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MicroRNAs play an essential role in diverse cellular pro-
cesses, such as proliferation, differentiation, apoptosis,
and stress response. Recent studies demonstrate that
miRNAs are important for timing developmental deci-
sions and fine-tuning cellular determination in verte-
brate heart development. In an elegant set of experi-
ments reported in this issue of Genes & Development,
Liu et al. (pp. 3242-3254) demonstrate that miR-133a
functions as an inhibitor of cardiomyocyte proliferation
and a modifier of serum response factor (SRF)-dependent
transcriptional signaling in the murine heart. Both tar-
geted deletion and transgenic overexpression of miR-
133a can result in the same cardiac phenotype, ventricu-
lar septal defect (VSD) and heart failure. The new data
add another piece to the puzzle of regulatory networks
that are implicated in cardiac disease. It will be interest-
ing to see, if miR-133a is also involved in human heart
diseases, especially VSD and dilated cardiomyopathy.

MicroRNAs (miRNAs) were first discovered in Cae-
norhabditis elegans by Lee et al. (1993) and represent a
novel class of regulatory modules that enable cells to
fine-tune even the most complex gene expression cas-
cades. Encoded by distinct intronic or intergenic geno-
mic regions, the transcribed noncoding RNAs, so-called
pri-miRNAs are processed to short, 70- to 100-nucleotide
(nt)-long stem-loop forming precursors called pre-
miRNAs and finally to the mature miRNAs. In this ca-
nonical maturation process, several important proteins
are involved. First, the “microprocessor complex” con-
sisting of the nuclear ribonuclease III Drosha and
dsRNA-binding protein DGCR8 (DiGeorge syndrome
critical region gene 8; syn. Pasha) converts pri-miRNAs
into pre-miRNAs and then the mature miRNAs are
formed by the endonuclease Dicer to finally participate
in the cytoplasmatic RNA-induced silencing complex
(RISC) (Bernstein et al. 2001; Denli et al. 2004). Mature
miRNAs are ~18-26 nt in length and inhibit either pro-
tein translation from mRNA transcripts through imper-
fect base pairing with their 3’-untranslated region (UTR)
or by inducing mRNA degradation (Bartel 2004; Rod-
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riguez et al. 2004; Valencia-Sanchez et al. 2006). So far,
>700 human miRNAs have been catalogued in the miR-
Base online database (http://microrna.sanger.ac.uk; Grif-
fiths-Jones et al. 2008). Based on sequence analysis,
miRNAs are predicted to target up to 30% of all mRNA
transcripts encoded in our genome (Berezikov et al. 2005;
Li et al. 2006).

Today, the overall biological importance of miRNAs
is well demonstrated in a wide range of cellular pro-
cesses, such as proliferation, differentiation, apoptosis,
stress response, oncogenesis, and tumor suppression
(Xu et al. 2003; Calin et al. 2005, 2006; Cimmino et al.
2005; Dresios et al. 2005; Zhao et al. 2005). Several stud-
ies denote miRNAs as particularly important for fine-
tuning cellular transcriptomes by eliminating fluctua-
tions in mRNA levels and removal of inappropriate tran-
scripts (Stark et al. 2005; Lee et al. 2007). Furthermore,
complexity is added to miRNA-regulated networks by
the fact that, on the one hand, a specific miRNA can
potentially target dozens of mRNAs, and on the other
hand, a specific mRNA can be targeted by different
miRNAs.

miRNAs in cardiac development and function

The heart is one of the first organs to function in the
developing embryo. During heart development, a series
of molecular events finally results in an organ of a mul-
tifaceted cellular composition with complex morpho-
logical and functional units. During the last decade, sev-
eral key elements of the transcriptional network that
orchestrates vertebrate heart development were success-
fully identified, although little is known so far about the
role of post-transcriptional control mechanisms in this
process. However, in recent studies, several miRNAs
were identified as new regulators and modifiers, not only
of cardiac development, but also of adaptive or maladap-
tive responses of the adult heart, such as cardiomyocyte
growth.

