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Abstract: Noncoding RNAs have been shown to exert important physiological and pathophysiological functions.
Various studies suggest that modulating noncoding RNAs may provide a therapeutic option. Noncoding RNAs
comprise small RNAs, mainly microRNAs, and long noncoding RNAs. MicroRNAs postranscriptionally regulate
gene expression pattern by binding to the 3′untranslated region of a given target mRNA, thereby blocking protein
translation or inducing its degradation. Long noncoding RNAs on the contrary have more diverse functions acting
as epigenetic regulators, molecular scaffolds, or decoys. In this article, we summarize examples of microRNAs and
long noncoding RNAs, which might be promising novel targets for treatment of cardiovascular diseases, such as
heart failure, acute myocardial infarction, fibrosis, as well as atherosclerosis. Furthermore, we give insights into
the available tools to inhibit or overexpress noncoding RNAs and discuss the challenges for translation. Strategies
for improving RNA therapeutics and reducing toxicity, for example, by augmenting tissue specificity or cellular
uptake will be discussed.   (Circ Res. 2018;123:205-220. DOI: 10.1161/CIRCRESAHA.117.311311.)
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lthough the main part of the genome is transcribed, only
a limited amount of ≈2% are protein-coding exons.
The remaining part of noncoding sequences comprise small
and long noncoding RNAs (lncRNAs). Among others, small
noncoding RNAs include mainly microRNAs (miRNAs).
miRNAs are mostly 21 to 23 nucleotides in length and play
important roles in many different cellular functions, like cell
differentiation, proliferation, and survival.1 By now, 1881 precursors and 2588 mature miRNAs are annotated in humans
based on the latest release of miRBase. They function by binding to complementary target mRNAs in their 3′-untranslated
region and induce mRNA translational inhibition or degradation. miRNAs are transcribed as long primary transcripts,
named pri-miRNAs. Pri-miRNAs are processed in the nucleus
by the drosha-DGCR8 DGCR (DiGeorge syndrome chromosome region) complex, leading to a 70-nucleotide-long
premiRNA structure. This hairpin structure is then further
processed in the cytoplasm leading to the ≈22-nucleotide long
mature miRNA.2 Because 1 individual miRNA modulates the
expression level of several mRNAs and thereby specifically
affects diverse biological processes in different tissues, it is
not surprising that dysregulation of miRNAs has been discovered in many disease states like cardiovascular or metabolic
disorders.3,4Thus, they became a promising target for the development of therapeutics. To date, there are 2 approaches
to modulate miRNA function. One is to overexpress a specific miRNA by using miRNA mimics or viral vectors and
the other one is to inhibit a certain miRNA preferentially by
utilization of specific antisense oligonucleotides (ASOs) or by
genetic knockout mouse models.

In contrast to small noncoding RNAs, lncRNAs comprise a
more heterogeneous class of RNAs and are >200 nucleotides in
length. To date, ≈60 000 lncRNAs are identified in the human genome.5 lncRNAs can be transcribed from intergenic regions (long
intervening noncoding RNAs), from intronic regions of proteincoding genes (intronic RNAs), or from the antisense strand of a
specific gene.6 Finally, back splicing of exons, thereby forming
circular RNAs, can also generate lncRNAs.7 The molecular mode
of action of lncRNAs is diverse. They can have epigenetic regulatory activities thereby influencing transcription of target genes,
they can function as molecular scaffolds to be part of protein
complexes or act as decoys for specific target molecules to downregulate their function.6,8 Furthermore, lncRNAs can interact
with DNA, RNA, or even miRNAs influencing transcription and
post-transcriptional gene regulation by modulating splicing or by
sponging miRNAs. Such as miRNAs, many lncRNAs are dysregulated in different disease conditions.6 Whether lncRNAs can
be therapeutically targeted in a comparable manner as miRNAs
needs to be investigated. To date, Gapmers or small interfering
RNAs (siRNAs) were shown to be useful tools to induce lncRNA
degradation thereby inhibiting their actions.
In this review, we discuss promises and challenges in using noncoding RNAs as therapeutic targets for the treatment
of cardiovascular diseases. We provide an overview of important miRNAs and lncRNAs reported to have significant impact
on the regulation of the cardiovascular system and in disease
conditions. Furthermore, we will discuss the toxicological obstacles of systemic interference with noncoding RNAs and the
current options to avoid unwanted side effects by modifying
the delivery options of RNA therapeutics.
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Nonstandard Abbreviations and Acronyms
AAV
ALT
AMI
ANRIL
APF
ApoE
ASGPR
ASO
AST
CARL
Cebpb
Chast
CHRF
CRISPR/Cas9
Downloaded from http://circres.ahajournals.org/ by guest on July 17, 2018

