulation, much remains to be explored regarding
the pharmacokinetics and pharmacodynamics of such synthetic
RNA molecules in order to improve delivery efficacy. In addition to
the obvious need for further mechanistic insights, the advances
made thus far in the cardiovascular field regarding the biology and
function of miRNAs will eventually allow for an accurate transition
of knowledge from bench to bedside and transformation of miRNAbased therapies into an expected reality.

12. Summary
miRNAs have reshaped our understanding of the pathogenesis of many
diseases. In the past decade, studies on miRNAs and cardiac hypertrophy
have resulted in significant achievements in unveiling the signalling pathways in cardiac hypertrophy. Although there is growing evidence that
miRNAs play a pivotal role in many cellular processes that contribute
to cardiac hypertrophy, most of the miRNAs differentially expressed
in humans have not yet been analysed and their functions need to be
revealed. By studying these miRNAs and their targets and showing
their essential roles during cardiac hypertrophy, we will most likely
uncover novel cardiac hypertrophic mechanisms and create innovative
therapeutic approaches. It is to be expected that by preventing and
reversing the consequences of cardiac hypertrophy, miRNA-based
diagnostic and therapeutics will greatly improve patients’ quality of
life and extend their longevity. With the strategies for combating
cardiac hypertrophy facing a rapid development, a miRNA-based novel
treatment for heart failure is an anticipated reality.
Conflict of interest: none declared.

Funding
P.A.D.C.M. is supported by a Fondation Leducq Career Development
Award. L.D.W. is supported by a VIDI award 917-863-72 from the Netherlands Organization for Health Research and Development; the Center
of Translational Molecular Medicine (CTMM); the Dutch Heart Foundation program grant NHS2007B167; CVON, an initiative of the Dutch
Heart Foundation, NFU, KNAW and NWO/ZonMW; and the Fondation
Leducq Transatlantic Network of Excellence program 08-CVD-03.

