Chapter 14
MicroRNA Therapeutics in Cardiovascular
Disease

Antoine Bril

Abstract MicroRNAs are endogenous single-stranded RNAs of approximately 22
nucleotides in length which decrease the level of expression of specific proteins.
miRNAs are involved in many pathologic conditions such as cancers and neuropsy-
chiatric and metabolic diseases. In cardiovascular diseases, miRNAs have been
shown to be involved in the proliferation of cardiomyocytes and non-myocyte car-
diac cells, in cardiac hypertrophy and apoptosis, in the occurrence of atrial and
ventricular arrhythmias, in vascular angiogenesis and smooth muscle cell patholo-
gies, and in atherosclerosis. In heart failure, miRNAs have been shown to promote
or inhibit hypertrophy and remodeling as well as to modulate cardiac pump func-
tion. By considering a few specific examples illustrating the value and complexity
of targeting miRNAs, this chapter will describe the key data demonstrating the
potential of miRNAs either to prevent cardiac hypertrophy (miR-208) or to improve
cardiac function (miR-25) in heart failure. In the biogenesis of miRNAs, a passen-
ger strand miRNA, called miRNA%*, is usually degraded. The effects of miR-21*
illustrate a situation where miRNA* exhibits a biological activity. Finally, miRNA-
based therapeutics is nearly reaching human trials in the cardiovascular disease
area. However, several questions remain to be fully investigated to progress such
therapeutic approaches successfully. These include strategies to improve druggabil-
ity parameters and delivery characteristics of selected candidates as well as
approaches required to demonstrate clearly the efficacy/safety ratio of such novel
therapies.
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14.1 Introduction

Since their initial discovery in C. elegans, microRNAs (miRNAs) have been exten-
sively studied, and their biology has been widely investigated. Many studies per-
formed in plants, viruses, bacteria, and mammals including humans have described
their genesis, degradation, and regulation.

MicroRNAs are endogenous single-stranded RNAs of approximately 22 nucleo-
tides in length. They decrease the level of expression of specific proteins by annealing
to specific sequences located in the 3’ untranslated regions of target messenger RNAs
(mRNAs). Many review articles have summarized the biology of the formation and
action of miRNAs [1-3]. Briefly, miRNA genes are transcribed in the nucleus by RNA
polymerase II into a hairpin structure called primary microRNAs (pri-miRNAs) and
then processed by the RNase III Drosha in a complex with the RNA-binding protein
DiGeorge syndrome critical region 8 (DGCRS). The resulting pri-miRNA is a double-
stranded 70-nucleotide-long structure exported to the cytoplasm by exportin-5. In the
cytoplasm, the pre-miRNA forms a complex with the endonuclease DICER, the trans-
activation responsive RNA-binding protein (TRBP), and the adenosine deaminase
action on RNA-1 (ADAR1) and is cleaved in a resulting miRNA-miRNA* duplex. The
passenger strand, i.e., miRNA* or miRNA star, is then degraded, and the mature
miRNA could associate with Argonaute to bind its mRNA target and degrade it.

In the cytoplasm, the association of miRNAs with their mRNA targets is within
a multiprotein complex called the RNA-induced silencing complex (RISC). It is
now well established that a given miRNA targets several mRNAs and that individ-
ual mRNAs are often simultaneously targeted by many miRNAs. Therefore, the
regulatory signaling network resulting from miRNA biology is very complex and
requires well-defined strategies for developing therapeutic interventions. Today,
more than 2,000 miRNA sequences identified within the human genome are reported
in specialized databases (www.mirbase.org), and almost all cellular processes are
regulated by miRNAs. miRNAs have been involved in most pathologies such as
cancers and neuropsychiatric and metabolic diseases [4—7]. Many review articles
have described the many miRNAs that have been shown to play a role in various
cardiovascular diseases [8—13]. This review will summarize the efficacy of miRNAs
as potential therapeutic targets for heart failure by considering specific examples
illustrating the importance and complexity of targeting miRNAs from a drug dis-
covery perspective. In a second part, some of the questions that remain to be fully
investigated to enable the delivery of novel therapeutic strategies will be described.

14.2 miRNAs as Molecular Therapeutic Targets
for Heart Failure

The importance of miRNAs as therapeutic targets for cardiovascular diseases has
been deciphered mainly by investigating the expression pattern of various miRNAs
in pathologic situations and measuring the consequences of genetically altering the


http://www.mirbase.org/

14 MicroRNA Therapeutics in Cardiovascular Disease 255

level of expression of selected miRNAs. The first major study illustrating a role for
miRNAs in cardiac biology was the demonstration of the role of miR-1 on cardio-
myocyte differentiation [14] and the investigation of miRNAs in cardiac hypertro-
phy and failure [15]. Van Rooij et al. [15] described the expression pattern of a
number of miRNAs both in experimental hypertrophy and in samples from idio-
pathic end-stage failing human hearts. Since then, many studies have established the
relationship between miRNAs and cardiovascular diseases.

