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Abstract

MicroRNAs (miRs) regulate protein expression by inhibiting translation of expressed mRNAs.
Targeting by one or more miRs of multiple mRNA transcripts encoding proteins with common
functions confers nodal control over cardiac development and stress-response. Dynamic co-
regulation of miRs and their mMRNA targets has complicated understanding their biology, but also
provides opportunities for clinical diagnostics and therapeutics. Here, the biology of miRs is
reviewed as it relates to the cardiac system, recent findings are described that illuminate miR
control of cardiac development and myofiber identity, and the clinical ramifications of miR
expression profiling are illustrated.

Introduction: miRs and their mRNA targets

MicroRNAs (miRs) are small (18-25 nucleotide) non-coding RNAs that fine-tune protein
expression by recruiting target mMRNAs into macromolecular extra-nuclear complexes
termed RISCs (RNA-induced silencing complexes), and suppressing protein translation or
destabilizing the mRNA (reviewed in 1). Sequence analysis suggests that there are over
1,000 miRs in the human genome, many of which have been cloned, expression profiled in
different tissues, and interrogated for functional significance. miRs bind via Watson-Crick
pairing to complementary sequences in target mRNA transcripts; bioinformatics algorithms
predict that approximately one third of all gene transcripts are miR targets. miR-mRNA
pairing is determined by nucleotide sequences within the mRNA 3’ untranslated regions and
complementation to one or more miR sequences. The prevailing view is that critical miR
“seed sequences” (bases 2-8) determine miR-mRNA interactions, although evidence is
beginning to accumulate that extra-seed sequence pairing may play a larger role in fine
discrimination of miR targets than previously recognized. A single mMRNA may have one or
more binding sites for a given miR, and binding sites for multiple miRs 2. Intriguingly,
binding sequences for a miR or for closely related miR family members can be present on
multiple mMRNA transcripts that are involved in common cellular responses. Thus, miRs can
exert “nodal” control over multiple aspects of such functions as apoptosis, cell proliferation,
and organ development. Given the multiplicity of miRs that can target mMRNAs within a
particular functional pathway, and the likelihood that specific mRNAs with overlapping or
complementary functions are controlled by multiple different miRs, the exact mechanisms
of biological control by miRs are anticipated to be complex and involve numerous direct and
indirect regulatory events. Even if it were possible to precisely categorize all of the direct
MRNA targets of all miRs expressed in a given biological context (which it currently is not),
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indirect effects will determine some of the observed changes in protein expression, and
therefore of biological effect. This is a rapidly evolving area of investigation, and it is
certain that our current understanding of specific miR-mRNA pairings and their biological
effects will continue to change.

The two mechanisms by which miRs prevent mMRNAs translation are mMRNA destabilization
by de-adenylation, and translational suppression. The molecular and biochemical details of
both pathways have been reviewed recently 1. Current analytical methods do not distinguish
between these two mechanisms for translational inhibition induced by a given miR-mRNA
pairing event. However, the anticipated reciprocal relationship between a miR and its
destabilized mRNA target suggested that comparative assays of miR and mRNA levels
would help delineate specific miR-mRNA targeting events. Unfortunately, this approach has
met with limited success because of degenerate and extra-seed sequence miR-mRNA
binding, indirect MRNA regulation by other miR targets, and translational inhibition by
miRs without mMRNA destabilization 3. Bioinformatics analytical platforms are also limited
in their applicability because they tend to rely heavily upon one aspect of miR-mRNA
pairing to rank interactions, such as miR seed sequence complementarity to mRNA 3’
untranslated regions, evolutionary conservation, and the calculated binding energy of miR-
MRNA duplexes. Indeed, when we asked four different bioinformatic algorithms to predict
which of 10,790 cardiac-expressed mRNAs are likely targets of 139 validated cardiac-
expressed miRs 4, the results showed little agreement (Figure 1). Thus, the best information
about miR-mRNA targeting has been derived from luciferase reporter studies performed in
transfected cultured cells 5. Results of reporter studies indicate that a miR-mRNA
interaction can have functional consequences, but do not tell you if that interaction actually
takes place in a particular in vivo pathophysiological context, when levels of miR and
MRNA are subject to regulatory influences. | believe that identifying relevant miR-mRNA
targeting events requires direct measurements of the interaction and its functional
consequence in the specific cell/organ of interest, and in the proper in vivo context. Recent
techniques that assay mRNA content of miR-programmed RISC complexes 6, that delineate
miR-mRNA interaction sites by RNA footprinting 7, and that assess the impact of miRs on
the proteome 8, are advancing our ability to define relevant miR-mRNA interactions.