References
1. Barry SP, Davidson SM, Townsend PA. Molecular regulation of cardiac hypertrophy.
Int J Biochem Cell Biol 2008;40:2023 –2039.
2. Rajabi M, Kassiotis C, Razeghi P, Taegtmeyer H. Return to the fetal gene program
protects the stressed heart: a strong hypothesis. Heart Fail Rev 2007;12:331 –343.
3. Wakatsuki T, Schlessinger J, Elson EL. The biochemical response of the heart to
hypertension and exercise. Trends Biochem Sci 2004;29:609–617.
4. Levy D, Garrison RJ, Savage DD, Kannel WB, Castelli WP. Prognostic implications of
echocardiographically determined left ventricular mass in the Framingham Heart
Study. N Engl J Med 1990;322:1561 – 1566.
5. Da Costa Martins PA, Bourajjaj M, Gladka M, Kortland M, Van Oort RJ, Pinto YM
et al. Conditional dicer gene deletion in the postnatal myocardium provokes spontaneous cardiac remodeling. Circulation 2008;118:1567 –1576.
6. Chen JF, Murchison EP, Tang R, Callis TE, Tatsuguchi M, Deng Z et al. Targeted deletion of Dicer in the heart leads to dilated cardiomyopathy and heart failure. Proc
Natl Acad Sci USA 2008;105:2111 –2116.
7. Latronico MV, Elia L, Condorelli G, Catalucci D. Heart failure: targeting transcriptional and post-transcriptional control mechanisms of hypertrophy for treatment.
Int J Biochem Cell Biol 2008;40:1643 –1648.
8. Kim VN. MicroRNA biogenesis: coordinated cropping and dicing. Nat Rev Mol Cell
Biol 2005;6:376 – 385.
9. Du T, Zamore PD. MicroPrimer: the biogenesis and function of microRNA. Development 2005;132:4645 –4652.
10. Gregory RI, Chendrimada TP, Cooch N, Shiekhattar R. Human RISC couples microRNA biogenesis and posttranscriptional gene silencing. Cell 2005;123:631 –640.
11. Maniataki E, Mourelatos Z. A human, ATP-independent, RISC assembly machine
fueled by pre-miRNA. Genes Dev 2005;19:2979 –2990.
12. Lee Y, Ahn C, Han J, Choi H, Kim J, Yim J et al. The nuclear RNase III Drosha initiates
microRNA processing. Nature 2003;425:415 –419.
13. Shyu AB, Wilkinson MF, Van Hoof A. Messenger RNA regulation: to translate or to
degrade. EMBO J 2008;27:471 –481.
14. Gregory RI, Yan KP, Amuthan G, Chendrimada T, Doratotaj B, Cooch N et al. The
microprocessor complex mediates the genesis of microRNAs. Nature 2004;432:
235– 240.
15. Han J, Lee Y, Yeom KH, Nam JW, Heo I, Rhee JK et al. Molecular basis for the recognition of primary microRNAs by the Drosha-DGCR8 complex. Cell 2006;125:
887– 901.
16. Merritt WM, Lin YG, Han LY, Kamat AA, Spannuth WA, Schmandt R et al. Dicer,
Drosha, and outcomes in patients with ovarian cancer. N Engl J Med 2008;359:
2641–2650.
17. Dedes KJ, Natrajan R, Lambros MB, Geyer FC, Lopez-Garcia MA, Savage K et al.
Down-regulation of the miRNA master regulators Drosha and Dicer is associated
with specific subgroups of breast cancer. Eur J Cancer 2011;47:138–150.
18. Muralidhar B, Goldstein LD, Ng G, Winder DM, Palmer RD, Gooding EL et al.
Global microRNA profiles in cervical squamous cell carcinoma depend on
Drosha expression levels. J Pathol 2007;212:368–377.
19. Stark KL, Xu B, Bagchi A, Lai WS, Liu H, Hsu R et al. Altered brain microRNA biogenesis contributes to phenotypic deficits in a 22q11-deletion mouse model. Nat
Genet 2008;40:751 – 760.
20. Rao PK, Toyama Y, Chiang HR, Gupta S, Bauer M, Medvid R et al. Loss of cardiac
microRNA-mediated regulation leads to dilated cardiomyopathy and heart failure.
Circ Res 2009;105:585 –594.
21. Fuller-Pace FV. DExD/H box RNA helicases: multifunctional proteins with important
roles in transcriptional regulation. Nucleic Acids Res 2006;34:4206 –4215.
22. Fuller-Pace FV, Ali S. The DEAD box RNA helicases p68 (Ddx5) and p72 (Ddx17):
novel transcriptional co-regulators. Biochem Soc Trans 2008;36:609–612.
23. Fukuda T, Yamagata K, Fujiyama S, Matsumoto T, Koshida I, Yoshimura K et al.
DEAD-box RNA helicase subunits of the Drosha complex are required for processing of rRNA and a subset of microRNAs. Nat Cell Biol 2007;9:604 –611.
24. Newman MA, Hammond SM. Emerging paradigms of regulated microRNA processing. Genes Dev 2010;24:1086 –1092.
25. Davis BN, Hilyard AC, Lagna G, Hata A. SMAD proteins control DROSHAmediated microRNA maturation. Nature 2008;454:56 –61.
26. Caruso P, Maclean MR, Khanin R, Mcclure J, Soon E, Southgate M et al. Dynamic
changes in lung microRNA profiles during the development of pulmonary

Downloaded from http://cardiovascres.oxfordjournals.org/ at Maastricht University on April 19, 2012

11. Therapeutic potential of
miRNAs: future perspective

P.A. Da Costa Martins and L.J. De Windt

MicroRNAs in cardiac hypertrophy

27.

28.

29.

30.
31.

32.

33.

35.

36.

37.

38.

39.
40.

41.

42.
43.
44.
45.

46.

47.

48.

49.
50.

51.

52.
53.
54.