In the study by van Rooij et al. [15], later confirmed using a larger set of miRNAs
[16], an overlap is observed between the pattern of expression in the human failing
hearts and the hypertrophic mouse heart suggesting a common molecular signature
for cardiac remodeling. When overexpressing specific miRNAs in transgenic mice
under the myosin heavy chain promoter, different phenotypes have been observed.
Whereas miR-24 induced embryonic lethality, other miRNAs such as miR-124 did
not induce any detectable phenotypic effect. The overexpression of miR-195 was
able to recapitulate the hypertrophic phenotype observed in experimentally induced
cardiac overload. Findings from this early study suggest that a specific miRNA
could be responsible for the molecular genesis of diseases such as heart failure and
that selecting the right miRNA could lead to promising insights into heart diseases
and cardiovascular therapies. Since then, all the pathophysiologic processes involved
in cardiovascular diseases including cell hypertrophy and proliferation, cell death
and apoptosis, arrhythmias, and fibrosis have been shown to involve miRNAs, and
computational tools have been developed to identify miRNA-target interactions and
to facilitate biological discoveries [17] (also see Chap. 13).

In investigating further the role of cardiac-expressed miRNA, Olson’s laboratory
created the first ever miRNA knockout (KO) mice dedicated to cardiovascular
research and discovered that miRNA-208, which is expressed from intron 27 of
a-myosin heavy chain gene, is required for stress-induced cardiac hypertrophy. In
these experiments, miR-208 KO mice exhibit blunted cardiac hypertrophy in
response to pressure overload [18]. Interestingly, it was shown by Callis et al. [19]
that transgenic overexpression of miR-208a is by itself sufficient to induce cardiac
hypertrophy in mice. Actually, the biology related to miR-208 appears more com-
plex than what was thought initially. While the overexpression of miR-208 is related
with the occurrence of cardiac arrhythmias in mice, its genetic deletion resulted in
aberrant cardiac conduction [19]. Taken together, these data demonstrate that the
expression level of a single miRNA in the heart could be critical for both hypertro-
phic growth and the cardiac conduction system. In fact when investigating the role
of systemic delivery of miR-208a inhibitors, Montgomery et al. [20] reported that
systemic delivery of miR-208a inhibitors prevented the pathological myosin switch,
a well-established marker of cardiac hypertrophy [21], and reduced cardiac
remodeling while improving cardiac function and survival.

Interestingly, miR-208a has also been shown to regulate systemic energy homeo-
stasis via a negative regulation of the mediator complex 13 protein expression [22].
The pharmacological inhibition of miR-208a or cardiac-specific overexpression of
mediator complex 13 in mice induces resistance to high-fat diet-induced obesity
and improves systemic insulin sensitivity and glucose tolerance [22]. These findings
have two main consequences when considering a particular miRNA as a possible
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therapeutic target for cardiovascular diseases. First, they reinforce earlier findings
demonstrating the role of the heart in controlling systemic metabolism and therefore
add evidence that for miRNA therapeutics for cardiovascular diseases the benefit-
risk ratio for targeting a given miRNA requires preclinical and clinical investiga-
tions broader than focusing attention to cardiovascular function as it is done for each
and every drug treatment. Second, these results clearly suggest that the patient pop-
ulation for which a miRNA therapeutic could be developed may need to be defined
according to a revised more molecularly defined taxonomy. The findings also sug-
gest that a single miRNA therapeutic may not be beneficial for all the pathogenic
phenotypes identified in a particular disease such as heart failure.

Recently, the potential of miRNAs as targets to improve cardiac function in car-
diovascular diseases and particularly in heart failure has been investigated using a
high-throughput physiological screening approach. High-throughput physiologic
screenings are methods in which a system-based, hypothesis-free approach without
a predetermined molecular target is used to identify novel drug candidate that may
be effective on a given phenotype [23, 24]. Among various hallmarks characterizing
heart failure, a decline in cardiac function represents a well-established phenotype.
Improving cardiac contractility by modulating the activity of intracellular calcium-
handling proteins is currently being tested clinically using gene therapy to introduce
the sarco-endoplasmic reticulum Ca?*-ATPase (SERCA2a), the primary protein
responsible for calcium uptake by the sarcoplasmic reticulum during the excitation-
contraction coupling in cardiomyocytes [25, 26] (Chap. 4).