Genetic models interrogating the roles of miRs in cardiac disease

Primary miR transcripts (“pri-miRs”) undergo intra-nuclear splicing by the Drosha/Dgcr8
enzyme complex, generating a characteristically hair-pin folded “pre-miR” that is exported
from the nucleus. Cytoplasmic pre-miRs are cleaved by a Dicer-containing complex to
generate miR-miR* duplexes containing a mature miR on one strand and a non-functional
miR* on the other, or sometimes two complementary functional miRs. Because Drosha and
Dicer uniquely process miRs, it has been possible to assess the overall impact of miRs on
heart development and function by ablating each of these essential miR-processing enzymes
in mice.

Initial studies ablated the Dicer gene, which interrupts miR processing at its penultimate
step. Not surprisingly, the germ-line Dicer knockout (i.e. no Dicer in the whole mouse)
produced an embryonic lethal phenotype 9, consistent with a general requirement for miR
processing during development. A series of cardiac-specific mice were therefore engineered
in which Dicer was ablated in the embryonic heart (directed by Nkx2.5-Cre), after the heart
was fully developed shortly after birth (directed by MYH6-Cre), or in juvenile and adult
mice (directed by MYH6-driven tamoxifen activated MER-Cre-MER) 10 11+ 12. In each
study, interrupting miR biogenesis in cardiac myocytes induced cardiomyopathic
phenotypes: embryonic cardiac Dicer deletion caused lethality early in cardiac development
associated with cardiac hypoplasia whereas postnatal and adult cardiac Dicer ablation
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produced lethal cardiomyopathies having pathological cardiac gene expression, abnormal
sarcomeric structure, and cardiomyocyte hypertrophy and/or apoptosis. Likewise,
interrupting miR formation by striated muscle-specific ablation of DiGeorge syndrome
critical region 8 (Dgcr8), which participates with Drosha in intra-nuclear miR processing,
produced left ventricular remodeling that progressed to lethal heart failure 13. Taken
together, these studies uncover a central role for miRs in post-developmental cardiac health.
Other studies described below have implicated specific miR members or families in
different aspects of cardiac development and function.

MyomiR regulation of cardiac myofiber identity

Olson and colleagues have elucidated a pathway by which expression of myosin heavy chain
isoforms is directed by miRs. A detailed description of these fascinating studies can be
found in their recent review 14. The miR regulatory scheme for myosin heavy chain protein
is best understood in the context of the evolution of the myosins. All 11 human MYH genes
appear to be derived from a single ancient ancestor. The two cardiac-expressed MYH genes
are MYH6, encoding aMHC, and MYH7, encoding BMHC. In humans, BMHC predominates,
with aMHC normally comprising less than 8% of total ventricular MHC 15. In mice, BMHC
is the fetal cardiac isoform, but is replaced in the ventricles by aMHC shortly after birth. In
both mice and humans aMHC and BMHC are reciprocally regulated in health and disease
via the influence of thyroid hormone on the two MYH gene promoters 16: Under euthyroid
conditions or when thyroid hormone (T3) is added to cultured cardiomyocytes, the balance
shifts in favor of aMHC expression, whereas hypothyroidism induced by propyl-thiouracil
(PTU) or pressure overload hypertrophy favors BMHC, the so-called “o to p myosin isoform
shift” 17

The human MYH6 and MYH7 genes occur in tandem on chromosome 14q12, as the
consequence of a relatively recent gene duplication event 18. The genetic and protein
structures of these two genes are highly homologous in mouse and man. Phylogenetic
analysis has suggested that a third MYH gene, MYH7b located on human chromosome
20q11.22, is closely related to the two cardiac myosin heavy chain genes, even though its
expression is low in the heart 19. Importantly, within each of these recently duplicated MYH
genes are intronic miRs that were also duplicated, miR-208a in aMHC/MYH6, miR-208b in
BMHC/MYH7, and miR-499 in MYH7b. Collectively, these three miRs share sequence
homology (Figure 2a) and are called the “MyomiRs” 20.