A series of elgant studies by the group of Eric N. Olson
(van Rooij et al. 2007) has helped to unravel several
miRNA functions in the vertebrate heart. To date, a
number of miRNAs have been found to be expressed in a
muscle-specific pattern; however, only miR-208, which
is encoded within intron 27 of the murine a-myosin
heavy-chain gene («a-MHC), is specifically expressed in
the heart. miR-208-deficient mice are viable and without
obvious cardiac abnormalities directly after birth (van
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Rooij et al. 2007). Shortly afterward, miR-208-deficient
mice develop progressive heart failure accompanied by
the up-regulation of fast skeletal muscle and stress re-
sponsive genes. Interestingly, when miR-208-deficient
mice are exposed to an increased cardiac afterload by
transverse aortic constriction (TAC) virtually no cardio-
myocyte hypertrophy or myocardial fibrosis can be ob-
served. One mRNA target of miR-208 predicted by com-
putational analysis and successfully validated by Lucif-
erase reporter assays is the Thyroid Hormone Receptor-
Associated Protein-1 (THRAP1). As predicted, THRAP1
expression is significantly increased in miR-208-defi-
cient mice, which enhances the activity of the Thyroid
Receptor-Associated Protein complex (TRAP) to sup-
press B-MHC expression regulated by negative thyroid
response elements (TRE). Hence, this elegant study by
van Rooij et al. (2007) from the Olson laboratory dem-
onstrates that miR-208 is a cardiac-specific regulator of
B-MHC expression in response to stress and thyroid sig-
naling and highlights for the first time the importance of
miRNAs especially in the context of myocardial hyper-
trophy.

Some miRNAs can be found in a bicistronic position
in the mammalian genome and hence are transcribed
together. miR-1 and miR-133a are even encoded by du-
plicated bicistronic genetic loci (miR-1-1/miR133a-2 and
miR-1-2/miR133a-1) with identical sequences of the ma-
ture miRNAs. Furthermore, another bicistronic cluster
encoding the nearly identical miR-206/miR-133b is ex-
pressed in skeletal muscle tissue, whereas miR-1 and
miR-133a are expressed in both heart and skeletal
muscle cells. The transcription of miR-1 and miR-133a
is regulated by critical myocyte differentiation factors
including serum response factor (SRF), Myocardin, Myo-
genic Differentiation-1 (MyoD) and Myocyte Enhancer
Factor-2 (Mef2) (Zhao et al. 2005).

Overexpression of miR-1 in the developing heart de-
creases the pool of proliferating cardiomyocytes by di-
rectly targeting Hand2 (Heart and Neural Crest Deriva-
tives Expressed-2), a helix-loop-helix transcription fac-
tor that normally promotes ventricular cardiomyocyte
expansion. As a result, miR-1 transgenic mice have thin-
walled hearts and develop heart failure. Overexpres-
sion of miR-1 in cultured cardiomyocytes revealed Ras
GTPase-activating protein (RasGAP), Cyclin-dependent
kinase 9 (Cdk9), and other growth-related factors as ad-
ditional targets of miR-1 (Sayed et al. 2007).

Targeted deletion of miR-1-2 unmasked further func-
tions of this particular miRNA in the mammalian heart.
Loss of miR-1-2 results in ventricular septal defects
(VSDs) and the death of approximately half of the ani-
mals immediately after birth. Surviving littermates
show diverse cardiac phenotypes. Hearts of animals that
reach adulthood, are either dilated and go into failure,
show increased numbers of cardiomyocytes (cardiac hy-
perplasia) and increased weights, or electrophysiological
abnormalities with lower heart rates, shortened PR and
prolonged QRS intervals and a high incidence of sudden
cardiac death (Zhao et al. 2007).

Interestingly, both miR-1 and miR-133a were found to
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be down-regulated in ventricular tissue of mice after
TAC or phenylephrine treatment as well as in heart tis-
sue of humans suffering from hypertrophic cardiomyop-
athy. Accordingly, overexpression of miR-133a in cul-
tured cardiomyocytes blunts hypertrophic responses to
agonist treatment (Care et al. 2007). To further examine
miR-133a function in vivo, Care et al. (2007) infused
mice with cholesterol-conjugated ssSRNA antisense oli-
gonucleotides (antagomirs) targeting miR-133a. The an-
tagomir-treated animals develop hypertrophic cardiomy-
opathy, whereas injection of control antagomirs did not
lead to a cardiac phenotype. Targets of miR-133a that
were identified and can potentially explain the hypertro-
phic phenotype are Ras Homolog Gene Family Member
A (RhoA) and Cell Division Cycle 42 (Cdc42).

Although the existing studies revealed many impor-
tant roles for miR-1 and miR-133a in heart development
and function, until now a lack of genetic deletion models
for miR-133a prevented an even deeper understanding of
the function of the miR-1/miR-133a clusters in the
mammalian heart.

microRNA-133a regulates cardiomyocyte proliferation
and suppresses smooth muscle gene expression
in the heart

Liu et al. (2008) now add one more piece to the puzzle of
the miR-1/miR-133a cluster. In this issue of Genes &
Development, the investigators extensively characterize
genetically engineered mice deficient for either miR-
133a-1 or miR-133a-2, or both, as well as mice overex-
pressing miR-133a with surprising results.