Wahlquist et al. [27] used human embryonic kidney 293 cells co-transfected with
a green fluorescent protein reporter fused to the 3’ untranslated region of SERCA2a
gene to screen a whole genome collection of miRNAs and identified 144 miRNAs
that are able to downregulate the calcium ATPase. Among the 82 miRNAs confirmed
by testing a dose range, 15 were both evolutionarily conserved and upregulated in
human heart failure. Finally, the most potent miRNA on a physiological measure of
the calcium flux in cardiomyocytes was miR-25, and its effect was similar to that of
short interfering RNA (siRNA) directed against SERCA2a. While the overexpres-
sion of miR-25 in the heart both decreased expression of SERCA2a and induced
contractile dysfunction in mice, the administration of an antisense oligonucleotide
against miR-25 reversed heart failure established in mice by chronic aortic constric-
tion and improved survival rate in these mice [27]. This study, which reinforces the
value of physiological screening strategies to identify novel therapeutic approaches
[28, 29], suggests that targeting miR-25 may represent an alternative possibility to
bypass the potential risks of gene therapy aimed at restoring SERCA2a expression
level [30, 31]. These data show miR-25 to be part of a dynamic regulation of cardiac
function by fine-tuning the complex intracellular calcium cycling mechanism.
However, it requires further validation as a previous study has shown opposite results
in which in vivo inhibition of miR-25 generates spontaneous contractile dysfunction
in mice and sensitizes the murine myocardium to heart failure [32]. The efficacy of
interacting with miR-25, whose expression is altered in various cancers, remains to
be confirmed in different models and pathologic conditions to confirm or not its
value as a therapeutic target for heart failure. Finally, although it is recently being
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suggested that the most abundant miRNA in a cell may be the one having a promi-
nent physiological role [33], the other miRNAs identified in the physiological screen-
ing used by Wahlquist et al. [27] might also play a role in heart failure (Chap. 13).

Alternative to mature miRNAs, passenger strands (miRNA* or miRNA star)
usually released and degraded during the formation process of miRNAs could also
represent valuable molecular targets for heart failure. Such a hypothesis has recently
been described by Bang et al. [34] who showed that the passenger strand microRNA
miR-21* behaves as a novel paracrine factor released from fibroblasts and inducing
cardiac myocyte hypertrophy. In the progression from hypertrophy to failure, fibro-
blasts not only proliferate and favor fibrosis but also secrete extracellular matrix
proteins and proinflammatory cytokines aggravating cardiac remodeling.
Experimentally, cardiomyocytes cocultured with fibroblasts or in the presence of
conditioned fibroblast media developed hypertrophy. Because miRNAs have been
shown to be actively transported in microvesicles/exosomes in circulating fluids as
well as between endothelial and cardiovascular cells [35, 36], Bang et al. [34, 37]
tested the hypothesis that miRNAs could represent a paracrine cross talk between
cardiac fibroblasts and cardiomyocytes. While miR-21 has been shown as a fibro-
blast mediator for generating hypertrophy and failure [38] and to be involved in
metabolic diseases [39], the present study interestingly shows that the correspond-
ing miR-21* is specifically packaged into and transported by exosomes from car-
diac fibroblasts to cardiomyocytes and promotes cellular hypertrophy. In vivo
studies demonstrated that miR-21* was detected in the pericardial fluids of mice
submitted to aortic constriction-induced hypertrophy and that a systemic adminis-
tration of an anti-miR-21* prevented angiotensin-induced hypertrophy [34].
Although many questions remain to be answered before considering miRNA-
containing vesicles as therapeutic opportunities for cardiovascular diseases, this
study clearly shows that mature miRNAs as well as miRNA* could play a signifi-
cant role in the intercellular cross talks involved in pathogenesis of chronic diseases
such as heart failure.

14.3 miRNA Therapeutics for the Treatment
of Heart Failure

On the basis of the progress made in the antisense technologies, several options are
currently being investigated for miRNAs as novel drug treatments. Today, the most
advanced miRNA therapies are anti-miR-122 compounds for the treatment of hepa-
titis C virus infection with a miRNA inhibitor in phase 2 clinical trials [40]. In the
cardiovascular disease area, no miRNA-based therapeutics have yet reached human
trials, and many questions remain to be fully investigated to progress such strategies
successfully.