Because the MyomiR genes are in the introns of their parent MYH genes, they are
transcribed into the same precursor mRNAs and subsequently spliced out and independently
processed. It might therefore be expected that MyomiR expression will mirror that of its
parent gene transcript. This has not turned out to be the case because of elegant feedback
regulation between MYH genes 20 21 and differences in stability between miR-499 and an
alternately spliced form of the parent MYH7b mRNA 22. These events are of special
importance because the above-described counter-regulation of aMHC and BMHC by thyroid
hormone appears to be driven by the MyomiRs embedded with their genes, and to also
require miR-499.

Like its parent transcript (MYH6/aMHC), the cardiac-specific MyomiR miR-208a is
potently induced by T3 and suppressed by PTU. However, because miRs are more stable
than mRNAs, cMHC mRNA declines in response to PTU, whereas miR208a is not rapidly
degraded and its levels are maintained for an extended period of time 21. Residual miR-208a
therefore suppresses the translation of several repressors of MYH7 and MYH7b transcription
(Figure 3). Thus, the net effect of retained miR-208a transcribed with aMHC is to de-repress
expression of BMHC (and miR-208 encoded within). Accordingly, mice lacking miR-208a
do not exhibit normal BMHC upregulation with PTU-induced hypothyroidism 21.
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Expression of MYH7b (and its MyomiR, miR-499) parallels that of MYH7 in this system.
Thus, MYH7b and miR-499 are also not detected in miR-208a knockout mice 20.
Intriguingly, directed expression of miR-499 in the miR-208a knockout model restores
MYH7/miR-208b expression, although the miR-499 knockout does not mimic the miR-208
knockout phenotype. Collectively, these findings indicate that miR-499 is one essential
downstream effector of miR-208a regulated BMHC expression, and a critical transducer of
the a/MHC “switch” (Figure 3). Importantly, cardiac development and myosin heavy chain
identity in normal adult hearts were not affected by miR-208a/b or miR-499 ablation,
demonstrating that the determinants of myosin heavy chain expression differ in response to
developmental cues and to external stress.

Another wrinkle to the MyomiR story involves alternate splicing of MYH7b transcripts22.
MYHT7b protein is present in skeletal muscle, but as noted above is not measurable in hearts.
Nevertheless, myocardial levels of the MyomiR encoded within MYH7b, miR-499, are quite
high. The Leinwand laboratory discovered that exon 7 is spliced out of the vast majority
(~95%) of mouse cardiac MYH7b transcripts, but of only 60% in soleus muscle. Fully 99%
of human heart and skeletal muscle MYH7B transcripts lack exon 7. It was discovered that
the alternately spliced MYH7B transcripts lacking exon 7, in which a premature translation
termination signal is introduced, are degraded through the mechanism of nonsense-mediated
mMRNA decay 23. Importantly, since nonsense mRNA decay occurs in the cytosol at the
ribosome, nuclear processing of the primary miR-499 transcript is not affected by exon 7
splicing, and production of mature miR-499 is functionally uncoupled from transcript
expression of the parent MYH7b gene mRNA (Figure 3). In human hearts therefore, the
MYH7b gene is almost entirely a nonfunctioning carrier for its incorporated miR (miR-499),
which is essential for expression of the major cardiac myosin heavy chain isoform, MYH7/
BMHC. These fascinating findings add even more complexity to regulation of cardiac
muscle identity by miRs.