DARPin
Dlk1
eGFP
HDL
LDL
LNA
lncRNA
Malat-1
MDRL
MHC
Mhrt
MIAT
miRNA
NF-κB
NRF2
PCSK9
Pdk4
PHB2
scFvs
SENCR
SGK1
siRNA
Spry1
SREBF
TAC
TGF-β1
TRAF6

adeno-associated virus
alanine aminotransferase
acute myocardial infarction
antisense noncoding RNA in the INK4 locus
autophagy-promoting factor
apolipoprotein E
asialoglycoprotein receptor
antisense oligonucleotide
aspartate transaminase
cardiac apoptosis-related lncRNA
CCAAT/enhancer-binding protein-β
cardiac hypertrophy-associated transcript
cardiac hypertrophy-related factor
clustered regularly interspaced short palindromic
repeats/clustered regularly interspaced short palindromic repeat–associated 9
designed ankyrin repeat protein
δ-like 1
enhanced green fluorescence protein
high-density lipoprotein
low-density lipoprotein
locked nucleic acid
long noncoding RNA
	metastasis-associated lung adenocarcinoma transcript 1
mitochondrial dynamic related lncRNA
myosin heavy chain
myosin heavy chain-associated RNA transcripts
myocardial infarction-associated transcript
microRNA
nuclear factor-κB
nuclear factor (erythroid-derived 2)-like 2
proprotein convertase subtilisin/kexin type 9
	pyruvate dehydrogenase lipoamide kinase isozyme 4
prohibitin 2
single-chain variable fragments
	smooth muscle and endothelial cell-enriched migration/differentiation-associated long noncoding RNA
serum and glucocorticoid-regulated kinase 1
small interfering RNA
sprouty homologue 1
	
sterol regulatory element-binding transcription
factor
transverse aortic constriction
transforming growth factor-β1
tumor necrosis factor receptor–associated factor 6

miRNA Therapeutics
Examples for Important miRNAs in the
Cardiovascular System
Various miRNAs have been described to interfere or contribute to the development or progression of cardiovascular diseases, like acute myocardial infarction (AMI), fibrosis, heart
failure, and atherosclerosis (Figure 1). The following chapter