55. Johnatty SE, Dyck JR, Michael LH, Olson EN, Abdellatif M. Identification of genes
regulated during mechanical load-induced cardiac hypertrophy. J Mol Cell Cardiol
2000;32:805–815.
56. Mahdavi V, Lompre AM, Chambers AP, Nadal-Ginard B. Cardiac myosin heavy chain
isozymic transitions during development and under pathological conditions are regulated at the level of mRNA availability. Eur Heart J 1984;5(Suppl. F):181 – 191.
57. Rane S, Sayed D, Abdellatif M. MicroRNA with a MacroFunction. Cell Cycle 2007;6:
1850–1855.
58. Ikeda S, Kong SW, Lu J, Bisping E, Zhang H, Allen PD et al. Altered microRNA expression in human heart disease. Physiol Genomics 2007;31:367 –373.
59. Van Rooij E, Sutherland LB, Liu N, Williams AH, Mcanally J, Gerard RD et al. A signature pattern of stress-responsive microRNAs that can evoke cardiac hypertrophy
and heart failure. Proc Natl Acad Sci USA 2006;103:18255 – 18260.
60. Matkovich SJ, Van Booven DJ, Youker KA, Torre-Amione G, Diwan A,
Eschenbacher WH et al. Reciprocal regulation of myocardial microRNAs and messenger RNA in human cardiomyopathy and reversal of the microRNA signature by
biomechanical support. Circulation 2009;119:1263 –1271.
61. Naga Prasad SV, Duan ZH, Gupta MK, Surampudi VS, Volinia S, Calin GA et al.
Unique microRNA profile in end-stage heart failure indicates alterations in specific
cardiovascular signaling networks. J Biol Chem 2009;284:27487 –27499.
62. Sucharov C, Bristow MR, Port JD. miRNA expression in the failing human heart:
functional correlates. J Mol Cell Cardiol 2008;45:185 –192.
63. Thum T, Galuppo P, Wolf C, Fiedler J, Kneitz S, Van Laake LW et al. MicroRNAs in
the human heart: a clue to fetal gene reprogramming in heart failure. Circulation 2007;
116:258 –267.
64. Wang Z, Lu Y, Yang B. MicroRNAs and atrial fibrillation: new fundamentals. Cardiovasc Res 2011;89:710–721.
65. Li Q, Song XW, Zou J, Wang GK, Kremneva E, Li XQ et al. Attenuation of
microRNA-1 derepresses the cytoskeleton regulatory protein twinfilin-1 to
provoke cardiac hypertrophy. J Cell Sci 2010;123:2444 – 2452.
66. Cheng Y, Ji R, Yue J, Yang J, Liu X, Chen H et al. MicroRNAs are aberrantly
expressed in hypertrophic heart: do they play a role in cardiac hypertrophy? Am J
Pathol 2007;170:1831 – 1840.
67. Zhao Y, Samal E, Srivastava D. Serum response factor regulates a muscle-specific
microRNA that targets Hand2 during cardiogenesis. Nature 2005;436:214 – 220.
68. Elia L, Contu R, Quintavalle M, Varrone F, Chimenti C, Russo MA et al. Reciprocal
regulation of microRNA-1 and insulin-like growth factor-1 signal transduction
cascade in cardiac and skeletal muscle in physiological and pathological conditions.
Circulation 2009;120:2377 –2385.
69. Ikeda S, He A, Kong SW, Lu J, Bejar R, Bodyak N et al. MicroRNA-1 negatively regulates expression of the hypertrophy-associated calmodulin and Mef2a genes. Mol
Cell Biol 2009;29:2193 –2204.
70. Sayed D, Hong C, Chen IY, Lypowy J, Abdellatif M. MicroRNAs play an essential role
in the development of cardiac hypertrophy. Circ Res 2007;100:416 – 424.
71. Care A, Catalucci D, Felicetti F, Bonci D, Addario A, Gallo P et al. MicroRNA-133
controls cardiac hypertrophy. Nat Med 2007;13:613 – 618.
72. Obata K, Nagata K, Iwase M, Odashima M, Nagasaka T, Izawa H et al. Overexpression of calmodulin induces cardiac hypertrophy by a calcineurin-dependent pathway.
Biochem Biophys Res Commun 2005;338:1299 – 1305.
73. Ren J, Samson WK, Sowers JR. Insulin-like growth factor I as a cardiac hormone:
physiological and pathophysiological implications in heart disease. J Mol Cell Cardiol
1999;31:2049 –2061.
74. Mccarthy JJ. MicroRNA-206: the skeletal muscle-specific myomiR. Biochim Biophys
Acta 2008;1779:682–691.
75. Matkovich SJ, Wang W, Tu Y, Eschenbacher WH, Dorn LE, Condorelli G et al.
MicroRNA-133a protects against myocardial fibrosis and modulates electrical repolarization without affecting hypertrophy in pressure-overloaded adult hearts. Circ Res
2010;106:166–175.
76. Krutzfeldt J, Rajewsky N, Braich R, Rajeev KG, Tuschl T, Manoharan M et al. Silencing
of microRNAs in vivo with ‘antagomirs’. Nature 2005;438:685 –689.
77. Ebert MS, Neilson JR, Sharp PA. MicroRNA sponges: competitive inhibitors of small
RNAs in mammalian cells. Nat Methods 2007;4:721 –726.
78. Liu N, Bezprozvannaya S, Williams AH, Qi X, Richardson JA, Bassel-Duby R et al.
microRNA-133a regulates cardiomyocyte proliferation and suppresses smooth
muscle gene expression in the heart. Genes Dev 2008;22:3242 –3254.
79. Kawahara Y, Megraw M, Kreider E, Iizasa H, Valente L, Hatzigeorgiou AG et al. Frequency and fate of microRNA editing in human brain. Nucleic Acids Res 2008;36:
5270–5280.
80. Winter J, Jung S, Keller S, Gregory RI, Diederichs S. Many roads to maturity: microRNA biogenesis pathways and their regulation. Nat Cell Biol 2009;11:228 –234.
81. Yang X, Tan SH, Teh YJ, Yuan YA. Structural implications into dsRNA binding and
RNA silencing suppression by NS3 protein of Rice Hoja Blanca Tenuivirus. RNA
2011;17:903–911.
82. Corney DC, Hwang CI, Matoso A, Vogt M, Flesken-Nikitin A, Godwin AK et al. Frequent downregulation of miR-34 family in human ovarian cancers. Clin Cancer Res
2010;16:1119 –1128.