miR1/133 regulation of cardiac development and remodeling

Development of the embryonic heart and cardiac remodeling in response to injury or
hemodynamic stress are mechanistically linked, as evidenced by recapitulation of an
embryonic gene expression profile in hearts reacting to pressure or volume overload 24.
Cardiac development and stress response are also connected by actions of the miR1/133
cluster. miR-1 (or related miR-206) and miR-133 occur as bi-cistronic transcripts that have
been twice duplicated, i.e. there are three copies of both miRs, each linked with the other. As
with the MyomiR family, the striated muscle-specific miR-1/miR-133 cluster is
characterized by close sequence homology between duplicated miRs (Figure 2b).

miR-1 is most recognized for its essential role in cardiac development. Reduction of cardiac
miR-1 levels by ~50% through miR-1-2 ablation (leaving miR-1-1 intact) predisposes to
ventricular septal defects that can be prematurely lethal, and dilated cardiomyopathy in mice
that survive to adulthood 10. The Srivastava laboratory has identified a number of critical
miR-1 targets, including HAND2, HDAC4, and MEF2a, each of which is central to cardiac
development and/or cardiomyocyte growth. For this reason, forced expression of miR-1 in
the embryonic heart (directed by the MYH7 promoter) has a profound inhibitory effect on
normal cardiomyocyte proliferation and formation of the fetal myocardium, resulting in
embryonic lethality at approximately the developmental stage where cardiac pump function
becomes necessary for viability 25.

Although they do not share sequence homology (see Figure 2b), the expression partner of
miR-1, miR-133a, has overlapping effects: While individual ablation of either of the two

cardiac-expressed miR-133a loci produced no detectable phenotype, combined ablation of
miR-133a-1 and miR-133a-2 resulted in a high incidence of ventricular septal defects and
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dilated cardiomyopathy in mice that survive to adulthood (like the miR-1-2 knockout), and
molecular abnormalities consistent with increased proliferative stimuli 26. In adult hearts,
inhibition of miR-133a using an antagomiR produced a hypertrophic response 27. In
contrast, and as with miR-1, forced expression of miR-133a in the embryonic heart
suppressed cardiomyocyte proliferation, producing embryonic lethality associated with
hypoplastic ventricular myocardium 26. However, expression of miR-133a in the postnatal
heart (directed by the MYH6 promoter that turns on shortly after birth) did not alter normal
cardiac growth or the hypertrophic response to sustained pressure overload 28. Rather, the
miR-133a transgenic heart exhibited diminished myocardial fibrosis and improved diastolic
function after surgical aortic coarctation, consistent with a more important regulatory
function for myocardial fibrosis in adult hearts 29.

Other aspects of cardiac pathophysiology regulated by miRs

Two additional areas in which miRs have been pathologically implicated (and may therefore
be potential therapeutics targets) are regulation of angiogenesis and myocardial fibrosis.
Roles for miRs in arrhythmogenesis and the response to ischemic injury are also likely, but
direct data are less certain.

Vascularization—The roles played by angiogenesis-regulating miRs in the heart
(“angiomiRs™) in cardiac disease, and the potential for their therapeutic applications, were
recently reviewed in depth 30. The most compelling data describe a critical role for
endothelial cell-specific miR-126 in developmental formation of the vascular system. In
companion papers published in Developmental Cell in 2008, the Olson laboratory used gene
ablation in mice and the Srivastava laboratory used morpholino knockdown in zebrafish to
first demonstrate that vascular endothelial formation and angiogenesis required miR-126 31
32. In the murine system, a consequence of miR-126 deficiency was defective vessel
formation after experimental myocardial infarction 31. Recently, an elegant two-photon
study of zebrafish more fully described the mechanisms linking miR-126 and angiogenesis:
blood flow activates the mechano-sensitive transcription factor, klf2a, which induces
expression of miR-126 that enhances angiogenic Vegf signaling 33. It is interesting to
speculate that mimicking miR-126 with an agomiR could bypass the requirement for blood
flow in this angiogenic pathway and promote revascularization of tissues (such as
myocardial infarcts) lacking significant blood flow.