will provide examples of miRNAs regulating cardiovascular
diseases, which might be interesting and promising therapeutic targets. More detailed information on miRNA functions is
given in the recent overviews.3,4,9–11
Acute Myocardial Infarction
miR-15, miR-24, miR-34, miR-92a, miR-199a, miR-320, and
miR-590 are examples of miRNAs regulating cardiac remodeling on myocardial infarction. The miR-15 family is regulated
in the infarcted region of the heart in response to ischemia/
reperfusion injury in mice and pigs and regulates hypoxiainduced cardiomyocyte cell death.12 Inhibition of miR-15
family members promotes postnatal cardiac regeneration.13
Mechanistically, the pyruvate dehydrogenase lipoamide kinase
isozyme 4, which is a key regulator of mitochondrial function
and is decreased during hypertrophic remodeling, and checkpoint kinase 1 have been identified as miR-15 family member targets.12,13 MiR-34 family members are not only induced
by ischemia but also by aging and trigger cardiomyocyte cell
death, impair DNA damage control, and promote telomere erosion, thus acting as a critical regulator of cardiac repair and
regeneration.14–16 With regard to the mechanism, the aging-related induction of cardiomyocyte cell death is directly associated with the miR-34a regulated repression of the target gene
PNUTS (protein phosphatase 1 nuclear-targeting subunit).
PNUTS, on the contrary, regulates telomere shortening, DNA
damage response, and cardiomyocyte apoptosis resulting in an
improvement of functional recovery after AMI in mice.14 MiR92a is upregulated in ischemic tissue as well but exhibits antiangiogenic properties by repressing its target genes integrin α5
and the deacetylase sirtuin 1 and thereby inhibits ischemia-induced angiogenesis.17–19 In addition to miR-92a, miR-24 does
also target sirtuin 1 and was shown to act as a critical regulator
of endothelial cell apoptosis and angiogenesis after AMI.20
Fibrosis
Several miRNAs are implicated in cardiac fibrosis either by
reducing the extent of injury, for example, by targeting cardiomyocyte death or angiogenesis after myocardial infarction,
or by directly interfering with the fibrotic response itself.21
Among the latter, miR-29 and miR-21 are the most prominent
examples. MiR-29 overexpression reduces fibrosis by targeting several matrix proteins.22 MiR-21 is highly expressed in
cardiac fibroblasts on AMI or transverse aortic constriction
(TAC) and augments the profibrotic ERK-MAP kinase signaling pathway, for example, by inhibiting Spry1 (sprouty homologue 1).23 This mechanism regulates fibroblast survival and
growth factor secretion apparently controlling the extent of
interstitial fibrosis and cardiac hypertrophy.23 Although these
effects were first not recapitulated in miR-21−/− mice,24 further studies confirmed that genetic and pharmacological inhibition of miR-21 reduced cardiac fibrosis in other models.25–28
Hypertrophy and Heart Failure
Prominent examples of miRNAs described in heart failure include the myomiRs miR-1, miR-133, miR-208, and miR-499,
as well as miR-25 and miR-212/132. Improving the contractility of cardiomyocytes by modifying intracellular calcium level might be an effective therapy against heart failure. In line,
inhibition of miR-25 restored cardiac function by improving
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Figure 1. microRNA (miRNAs) function in the cardiovascular system. Summary of miRNAs that might be considered as therapeutic targets for the
treatment of cardiovascular diseases. Red boxes represent a beneficial effect by miRNA overexpression; black boxes, a beneficial effect by miRNA inhibition.
Schematic representation of (A) hypertrophy and heart failure, (B) fibrosis, (C) acute myocardial infarction, and (D) atherosclerosis and vascular remodeling.
Magnification in B represents an increased infiltration of fibroblasts (green cells) and accumulation of extracellular matrix (blue fibers). Atherosclerosis and
vascular remodeling is represented by an occluded cardiac artery (in yellow; D).

calcium handling by derepressing the calcium uptake pump
SERCA2a (sarco/endoplasmic reticulum Ca2+-ATPase 2a).29
However, in contrast in another study, inhibition of miR-25
by antagomiRs sensitized the murine myocardium to heart
failure, mediated by the reexpression of the embryonic transcription factor Hand2 (heart- and neural crest derivativesexpressed protein 2), thus exacerbating cardiac remodeling
in a TAC model.30 Furthermore, decreased expression levels
of miR-133 and miR-1, transcribed from the same genomic
cluster, have been observed in mouse and human models of
cardiac hypertrophy. Corresponding in vitro overexpression
of miR-133 or miR-1 inhibited cardiac hypertrophy, whereas
suppression of miR-133 by antagomiRs caused marked and
sustained cardiac hypertrophy.31 Three miR-133 target genes
were identified, which are potentially involved in the effect
on cardiac hypertrophy, namely RhoA (a GDP-GTP exchange
protein), Cdc42 (a signal transduction kinase), and Nelf-A/
WHSC2 (a nuclear factor).31 Additionally, miR-1/133 regulates
cardiac muscle repolarization, and reduction of miR-1/133a
dosage induced a long-QT phenotype in mice, especially at
low heart rates.32 In contrast to miR-1 and miR-133, miR212 and miR-132 expression is upregulated by hypertrophic
stimuli in cardiomyocytes and thus is sufficient to drive the
hypertrophic growth of cardiomyocytes by the direct regulation of the transcription factor FoxO3 (Forkhead box protein
O3) that has antihypertrophic and proautophagic properties.33
Finally, miR-208 is encoded by an intron of the αMHC gene
and was shown to be involved in cardiomyocyte hypertrophy,
fibrosis, and expression of βMHC (myosin heavy chain-β) in
response to stress and hypothyroidism.34