Downloaded from http://cardiovascres.oxfordjournals.org/ at Maastricht University on April 19, 2012

34.

hypertension due to chronic hypoxia and monocrotaline. Arterioscler Thromb Vasc
Biol 2010;30:716–723.
Shan ZX, Lin QX, Deng CY, Zhu JN, Mai LP, Liu JL et al. miR-1/miR-206 regulate
Hsp60 expression contributing to glucose-mediated apoptosis in cardiomyocytes.
FEBS Lett 2010;584:3592 –3600.
Trabucchi M, Briata P, Garcia-Mayoral M, Haase AD, Filipowicz W, Ramos A et al.
The RNA-binding protein KSRP promotes the biogenesis of a subset of microRNAs.
Nature 2009;459:1010 – 1014.
Ruggiero T, Trabucchi M, De Santa F, Zupo S, Harfe BD, Mcmanus MT et al. LPS
induces KH-type splicing regulatory protein-dependent processing of
microRNA-155 precursors in macrophages. FASEB J 2009;23:2898 – 2908.
Hammond SM. Dicing and slicing: the core machinery of the RNA interference
pathway. FEBS Lett 2005;579:5822 –5829.
Hutvagner G, Mclachlan J, Pasquinelli AE, Balint E, Tuschl T, Zamore PD. A cellular
function for the RNA-interference enzyme Dicer in the maturation of the let-7 small
temporal RNA. Science 2001;293:834 –838.
Ketting RF, Fischer SE, Bernstein E, Sijen T, Hannon GJ, Plasterk RH. Dicer functions
in RNA interference and in synthesis of small RNA involved in developmental timing
in C. elegans. Genes Dev 2001;15:2654 –2659.
Yang WJ, Yang DD, Na S, Sandusky GE, Zhang Q, Zhao G. Dicer is required for
embryonic angiogenesis during mouse development. J Biol Chem 2005;280:
9330 –9335.
Bernstein E, Kim SY, Carmell MA, Murchison EP, Alcorn H, Li MZ et al. Dicer is
essential for mouse development. Nat Genet 2003;35:215 –217.
Murchison EP, Partridge JF, Tam OH, Cheloufi S, Hannon GJ. Characterization of
Dicer-deficient murine embryonic stem cells. Proc Natl Acad Sci USA 2005;102:
12135– 12140.
Zhao Y, Ransom JF, Li A, Vedantham V, Von Drehle M, Muth AN et al. Dysregulation
of cardiogenesis, cardiac conduction, and cell cycle in mice lacking miRNA-1 –2. Cell
2007;129:303 –317.
Saxena A, Tabin CJ. miRNA-processing enzyme Dicer is necessary for cardiac
outflow tract alignment and chamber septation. Proc Natl Acad Sci USA 2010;107:
87 –91.
Haase AD, Jaskiewicz L, Zhang H, Laine S, Sack R, Gatignol A et al. TRBP, a regulator
of cellular PKR and HIV-1 virus expression, interacts with Dicer and functions in
RNA silencing. EMBO Rep 2005;6:961 –967.
Paroo Z, Ye X, Chen S, Liu Q. Phosphorylation of the human microRNA-generating
complex mediates MAPK/Erk signaling. Cell 2009;139:112 –122.
Bueno OF, De Windt LJ, Tymitz KM, Witt SA, Kimball TR, Klevitsky R et al. The
MEK1-ERK1/2 signaling pathway promotes compensated cardiac hypertrophy in
transgenic mice. EMBO J 2000;19:6341 – 6350.
Thum T, Gross C, Fiedler J, Fischer T, Kissler S, Bussen M et al. MicroRNA-21 contributes to myocardial disease by stimulating MAP kinase signalling in fibroblasts.
Nature 2008;456:980 –984.
Bartel DP. MicroRNAs: target recognition and regulatory functions. Cell 2009;136:
215 –233.
Hutvagner G, Simard MJ. Argonaute proteins: key players in RNA silencing. Nat Rev
Mol Cell Biol 2008;9:22 –32.
Diederichs S, Haber DA. Dual role for argonautes in microRNA processing and
posttranscriptional regulation of microRNA expression. Cell 2007;131:1097 –1108.
Rudel S, Wang Y, Lenobel R, Korner R, Hsiao HH, Urlaub H et al. Phosphorylation
of human Argonaute proteins affects small RNA binding. Nucleic Acids Res 2011;39:
2330 –2343.
Adams BD, Claffey KP, White BA. Argonaute-2 expression is regulated by epidermal
growth factor receptor and mitogen-activated protein kinase signaling and correlates
with a transformed phenotype in breast cancer cells. Endocrinology 2009;150:14 –23.
Cai X, Hagedorn CH, Cullen BR. Human microRNAs are processed from capped,
polyadenylated transcripts that can also function as mRNAs. RNA 2004;10:
1957 –1966.
Yang W, Chendrimada TP, Wang Q, Higuchi M, Seeburg PH, Shiekhattar R et al.
Modulation of microRNA processing and expression through RNA editing by
ADAR deaminases. Nat Struct Mol Biol 2006;13:13–21.
Agranat L, Sperling J, Sperling R. A novel tissue-specific alternatively spliced form of
the A-to-I RNA editing enzyme ADAR2. RNA Biol 2010;7:253–262.
Krol J, Busskamp V, Markiewicz I, Stadler MB, Ribi S, Richter J et al. Characterizing
light-regulated retinal microRNAs reveals rapid turnover as a common property
of neuronal microRNAs. Cell 2010;141:618 –631.
Van Rooij E, Sutherland LB, Qi X, Richardson JA, Hill J, Olson EN. Control of stressdependent cardiac growth and gene expression by a microRNA. Science 2007;316:
575 –579.
Chatterjee S, Grosshans H. Active turnover modulates mature microRNA activity in
Caenorhabditis elegans. Nature 2009;461:546 –549.
Marsit CJ, Eddy K, Kelsey KT. MicroRNA responses to cellular stress. Cancer Res
2006;66:10843 –10848.
Izumo S, Nadal-Ginard B, Mahdavi V. Protooncogene induction and reprogramming
of cardiac gene expression produced by pressure overload. Proc Natl Acad Sci USA
1988;85:339 –343.