Anti-angiogenic effects of endothelial cell-expressed miR-92a have been found to play an
important role in the response to myocardial ischemia. Bonauer, et al 34 described increased
miR-92a expression after experimental myocardial infarction, and found that miR-92a
inhibited vessel formation in vitro and in vivo. Accordingly, they treated myocardial
infarcted mice with a miR-92a antagomir, and found that inhibition o miR-29a increased
vascularization of the infarct border zone, diminished infarct size, and improved post-
infarction ventricular function. These studies in the heart and related studies in the hind limb
ischemia model strongly support potential therapeutic efficacy for miR inhibition to enhance
revascularization after tissue ischemia.

Myocardial fibrosis—The roles of miRs in cardiac fibrosis, and whether observed effects
relate to cardiomyocyte- or fibroblast-specific expression, are somewhat controversial. The
preponderance of evidence supports a role for miR-21 in fibroblasts or cardiomyocytes or
both: miR-21 is one of the “oncomiRs”, i.e. it functions under certain conditions as an
oncogene by suppressing pro-apoptotic factors 35. miR-21 expression is increased in the
border zone of myocardial infarcts 36+ 37 and in the fibroblasts of failing human hearts,
where it enhances fibroblast survival/myocardial fibrosis by activating the ERK MAP
kinases 38. Consequently, miR-21 antagomiR treatment reduces myocardial fibrosis and
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reverses pathological remodeling in the mouse aortic banding pressure overload model 38.
Interestingly, cardiomyocyte (not fibroblast) miR-21 expression is downregulated by
hypoxia, perhaps as part of the Akt survival pathway 39.

Like miR-21, miR-29 expression is greater in cardiac fibroblasts than in cardiac-myocytes.
However, miR-29 is downregulated in the border zone of infarcted hearts. Yet, this
antithetic regulation is still linked to myocardial fibrosis by de-repression of collagen and
elastin translation 36.

As noted above, miR-133a expression was associated with suppression of myocardial
fibrosis after surgical pressure overloading 28. Duisters, et al have suggested that this may
relate to miR-133a regulation of connective tissue growth factor 29, although the mRNA of
CTGF was not significantly regulated in the miR-133a transgenic mouse. In the same study,
Duisters, et al also proposed a role in myocardial fibrosis for miR-30, which like miR-133a
is downregulated in pressure overload hypertrophy and (in vitro) can target the same
connective tissue genes.

microRNA expression profiling in cardiac disease

As noted above, regulated expression of cardiac miRs is observed throughout cardiac
development and in response to various forms of cardiac stress. Accordingly, there is
tremendous interest in determining whether regulation of cardiac-expressed miRs may
provide a clinically useful molecular signature for specific cardiac syndromes. Of the ~1,000
human miRs identified to date, approximately 200 are expressed in myocardium, 70% of
which are reportedly up- or down-regulated in either clinical heart disease or experimental
models of cardiac hypertrophy or heart failure 4. ~60% of the genes encoding human miRs
are distinct genetic entities, located in the spaces between conventional genes. Expression of
these miRs is individually regulated by conventional transcriptional machinery. In contrast,
transcriptional control for the ~40% of miRs that are located within other, “parent”, genes is
determined by the parent gene, although mRNA splicing and differences in stability between
MRNA and miR can affect steady-state expression levels (see below).