Drug Strategies Used to Modulate miRNA Function In diseases where miRNAs
could be considered as playing a beneficial rather than a pathogenic role, mimicking
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the activity of endogenous miRNA appears the most rational therapeutic strategy.
Double-stranded chemically modified miRNAs have therefore been developed as
miRNA mimics, and miRNA mimic-related agents such as MRX34, a lipid-
formulated miR-34 mimic for the treatment of cancers, are reaching the clinical
stage [4, 41]. As far as inhibiting miRNA activity is concerned, several strategies
have been studied including vector-based approaches or miRNA sponges, small
molecules, and antisense oligonucleotides.

Several reviews have recently summarized extensively the advances made in the
development of miRNA inhibitors [4, 40, 42]. miRNA sponges that are large vec-
tors require tissue-specific expression to be active and have been used mainly for
in vitro experiments and for investigating small animal models. Small molecules
targeting miRNAs or SMIRs that have been identified by screening compound
libraries on reporter-based assays necessitating a micromolar concentration to be
active are not suitable yet for drug discovery and development. Therefore, both
miRNA sponges and SMIRs have limited therapeutic potential. As a consequence,
most therapeutic approaches currently used to inhibit miRNA activity are based on
antisense oligonucleotide technologies. To achieve efficient in vivo inhibition of the
target miRNA and allow improved affinity, stability, and pharmacokinetic proper-
ties, oligonucleotides are chemically modified. Briefly, the modifications performed
mainly affect the 2’ position of the sugar ring and are 2'-fluoro, 2'-O-methyl, or
2’-0O-methoxyethyl modifications and locked nucleic acid (LNA) which is the cre-
ation of a bicyclic nucleic acid by connecting the 2’ oxygen to the 4’ carbon via a
methylene bridge. All these modifications greatly enhance binding affinity. Another
modification is the substitution of the phosphodiester bonds with phosphorothioate
bonds to increase nuclease resistance. Combinations of several of these chemical
modifications lead to the most efficacious results in terms of binding affinity, nucle-
ase resistance, and miRNA-inhibitory activity. Today, strategies that combine LNA
technology with other chemical modifications, and among them fully LNA-modified
8-mer phosphorothioate oligonucleotides called tiny LNAs, are the most promising
approaches.

Delivery of miRNA-Based Therapeutics Besides the use of liposome formulation,
cholesterol conjugation and phosphorothioate linkage have been shown to improve
the pharmacokinetic properties of antisense oligonucleotides. However, delivering
miRNA inhibitors for cardiovascular diseases remains a challenge, and the develop-
ment of novel formulation and delivery strategies is required to overcome this chal-
lenge, as this has been the case for biopharmaceuticals products [43]. Today, the
most advanced therapeutic approaches involving miRNAs as molecular targets are
directed toward severe hepatic diseases such as HCV infection or liver cancers. As
an example, patients receiving subcutaneous administration of miravirsen (cur-
rently in phase II clinical trial for the treatment of hepatitis C), a LNA-modified
DNA phosphorothioate antisense oligonucleotide that sequesters mature miR-122,
showed dose-dependent reduction of HCV RNA levels [44], suggesting that the
systemic delivery of miRNA inhibitors represents a possible therapeutic strategy.
However, because systemically administered miRNA inhibitors, both antagomirs
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and anti-miRs, predominantly accumulate in the liver and the kidney, this first
proof-of-concept study may not be completely relevant for cardiovascular diseases
for which high doses may be required to reach targets.

Because miRNAs physiologically act on a number of mRNA targets possibly
with opposing effects depending on the tissue, the high doses required for demon-
strating efficacy in the cardiovascular system may be deleterious for other organs.
While further developments are necessary to improve the cardiovascular targeting of
miRNA inhibitors, alternative delivery strategies could also be evaluated. Recently,
Hinkel et al. [45] investigated the effect of a regional administration of a LNA anti-
mR-92a in a model of ischemia-reperfusion-induced injury in pigs. In this study, the
authors compared the efficacy of LNA-92a administered either systemically by
intravenous infusion or locally by catheter-based delivery into the left anterior
descending coronary artery or the anterior interventricular vein. When the treatment
activity was measured by the expression level of the targeted miRNA, systemic and
regional administrations of LNA-92a exhibited a similar activity. However, only
regional administration of LNA-92a reduced infarct size and improved the postisch-
emic myocardial function [45]. Although the level of efficacy obtained in this study
appears limited compared to classically adopted interventions such as ischemic pre-
conditioning or clinically established therapies [46, 47], these results clearly demon-
strate the potential of a local delivery of miRNA inhibitors for cardiac indications
such as myocardial ischemia or heart failure. This study highlights the fact that
defining the correct efficacy endpoint remains to be further investigated and sug-
gests that the expression level of the targeted miRNA may not always represent a
valuable surrogate for pharmacokinetics/pharmacodynamics relationships.