While miR-133a-1 and miR-133a-2 seem to have re-
dundant functions and do not cause obvious cardiac ab-
normalities when deleted individually, targeted deletion
of both miRNAs results in cardiac malformations and
embryonic or postnatal lethality. MiR-133a double
knockout mice die from two distinct phenotypes: (1) ani-
mals that die shortly after birth and exhibit hearts with
large VSDs, dilated right ventricles, and atria; and (2)
mice that survive to adulthood have no VSDs but de-
velop dilated cardiomyopathy (DCM), cardiac fibrosis,
and heart failure. The knockout strategy used for miR-
133a deletion affects neither expression of “Mind Bomb-
1”7 (Mib-1), which intron hosts the miR-1-2/miR-133a-1
gene cluster, nor miR-1-1 or miR-1-2 levels, respectively.
This result is important, because as outlined above, de-
creased expression of miR-1-1 or miR-1-2 by itself would
result in a cardiac phenotype similar to that observed in
miR-133a-deficient mice. Surprisingly, miR-133a defi-
ciency does not lead to hypertrophic cardiomyopathy, as
one would have expected from previous studies, where
miR-133a-antagomir treatment induced cardiac hyper-
trophy in mice (Care et al. 2007). These significant dif-
ferences in the cardiac phenotypes of miR-133a-an-
tagomir treated and genetically miR-133a depleted mice
might be explained either by the fact that antagomir
treatment is transient and usually does not lead to
complete loss of the targeted miRNA, or by the fact that



the antagomir may target rather nonspecifically other
miRNAs, thereby provoking a different phenotype.

Histological and immunohistochemical analysis of
miRNA-133a-deficient hearts revealed enhanced cardio-
myocyte proliferation throughout ventricles and atria in
addition to increased apoptosis and fibrosis near the
basal and apical interventricular septum, findings poten-
tially explaining the development of lethal VSDs in the
miR-133a knockouts (Hoffman et al. 2004). Echocardio-
graphic and histological analyses of surviving animals
without VSDs reveal dilated hearts with thinned ven-
tricular walls, severely reduced contractile function, in-
traventricular thrombi formation, and marked myocar-
dial fibrosis. These surprising findings immediately raise
questions concerning the molecular mechanisms by
which miR-133a regulates proliferation and apoptosis of
cardiomyocytes and why deficient animals either de-
velop hearts with large VSDs or DCM. To answer this
question, Liu et al. (2008) analyzed the cardiac transcrip-
tome of miR-133a-deficient hearts and identified a vari-
ety of dysregulated transcripts. Several genes involved in
cardiomyocyte cell cycle control, such as Cyclin D1
(CCND1), Cyclin D2 (CCND2), and Cyclin B1 (CCNB1)
were found to be significantly up-regulated in miR-133a-
deficient hearts. Interestingly, Cyclin D2 carries a miR-
133a seed sequence in its 3'-UTR and is directly targeted
by miR-133a as confirmed by Luciferase reporter assays.
Surprisingly, Rho-A and Caspase-9 were found to be not
regulated on either the transcriptional and protein level
in miR-133a-deficient hearts. These two miR-133a tar-
gets were identified previously in cell culture experi-
ments (Xu et al. 2007). These controversial findings
could be explained by differences in the models used
(cardiomyocyte culture vs. knockout animals).

In a further attempt to dissect the effects of miR-133a
on cardiomyocyte proliferation, Liu et al. (2008) overex-
pressed miR-133a under the control of the cardiac
B-MHC promoter. Astoundingly, transgenic animals
died by embryonic day 15.5 (E15.5) due to VSDs and di-
minished cardiomyocyte proliferation resulting in ven-
tricular walls only consisting of two to three cell layers,
unable to fulfil the hemodynamic needs of the develop-
ing mouse. Ventricular thinning is most likely due to
reduced cardiomyocyte proliferation, since TUNEL
staining did not reveal increased cardiomyocyte apopto-
sis in miR-133a transgenic animals.

In addition to the dysregulation of growth and cell
cycle-related factors, smooth muscle genes, such as
smooth muscle a-Actin, Transgelins, Calponin I, and
Caldesmon are also up-regulated in miR-133a-deficient
hearts. Interestingly, the myogenic transcription factor
SRF, which binds to CArG boxes in the regulatory region
of a variety of important muscle-specific growth and dif-
ferentiation factors, is also negatively regulated by miR-
133a and hence increased in miR-133a-deficient hearts,
thereby potentially explaining the elevated levels of
smooth muscle gene transcripts (Norman et al. 1988;
Wang et al. 2004). Together, the ectopic expression of
smooth muscle genes and loss of inhibition of the miR-
133a targets SRF and Cyclin D2 could cause aberrant
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cardiomyocyte proliferation, apoptosis, and develop-
ment of DCM (Zhang et al. 2001).