Van Rooij, et al were the first to describe regulated miRs in human heart disease, using
microarrays to characterize miR expression in mouse models. Changes in the levels of five
miRs were also observed by Northern analysis of a handful of human heart failure
specimens 40. Results of comprehensive miR expression profiling in human heart disease
were first described by Thum, et al 41, who compared mRNA and miR expression profiles
from four non-failing and six failing hearts using Ambion miR microarrays that assayed 384
different miRs. The pattern of 67 upregulated and 43 downregulated miRs in failing hearts
was similar to the miR profile in six fetal hearts. Although this clinical study is very small
by today's standards, the results provided evidence for regulated miR expression in heart
failure recapitulating miR expression in the embryonic heart (as is the case for mMRNAs 42).
Ikeda et al subsequently reported expression profiling of 428 different miRs in twenty-five
human dilated cardiomyopathy hearts, nineteen human ischemic cardiomyopathy hearts,
thirteen human aortic stenosis hearts, and ten normal human hearts 43. They detected 87
cardiac-expressed miRs, 43 of which were regulated in at least one of the disease groups,
providing a diagnostic accuracy rate of approximately 70%. The notion that miR signatures
might have diagnostically utility received additional support by Sucharov, et al 44, who
profiled expression of 470 miRs in five ischemic cardiomyopathy, five non-ischemic
cardiomyopathy, and six non-failing hearts. Naga Prasad et al also used a microarray to
identify eight miRs that were upregulated in fifty heart failure cardiac samples, compared to
twenty nonfailing specimens 45, and validated the clinical associations in an independent
case-control cohort (twenty dilated cardiomyopathy and ten nonfailing). Seven of the eight
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regulated miRs had previously been identified as regulated in either human or mouse heart
failure, increasing confidence in these results. Taken together, these studies demonstrate that
mIR expression signatures can be sufficiently distinct to be useful as a clinical diagnostic
tool in cardiac disease.

Our laboratory assessed the utility of diagnostic miR profiling in end-stage human heart
failure by comparing mRNA and miR profiles in heart failure from myocardial specimens of
subjects with and without mechanical left ventricular support (LVAD) 46. We were
examining the notion that LVAD-supported hearts manifest a “recovery” molecular
phenotype, and that the miR expression signature would better track this phenotype than
mRNA profiles, which are relatively invariants with this form of functional “recovery” 47.
Microarrays were used to interrogate expression of 467 human miRs and of the complete
human transcriptome; expression signatures were generated from seventeen
cardiomyopathic hearts not treated with LVAD (“heart failure™), ten hearts treated with
LVADs (“failure recovery”), and eleven non-failing control hearts. Of twenty-eight miRs
that were significantly upregulated in heart failure, twenty were fully normalized in the
LVAD failure recovery group, with a strong trend toward normalization of the other eight
regulated miRs. Consistent with previous findings however 47, the mRNA expression
signature did not distinguish between heart failure and failure recovery groups. These
findings show the exquisite sensitivity of miR expression profiling to clinical status in end-
stage heart failure. The notion that miR expression reflects acute changes in cardiac function
was further validated by a recent report assaying MyomiR expression levels in myocardial
biopsy specimens. MyomiR expression was increased in dilated cardiomyopathy.
Importantly, levels of miR-208a, but not of the other two MyomiRs (miR-208b and
miR-499) not only correlated with myocardial BMHC transcript levels and collagen content,
but was also with adverse clinical outcomes 48.

miRs as circulating biomarkers of cardiac disease

A major obstacle preventing miR expression profiling from being routinely used as a clinical
test for heart disease is the requirement for myocardial biopsy to obtain myocardium as a
source for this biomarker. However, recent studies have shown that circulating miRs may be
useful for this purpose: Mitchell et al were the first to carefully validate the concept of
assaying circulating miRs to detect cancer in experimental models and human subjects 49.
Their seminal findings are noteworthy because they found that endogenous circulating miRs
are unexpectedly stable, persisting in serum samples for days, whereas exogenous miRs
“spiked” into serum were rapidly degraded. Subsequent studies demonstrated that miRs are
secreted into the blood within small cell-derived microvesicles, or “exosomes” 50. The
tissue-specificity of circulating miRs (for prostate cancer) in Mitchell paper raised the
possibility that circulating levels of the more cardiac-specific miRs might prove useful to
monitor cardiac status. Indeed, the Mitchell study found that regulated expression of miRs in
cancer was accurately reflected in their circulating serum levels.