Characterization of the Efficacy of miRNA Therapeutics Along with absorption,
distribution, metabolism, and elimination (ADME) parameters that are investigated
in every drug discovery program, several issues that may be prominent with miRNA
therapeutics require special consideration. The results of the study by Hinkel et al.
[45] illustrate the need for better understanding of the relationship between target
engagement and miRNA therapeutics in measuring efficacy in animal models and
eventually in patients. While the miRNA inhibitor represses the expression of its
target mRNA, the function measured on the physiological endpoint depends on the
route of administration. Because a given miRNA can modulate the expression of
many target mRNAs and therefore regulate the expression level of many proteins, it
is usually difficult to correlate target engagement with therapeutic efficacy.
Alternative strategies, compared to those classically used in drug discovery, are
therefore required. Investigating the summation of relatively small effects and com-
paring the resulting physiology in a tissue and in another requires novel systems-
based approaches. If these methodologies using computational analysis of a large
amount of data are emerging, they need to be created and developed not to oversim-
plify the downstream effect of miRNA functions.

The second key question to be investigated refers to both the onset and the
duration of action of miRNA therapeutics. In contrast to most classic pharmacological
interventions targeting a membrane receptor, an intracellular enzyme or a
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protein-protein interaction, the action of miRNA inhibitors appears delayed, while,
on the other hand, their effect on mRNA targets is fairly immediate [20, 48]. There
is no definitive explanation for such a delay in biological action and the time
required for regulating the protein expression level.

Evaluation of the Safety Profile of miRNA Therapeutics As for any novel therapeu-
tic intervention, investigating the adverse effects and the off-target effects of long-
term miRNA modulation is of prime importance.

miRNA therapeutics that are designed to be perfectly complementary to their
mature miRNA targets could represent very safe therapeutic opportunities. Since
miRNAs can target many mRNAs, a miRNA modulator that is specific for only one
seed region could affect several pathways. Therefore, unwanted systemic effects
should be monitored.

Besides nonspecific hybridization-dependent effects, any chemical modification
done to improve the stability, affinity, and pharmacokinetic properties of miRNA
therapeutics could cause additional adverse effects such as an activation of the
immune system or a liver toxicity. A similar point of vigilance has been described
with most antisense oligonucleotide strategies, and chemical modification of anti-
miRNA as well as shortening the sequence that targets miRNA could reduce this
risk.

Liver toxicity is another risk observed with chemically modified anti-miRNAs,
and this effect appears to be induced in a sequence-independent manner. Swayze
et al. [49] showed that LNA-modified oligonucleotides induced hepatotoxicity as
indicated by increased transaminase activity and increased organ to body weight
ratio in preclinical toxicology studies. The potential hepatotoxic effect of miRNA,
arisk described for many new molecular entities and a topic of many investigations
[50], requires careful examination in a case-by-case basis depending on the targeted
disease, the demonstrated efficacy, and the alternative treatment opportunities
available.

144 Concluding Remarks

In cardiovascular physiology and pathology, miRNAs represent an emerging field
from which several therapeutic opportunities could be derived. Genetic and pharma-
cologic studies of various miRNAs have shown them to be involved in the genesis
and progression of many diseases such as those associated with aging [51], and the
studies summarized in this chapter using heart failure as an example provide an
illustration of their potential to deliver novel therapeutic modalities. Many unknowns
that remain to be investigated to move miRNA biology to therapeutic reality espe-
cially when considering cardiovascular diseases represent opportunities for the
development of novel technologies, methodologies, and treatments that eventually
will benefit patients. Among them are the development of integrative system biol-
ogy approaches to understand fully the miRNA effects at cellular, organ, and
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organism levels; the identification of delivery systems to ensure that the right dose
is reaching the right molecular target, in the right tissue at the right time in a disease;
and a careful understanding of potential adverse effects when administered either
alone or in combination with conventional therapies. In addition to small noncoding
RNAs (miRNAs), studies using high-throughput sequencing screens have described
many long noncoding transcripts (long noncoding RNAs), of more than 200 nucleo-
tides long. Together, small and long noncoding RNAs are increasingly demonstrated
as key players in gene regulatory networks involved in cardiovascular biology and
pathophysiology [52-55]. Both small and long noncoding RNAs are therefore
opening new avenues to improve the understanding and the treatment of cardiovas-
cular diseases like heart failure.
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