MiR-133a—a novel candidate gene for human heart
disease

The main cardiac phenotypes provoked by changes in
miR-133a expression resemble those found in two im-
portant cardiovascular diseases in humans; namely, con-
genital muscular VSD and DCM. Muscular VSDs occur
in up to 5% of live births, often associated with other
malformations of the cardiovascular system (Roguin et
al. 1995). Although VSDs represent a common disease,
the genetic programs that control ventricular septation
are only poorly understood and only few genes including
the transcription factors T-box 5 (TBX5) and NKX2.5 are
shown to be causative for isolated VSDs (Basson et al.
1994; Benson et al. 1999). DCM is a heart disease char-
acterized by dilation of the left ventricle and impaired
systolic function (Richardson et al. 1996). The annual
incidence of DCM is five to eight in 100,000, which con-
tributes to a significant amount of morbidity, mortality,
and healthcare costs in western countries (Gillum 1994).
Although a large number of genes were identified as
causes of familial or sporadic DCM and several molecu-
lar mechanisms leading to impairment of contractile
function have been elucidated (Rottbauer et al. 2005;
Bendig et al. 2006; Karkkainen and Peuhkurinen 2007),
there are also many familial cases in which a distinct
mutation within known disease genes could not be iden-
tified. Based on the results of Liu et al. (2008), it will be
interesting to evaluate the role of miR-133a in human
congenital VSD and DCM.

Perspective

In summary, the study by Liu et al. (2008) implicates
again a central role of miRNAs in the mammalian heart
(Fig. 1). Therapeutic manipulation of miRNAs in cardiac
disease thus appears compelling, but seems to be com-
plicated in the light of the data discussed here. Further
deciphering of the complex regulatory networks modu-
lated by miRNAs in the healthy and diseased heart will
possibly guide future molecular drug development strat-
egies. Based on antisense approaches, synthetic anti-miR
oligonucleotides (AMOs), miR sponges and cholesterol-
conjugated ssRNA analogs (antagomirs) are examples of
promising strategies to specifically knock down specific
miRNAs in vivo (Krutzfeldt et al. 2005; Weiler et al.
2006; Care et al. 2007). Different modes of delivery for
miRNA interfering molecules already have been evalu-
ated. Lentiviral-mediated antisense expression or intra-
venous application of AMOs or antagomirs seem prom-
ising strategies (Krutzfeldt et al. 2005; Scherr et al. 2007).
The cholesterol conjugation of antagomirs permits effi-
cient entry into the cell without toxic side effects and
was used recently for blocking miR-133a in the heart of
living mice (Care et al. 2007). In addition, in a recent in
vivo study in a mouse neuroblastoma model, antagomirs
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Figure 1. Cardiac phenotypes of miR-133a and miR-1 knock-
out and transgenic mice. The bicistronic miRNAs miR-1 and
miR-133a are transcribed by RNA Polymerase II (Pol II),
processed from pri- to pre-miRNAs, and finally into mature
miRNAs. The expression of miR-133a and miR-1 is regulated by
SRF. MiR-133a directly targets SRF mRNA, forming a negative
regulating feedback loop. The double knockout of miR-133a-1
and miR-133a-2 induces either lethal VSDs or DCM (DCM).
Overexpression of miR-133a also leads to VSDs and cardiac hy-
poplasia. Similarly, overexpression of miR-1 results in hypo-
plastic hearts and consecutive heart failure, whereas the knock-
out of miR-1-2 leads to diverse phenotypes, including VSDs,
DCM, or cardiac hyperplasia.

directed against miR-17-5p dramatically inhibited tumor
growth leading to complete regression of tumor mass in
30% of the treated animals (Fontana et al. 2008).
Because miR-1 inhibits cardiomyocyte growth and
proliferation, therapeutic repression of miR-1 could be
beneficial for myocardial regeneration—for instance, af-
ter myocardial infarction—while overexpression of
miR-1 could be used for the treatment of cardiac hyper-
trophy. However, it should be noted that genetic dele-
tion of miR-1-2 results in electrophysiological abnor-
malities and a high incidence of sudden cardiac death
while overexpression of miR-1 in normal or infarcted rat
hearts also exacerbates arrhythmias because of slowed
conduction and depolarization of the cytoplasmic mem-
brane by post-transcriptional repression of KCNJ2 (po-
tassium channel subunit Kir2.1) and GJA1 (Connexin 43)
(Yang et al. 2007). One could consider that up-regulation
of miR-133a might be an interesting strategy to prevent
cardiac growth, e.g., in patients with hypertrophic car-
diomyopathy or in response to increased cardiac after-
load. However, similar to the case with miR-1, increased
levels of miR-133a also are accompanied by electrophysi-
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ological abnormalities (Xiao et al. 2007). Although fur-
ther problems, such as reaching a high enough target
specificity or targeting only a selected cell population are
still unresolved, hope remains that miRNA-based thera-
pies will help to combat cardiovascular disease.
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