In the wake of this initial report a flurry of relatively small clinical serum miR profiling
studies have been published relating to heart disease. Tijsen et al found that circulating
miR-423-5p was increased in heart failure 51, although like most studies of this type, there
was no comparison with a conventional heart failure biomarkers such as BNP 52. Other
studies have since described up- and down-regulation of a host of other miRs in chronic
heart failure and/or coronary artery disease 53755. At this point, all of these findings require
independent validation in separate cohorts and prospective evaluation to see if miR levels
add value to currently available tests, and under what clinical scenarios they will be most
useful (early rejection after cardiac transplantation deserves careful evaluation).
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On the other hand, the results of assaying circulating miR levels after acute myocardial
infarction have been more consistent and are more easily understood. Four independent
studies to date indicate that one or more MyomiRs are increased in the serum after
experimental or clinical myocardial infarction, presumably reflecting their release from
injured myocardium in the same manner as myocardial-specific enzymes 56759. Again
however, comparison with standard clinical biomarkers is needed to determine if miR assays
will increase sensitivity or specificity of myocardial infarction diagnoses.

miRs as therapeutic targets

Nodal control by a miR or miR cluster over multiple effectors of complex intracellular
pathways makes miRs tremendously attractive as therapeutic targets, distinguishing them
from the single protein targets (i.e. receptor or enzyme) of most conventional drugs. miRs
are themselves “small molecules” and various biochemical means of stabilizing and
delivering them have proven successful for miR antagonists (less so for miR mimetics).
Care et al were the first to use an antagomiR for in vivo modulation of cardiac disease 27.
After observing downregulation of miR-133a during cardiac hypertrophy, they further
observed that forced expression of miR-133a in cultured cardiac myocytes prevented
hypertrophy, whereas chronic infusion of a miR-133a antagomiR into mice produced
hypertrophy. Therefore, they used transcoronary gene delivery of a synthetic miR-133a to
inhibit development of spontaneous hypertrophy in a well characterized genetic mouse
model. The utility of miR mimicry or antagonism in rescuing experimental cardiac
phenotypes has since been repeatedly demonstrated.

The main uncertainty standing in the way of further developing miR-directed therapeutics
for heart disease may be defining the targets of endogenous or synthetic miRs in the in vivo
heart. Tissue culture experimentation does not provide the complexity of the in vivo
myocardial milieu, in which miR and their mRNA targets are dynamically regulated. We
have to develop techniques to delineate the strong and weak targets of miRs under varying
conditions introduced into the experimental design. These methods can then be used to
clearly define the consequences of specific engineered changes in custom miRs undergoing
evaluation as possible therapeutics.
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Figure 1. Bioinformatic predictions of cardiac-expressed mRNA targets for cardiac-expressed
miRs

~10,000 cardiac-expressed mRNAs were examined for targeting of 136 cardiac miRs. Note,
multiple MRNAs can be targeted by any given miR, and one mMRNA can be targeted by
many miRs, accounting for the large numbers. Note the absence of consensus results from
the different prediction algorithms.

J Cardiovasc Pharmacol. Author manuscript; available in PMC 2012 February 1.



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

1duasnuey Joyiny vd-HIN

Dorn Page 13

NRSPILERA UA A GACGAGCARAA

-I\A€C
-G
miR-499 U|SRVNEFNGIU U € [6FNG U GI\U -=

NIEPIEIMA U A A GACGARNC ARA

LS GGAAUGUAARGAAGURUGUAUE i U UUGGUCCCCUUCAACCAGC UGSk
LSRN CGAAUGUAARGAAGUAUGUAUESZlUUUGGUCCCCUUCAACCAGCUCRIRSKEES
IS GGAAUGUAA[GAAGUGU G Uleleleied U UUGGUCCCCUUCAACCAGC URNUISIKEE

Figure 2.
A. Sequence alignment of the MyomiRs. B. Sequence alignment of the miR-1 — miR-133

cluster as duplicated twice in the genome.
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Figure 3. Schematic depiction of MyomiR regulation of myosin heavy chain isoform expression
by thyroid hormone

PTU = propyl-thiouracil, which induces hypothyroidism. miR-499 within the MYH7b gene
is essential to expression of BMHC, although MYH7b mRNA and protein are rare in the
heart due to exon 7 skipping. All exons are not shown and distances are not to scale.
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