Atherosclerosis and Vascular Remodeling
In atherosclerotic disease conditions, a central role is described for the flow-regulated miRNAs miR-92a, miR-126,
miR-146, and miR-181.35 Furthermore, miR-10a and miR-23b
have been shown to be atheroprotective.36,37 A screen for aberrantly expressed miRNAs in the vascular walls on balloon injury identified miR-21 as an important regulator of neointima
lesion formation, cell proliferation, and apoptosis.38 Further
analysis identified PTEN and Bcl-2 as target genes that are involved in miR-21–mediated cellular effects. The age-regulated
miRNA miR-29 downregulates extracellular matrix proteins
like collagens and thereby sensitizes the aorta for the formation of aneurysms in advanced age.39,40 Under disease conditions, miR-29 is upregulated, leading to a downregulation
of its collagen target genes. Inhibition of miR-29 abrogates
aortic dilation and protects from vessel rapture. Furthermore,
the intronic miRNAs miR-33a and miR-33b, coexpressed
with the sterol regulatory element-binding proteins SREBF
(sterol regulatory element-binding transcription factor) 1 and
SREBF2, regulate cholesterol, fatty acid, and triglyceride homeostasis, and, therefore, genetic deletion was shown to increase circulating HDL (high-density lipoprotein) cholesterol
levels.41 Endothelial miR-126 expression maintains a proliferative reserve in endothelial cells through suppression of the
Notch1 inhibitor Dlk1 (δ-like 1 homolog) and thereby prevents atherosclerotic lesion formation.41 Finally, miR-146a42
and miR-181b43 exert anti-inflammatory functions by directly
targeting the 3′-untranslated region of TRAF6 (tumor necrosis
factor receptor–associated factor 6) and importin α3, subsequently inhibiting NF-κB (nuclear factor-κB) activity.42,43 This
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regulation is highly relevant given that NF-κB is a regulator
of proinflammatory chemokine expression that mediates the
adhesion of monocytes to endothelial cells. In addition, the
differential expression of miR-10a contributes to the regulation of proinflammatory endothelial phenotypes that might
influence the development of atherosclerosis.44
All described examples for the function of miRNAs in the
cardiovascular system highlight their potential as valuable targets for the development of therapeutic strategies to treat different cardiovascular diseases.

miRNA Inhibitors for the Treatment of
Cardiovascular Diseases
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As highlighted above, miRNAs are described to regulate postinfarction angiogenesis and remodeling, cardiac fibrosis and
hypertrophy, arrhythmias, atherosclerosis, and metabolic diseases.3,4,10,21,34 The function of miRNAs was mostly studied either by
using genetically modified mice, RNA therapeutics, or viral vectors to inhibit or overexpress specific miRNAs. ASOs or siRNAs
were mainly used to inhibit a certain miRNA. Both substances
are chemically modified for a better stability against RNases
mostly by using phosphorothioate backbones. In addition,
RNAs were modified to decrease the likelihood of triggering an
innate immune response, to lower the incidence of off-target effects and to improve pharmacodynamics by enhancing cellular
uptake through the conjugation of cholesterol. Antisense molecules perfectly match in a complementary fashion to the target
miRNA and prevent base pairing with the given mRNA targets,
thereby blocking the inhibitory function of miRNAs. miRNA
inhibitors are also known as antimiRs and can be divided into
different groups depending on their chemical modifications.
Antisense Oligonucleotides
AntagomiRs and locked nucleic acid (LNA) antimiRs are
the most prominent examples in this category of antimiRs.
AntagomiRs are 3′cholesterol-conjugated, 2′-O-Me, 2′-fluoro
or 2′O-methoxyethyl oligonucleotides fully complementary
to the mature miRNA sequence with additional phosphorothioate backbone linkages, in which sulfur replaces one of
the nonbridging oxygen atoms in the phosphate group.45 The
phosphorothioate backbone increases stability by providing nuclease resistance, and supports binding to plasma proteins (especially albumin), leading to reduced renal clearance
and improved pharmacokinetic properties.46 It was shown
that the addition of cholesterol enhances cellular uptake of
antagomiRs,45 whereas adding 2′-O-Me, 2′-fluoro or 2′-methoxyethyl improves binding affinity to the target miRNA and
reduces off-target effects.
The development of LNA-modified antimiRs has further
complemented the oligonucleotide chemistry area. LNAs are
chemically locked by a bridge that connects the 2′-oxygen and
the 4′-carbon in a ribonucleotide mimicking C3′-endo conformation. Specific patterns of deoxyribonucleotide and locked
ribonucleotide mixmers were used and have shown promising results in different in vivo models, including nonhuman
primates, and in clinical trials.47,48 LNA-based antimiRs have
a length of ≈15 to 16 nucleotides with high affinity to their
target miRNA. Moreover, a shorter LNA-based antimiR version was developed, also called 8-mer LNA-based antimiR or