571

572

111. Da Costa Martins PA, Salic K, Gladka MM, Armand AS, Leptidis S, El Azzouzi H et al.
MicroRNA-199b targets the nuclear kinase Dyrk1a in an auto-amplification loop
promoting calcineurin/NFAT signalling. Nat Cell Biol 2010;12:1220 –1227.
112. Van Rooij E, Doevendans PA, De Theije CC, Babiker FA, Molkentin JD, De Windt LJ.
Requirement of nuclear factor of activated T-cells in calcineurin-mediated cardiomyocyte hypertrophy. J Biol Chem 2002;277:48617 –48626.
113. Arron JR, Winslow MM, Polleri A, Chang CP, Wu H, Gao X et al. NFAT dysregulation by increased dosage of DSCR1 and DYRK1A on chromosome 21. Nature 2006;
441:595 –600.
114. Gwack Y, Sharma S, Nardone J, Tanasa B, Iuga A, Srikanth S et al. A genome-wide
Drosophila RNAi screen identifies DYRK-family kinases as regulators of NFAT.
Nature 2006;441:646 –650.
115. Rane S, He M, Sayed D, Yan L, Vatner D, Abdellatif M. An antagonism between the
AKT and beta-adrenergic signaling pathways mediated through their reciprocal
effects on miR-199a-5p. Cell Signal 2010;22:1054 –1062.
116. Alcendor RR, Kirshenbaum LA, Imai S, Vatner SF, Sadoshima J. Silent information
regulator 2alpha, a longevity factor and class III histone deacetylase, is an essential
endogenous apoptosis inhibitor in cardiac myocytes. Circ Res 2004;95:971 –980.
117. Sano M, Minamino T, Toko H, Miyauchi H, Orimo M, Qin Y et al. p53-induced inhibition of Hif-1 causes cardiac dysfunction during pressure overload. Nature
2007;446:444–448.
118. Haghikia A, Missol-Kolka E, Tsikas D, Venturini L, Brundiers S, Castoldi M et al. Signal
transducer and activator of transcription 3-mediated regulation of miR-199a-5p links
cardiomyocyte and endothelial cell function in the heart: a key role for ubiquitinconjugating enzymes. Eur Heart J 2011;32:1287 –1297.
119. Tatsuguchi M, Seok HY, Callis TE, Thomson JM, Chen JF, Newman M et al. Expression of microRNAs is dynamically regulated during cardiomyocyte hypertrophy.
J Mol Cell Cardiol 2007;42:1137 – 1141.
120. Lin Z, Murtaza I, Wang K, Jiao J, Gao J, Li PF. miR-23a functions downstream of
NFATc3 to regulate cardiac hypertrophy. Proc Natl Acad Sci USA 2009;106:
12103–12108.
121. Willis MS, Ike C, Li L, Wang DZ, Glass DJ, Patterson C. Muscle ring finger 1, but not
muscle ring finger 2, regulates cardiac hypertrophy in vivo. Circ Res 2007;100:
456– 459.
122. Van Rooij E, Sutherland LB, Thatcher JE, Dimaio JM, Naseem RH, Marshall WS et al.
Dysregulation of microRNAs after myocardial infarction reveals a role of miR-29 in
cardiac fibrosis. Proc Natl Acad Sci USA 2008;105:13027 –13032.