tiny LNAs.49 Tiny LNAs bind only the seed region of a given
miRNA having the advantage to simultaneously target whole
miRNA families with overlapping functional activities. Thus, a
combined targeting of a whole miRNA family might potentiate
the beneficial effect in certain disease conditions. One example
is a tiny LNA against the seed region of miR-15 family members, including miR-15a, 15b, 16 to 1, 16 to 2, 195, and 497,
which was more efficient in the derepression of downstream
targets than the conventional LNA-based antimiR version targeting only 1 specific miRNA family member.12 The uptake of
LNAs in cardiac tissue was comparable for both short and long
LNAs, indicating that the length of antimiRs does not necessarily influence cellular uptake.12 Tiny LNAs, however, do not
seem to be always as efficient as longer oligonucleotides. Thus,
Thum et al25 showed that miR-21 inhibition by antagomiR treatment reduces cardiac fibrosis and hypertrophy, whereas tiny
LNAs directed against miR-21 did not exert beneficial effects.
Two further strategies were developed to improve the
functionality of LNA antimiRs. One novel class of bicyclic
RNA analogues are selenomethylene LNAs that display high
affinity, improved metabolic stability, and increased potency
for miR-21 inhibition in cancer cell lines in vitro.50 The other
strategy is termed small RNA zipper. Small RNA zippers are
based on LNAs and are designed to be complementary to the
second half sequence of a miRNA molecule and the first half
of another with a nucleotide gap to provide space allowing the
formation of a stable structure.51 Small RNA zippers were successfully used to inhibit miR-221 and miR-17 in breast cancer
cell lines in vitro.51 But for both new inhibitory strategies, no
approaches are published to date on their potential application
for the treatment of cardiovascular diseases.
Finally, peptide nucleic acids are ASOs in which the phosphate–sugar polynucleotide backbone is replaced by a flexible
pseudopeptide polymer to which the nucleobases are linked.52
The phosphodiester backbone is substituted by repetitive units
of N-(2-aminoethyl) glycine to which the purine and pyrimidine bases are attached via a methyl carbonyl linker. Peptide
nucleic acids show a high affinity to their target sequence and
are resistant to DNases and proteinases.52 The successful use
of peptide nucleic acids against miRNAs in vivo was, for example, shown by inhibiting miR-155 in B cells in mice.53
siRNAs and Other Inhibitory Strategies
Alternatively to ASOs, siRNAs are used to block miRNAs.
siRNAs are RNA duplexes that are mostly chemically modified in a similar fashion to antimiRs to improve the nuclease
stability and cellular uptake.54 siRNA-mediated knockdown of
a target miRNA is achieved by binding to the loop region of
the miRNA. In the study by Li et al,55 for example, miR-181a
was downregulated by siRNAs and led to decreased arrhythmogenic effects of skeletal myoblast transplantation in rats
with myocardial infarction.
Another targeting strategy includes miRNA target site
blocker. They bind in a complementary manner to the miRNA
target site of an mRNA, thereby preventing miRNAs from
gaining access to that site.56 This strategy allows the protection of specific miRNA targets instead of influencing all targets in parallel. For example, in the study by Messina et al,57
the use of target site blockers showed selective impairment of
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the ability of miR-155 to target the Cebpb (CCAAT/enhancerbinding protein-β) transcript in the infantile hypothalamus.
Finally, miRNA function can be modulated or reduced
by miRNA sponges that are produced from transgenes within
cells. Sponge RNAs contain 4 to 10 complementary binding
sites to an miRNA of interest introduced in the 3′-untranslated region of the RNA. The binding site can be chosen to
bind to the miRNA seed regions or can be based on a specific
mRNA target sequence, thereby competing with the binding
of a given miRNA to its targets.57 Because miRNA sponges
need a transgene construct to be expressed, delivery of sponge
constructs to tissue in living animals is feasible with the use
of viral vectors. For example, Carè et al31 used an adenoviral
eGFP (enhanced green fluorescence protein) sponge to inhibit miR-133 in cardiac myocytes in vivo in a mouse model
of cardiac hypertrophy. However, miRNA sponges have the
disadvantage that high endogenous miRNA concentrations
within a cell have to be bound by excessive concentrations of
the sponges.
Many studies in the cardiovascular research field highlight
especially the potential of above described antimiRs to efficiently inhibit miRNA functions in the vascular wall and in
heart tissue in mice and in few cases in larger animal models,
such as pigs. The following chapter will discuss the therapeutic application of the different types of antimiRs and potential
challenges especially in preclinical and clinical development.
Therapeutic Application of AntagomiRs
AntagomiRs were successfully used to target miR-21, which
reduced the extent of interstitial fibrosis and cardiac hypertrophy after TAC in mice.23 Furthermore, application of
antagomiRs against miR-92a was shown to augment neovascularization after hindlimb ischemia and improve the recovery
of heart function after myocardial infarction in mice.17 A single injection of antagomiR-92a encapsulated in microspheres
prevented adverse infarct remodeling in a percutaneous pig
model of reperfused AMI.19 AntagomiRs directed against
miR-92a further prevent endothelial dysfunction and atherosclerosis in mice and rats.58,59 MiR-25, which shares the seed
sequence with miR-92a, is upregulated in the failing heart, and
its inhibition by antagomiRs (300 µg per mouse; diluted in in
vivo-jetPEI solution) improved cardiac function, improved
survival, and halted established heart failure in a mouse
model.29 Although subsequent studies with tough decoys confirmed the protective effects of miR-25 inhibition,60 another
study showed that antagomiR-25 applied by intraperitoneal
injection at a concentration of 80 mg/kg induced spontaneous
cardiac dysfunction.30 It is unclear whether the different effects might be attributed to the different formulations and concentration of antagomiR-25. Another example relates to the
inhibition of miR-320 by antagomiRs, which improves heart
function after ischemia/reperfusion injury.61 Finally, inhibition
of the miR-212/132 by antagomiRs rescues cardiac hypertrophy and heart failure induced by TAC in mice.33
Therapeutic Application of LNA AntimiRs
LNA-based antimiRs are efficient inhibitors of miRNAs,
which were also applied in several disease models. LNAs
against miR-29 reduce aneurysm formation by augmenting