123. Kim EK, Choi EJ. Pathological roles of MAPK signaling pathways in human diseases.
Biochim Biophys Acta 2010;1802:396–405.
124. Sayed D, Rane S, Lypowy J, He M, Chen IY, Vashistha H et al. MicroRNA-21 targets
Sprouty2 and promotes cellular outgrowths. Mol Biol Cell 2008;19:3272 –3282.
125. Cheng Y, Liu X, Zhang S, Lin Y, Yang J, Zhang C. MicroRNA-21 protects against the
H(2)O(2)-induced injury on cardiac myocytes via its target gene PDCD4. J Mol Cell
Cardiol 2009;47:5 –14.
126. Roy S, Khanna S, Hussain SR, Biswas S, Azad A, Rink C et al. MicroRNA expression
in response to murine myocardial infarction: miR-21 regulates fibroblast
metalloprotease-2 via phosphatase and tensin homologue. Cardiovasc Res 2009;82:
21 –29.
127. Patrick DM, Montgomery RL, Qi X, Obad S, Kauppinen S, Hill JA et al. Stressdependent cardiac remodeling occurs in the absence of microRNA-21 in mice.
J Clin Invest 2010;120:3912 –3916.
128. Thum T, Chau N, Bhat B, Gupta SK, Linsley PS, Bauersachs J et al. Comparison of
different miR-21 inhibitor chemistries in a cardiac disease model. J Clin Invest 2011;
121:461 –462.
129. Da Costa Martins PA, De Windt LJ. miR-21: a miRaculous Socratic paradox. Cardiovasc Res 2010;87:397 –400.
130. Mcmullen JR, Jennings GL. Differences between pathological and physiological
cardiac hypertrophy: novel therapeutic strategies to treat heart failure. Clin Exp Pharmacol Physiol 2007;34:255–262.
131. Fernandes T, Hashimoto NY, Magalhaes FC, Fernandes FB, Casarini DE,
Carmona AK et al. Aerobic exercise training-induced left ventricular
hypertrophy involves regulatory micrornas, decreased angiotensin-converting
enzyme-angiotensin II, and synergistic regulation of angiotensin-converting enzyme
2-angiotensin (1 –7). Hypertension 2011;58:182 –189.
132. Goyal R, Goyal D, Leitzke A, Gheorghe CP, Longo LD. Brain renin-angiotensin
system: fetal epigenetic programming by maternal protein restriction during pregnancy. Reprod Sci 2010;17:227–238.
133. Boettger T, Beetz N, Kostin S, Schneider J, Kruger M, Hein L et al. Acquisition of the
contractile phenotype by murine arterial smooth muscle cells depends on the
Mir143/145 gene cluster. J Clin Invest 2009;119:2634 –2647.
134. Soci UP, Fernandes T, Hashimoto NY, Mota GF, Amadeu MA, Rosa KT et al. MicroRNAs 29 are involved in the improvement of ventricular compliance promoted by
aerobic exercise training in rats. Physiol Genomics 2011;43:665 –673.
135. Baggish AL, Hale A, Weiner RB, Lewis GD, Systrom D, Wang F et al. Dynamic regulation of circulating MicroRNA during acute exhaustive exercise and sustained
aerobic exercise training. J Physiol 2011;589:3983 –3994.

Downloaded from http://cardiovascres.oxfordjournals.org/ at Maastricht University on April 19, 2012

83. Stark A, Kheradpour P, Parts L, Brennecke J, Hodges E, Hannon GJ et al. Systematic
discovery and characterization of fly microRNAs using 12 Drosophila genomes.
Genome Res 2007;17:1865 –1879.
84. Dong DL, Chen C, Huo R, Wang N, Li Z, Tu YJ et al. Reciprocal repression between
microRNA-133 and calcineurin regulates cardiac hypertrophy: a novel mechanism
for progressive cardiac hypertrophy. Hypertension 2010;55:946–952.
85. Bourajjaj M, Armand AS, Da Costa Martins PA, Weijts B, Van Der Nagel R,
Heeneman S et al. NFATc2 is a necessary mediator of calcineurin-dependent
cardiac hypertrophy and heart failure. J Biol Chem 2008;283:22295 –22303.
86. Wilkins BJ, De Windt LJ, Bueno OF, Braz JC, Glascock BJ, Kimball TF et al. Targeted
disruption of NFATc3, but not NFATc4, reveals an intrinsic defect in calcineurinmediated cardiac hypertrophic growth. Mol Cell Biol 2002;22:7603 – 7613.
87. Molkentin JD, Lu JR, Antos CL, Markham B, Richardson J, Robbins J et al. A
calcineurin-dependent transcriptional pathway for cardiac hypertrophy. Cell 1998;
93:215 –228.
88. Armand AS, Bourajjaj M, Martinez-Martinez S, El Azzouzi H, Da Costa Martins PA,
Hatzis P et al. Cooperative synergy between NFAT and MyoD regulates myogenin
expression and myogenesis. J Biol Chem 2008;283:29004 –29010.
89. Li Q, Lin X, Yang X, Chang J. NFATc4 is negatively regulated in miR-133a-mediated
cardiomyocyte hypertrophic repression. Am J Physiol Heart Circ Physiol 2010;298:
H1340 –H1347.
90. Duisters RF, Tijsen AJ, Schroen B, Leenders JJ, Lentink V, Van Der Made I et al.
miR-133 and miR-30 regulate connective tissue growth factor: implications for a
role of microRNAs in myocardial matrix remodeling. Circ Res 2009;104:170 –178.
91. Han M, Sayed D, He M, Abdellatif M. miRNA-26 plays essential role in myocyte survival and hypertrophy by regulating GATA4. Circulation 2009;120:S732 (abstract).
92. Wang D, Chang PS, Wang Z, Sutherland L, Richardson JA, Small E et al. Activation of
cardiac gene expression by myocardin, a transcriptional cofactor for serum response
factor. Cell 2001;105:851 – 862.
93. Wang K, Long B, Zhou J, Li PF. miR-9 and NFATc3 regulate myocardin in cardiac
hypertrophy. J Biol Chem 2010;285:11903 –11912.
94. Saitoh M, Nishitoh H, Fujii M, Takeda K, Tobiume K, Sawada Y et al. Mammalian
thioredoxin is a direct inhibitor of apoptosis signal-regulating kinase (ASK) 1.
EMBO J 1998;17:2596 –2606.
95. Ago T, Sadoshima J. Thioredoxin and ventricular remodeling. J Mol Cell Cardiol 2006;
41:762 –773.
96. Yang Y, Ago T, Zhai P, Abdellatif M, Sadoshima J. Thioredoxin 1 negatively regulates
angiotensin II-induced cardiac hypertrophy through upregulation of miR-98/let-7.
Circ Res 2011;108:305 – 313.
97. Angelis E, Garcia A, Chan SS, Schenke-Layland K, Ren S, Goodfellow SJ et al. A cyclin
D2-Rb pathway regulates cardiac myocyte size and RNA polymerase III after biomechanical stress in adult myocardium. Circ Res 2008;102:1222 –1229.
98. Busk PK, Hinrichsen R, Bartkova J, Hansen AH, Christoffersen TE, Bartek J et al.
Cyclin D2 induces proliferation of cardiac myocytes and represses hypertrophy.
Exp Cell Res 2005;304:149–161.
99. Harris KS, Zhang Z, Mcmanus MT, Harfe BD, Sun X. Dicer function is essential for
lung epithelium morphogenesis. Proc Natl Acad Sci USA 2006;103:2208 –2213.
100. Van Rooij E, Quiat D, Johnson BA, Sutherland LB, Qi X, Richardson JA et al. A family
of microRNAs encoded by myosin genes governs myosin expression and muscle
performance. Dev Cell 2009;17:662 –673.
101. Lowes BD, Minobe W, Abraham WT, Rizeq MN, Bohlmeyer TJ, Quaife RA et al.
Changes in gene expression in the intact human heart. Downregulation of alphamyosin heavy chain in hypertrophied, failing ventricular myocardium. J Clin Invest
1997;100:2315 –2324.
102. Morkin E. Control of cardiac myosin heavy chain gene expression. Microsc Res Tech
2000;50:522 –531.
103. Callis TE, Pandya K, Seok HY, Tang RH, Tatsuguchi M, Huang ZP et al.
MicroRNA-208a is a regulator of cardiac hypertrophy and conduction in mice.
J Clin Invest 2009;119:2772 – 2786.
104. Tardiff JC, Hewett TE, Factor SM, Vikstrom KL, Robbins J, Leinwand LA. Expression
of the beta (slow)-isoform of MHC in the adult mouse heart causes dominantnegative functional effects. Am J Physiol Heart Circ Physiol 2000;278:H412–H419.
105. Narolska NA, Eiras S, Van Loon RB, Boontje NM, Zaremba R, Spiegelen Berg SR
et al. Myosin heavy chain composition and the economy of contraction in healthy
and diseased human myocardium. J Muscle Res Cell Motil 2005;26:39– 48.
106. Landgraf P, Rusu M, Sheridan R, Sewer A, Iovino N, Aravin A et al. A mammalian
microRNA expression atlas based on small RNA library sequencing. Cell 2007;
129:1401 –1414.
107. Bell ML, Buvoli M, Leinwand LA. Uncoupling of expression of an intronic microRNA
and its myosin host gene by exon skipping. Mol Cell Biol 2010;30:1937 – 1945.
108. Wang JX, Jiao JQ, Li Q, Long B, Wang K, Liu JP et al. miR-499 regulates mitochondrial
dynamics by targeting calcineurin and dynamin-related protein-1. Nat Med 2011;17:
71 –78.
109. Shieh JT, Huang Y, Gilmore J, Srivastava D. Elevated miR-499 levels blunt the cardiac
stress response. PLoS ONE 2011;6:e19481.
110. Buitrago M, Lorenz K, Maass AH, Oberdorf-Maass S, Keller U, Schmitteckert EM
et al. The transcriptional repressor Nab1 is a specific regulator of pathological
cardiac hypertrophy. Nat Med 2005;11:837 –844.

P.A. Da Costa Martins and L.J. De Windt