matrix synthesis and maintaining the structural integrity of
the vascular wall.39,40 Furthermore, therapeutic inhibition via
LNA-based antimiRs against miR-208a improves cardiac
function and survival during heart failure.62 Inhibition of the
entire miR-34 family15 or preferential inhibition of miR-34a
alone14,16 reduced cell death and fibrosis after myocardial infarction and thereby improves recovery of heart function. One
study directly compared antagomiR- and LNA-based miR34a inhibitors side by side in a mouse model of chronic myocardial infarction, and both showed beneficial effects.14 The
significance of these data, however, is limited because of the
fact that different concentrations of the antimiRs were used
and a dose-response curve was not provided.14 LNA-based antimiRs against miR-34a were further suggested to extend the
regeneration window in postnatal mice by enhancing cardiomyocyte proliferation.16 Finally, the abovementioned beneficial effect of antagomiR-based inhibition of miR-92a was also
confirmed by using LNA-based antimiRs in a pig ischemia/
reperfusion model.18
Challenges of AntimiR Application
Although first therapeutic benefits by miRNA inhibition in
different mouse and some large animal models are documented as summarized above, targeting heart tissue is still more
challenging in comparison with other organs, such as kidney
or liver.
AntimiRs in general can be administered intravenously,
intraperitoneally, or subcutaneously and with an efficient
long-term inhibition for several weeks. Most studies used
single or repetitive dosing of ≈0.5 to 25 mg/kg body weight
LNA-based antimiR in mice or rats (Table). Higher concentrations were needed for antagomiRs (8–80 mg/kg body weight)
to efficiently suppress miRNAs in the heart or the vasculature
(Table). Interestingly, the efficient dose and dosing scheme
(number of repeated injections) is likely dependent not only
on the chemistry but also on the target sequence. The efficient inhibition of miR-92a in the heart, for example, could
be achieved in mouse studies using rather low concentrations,
such as 0.5 mg/kg LNA-92a or 8 mg/kg antagomiR-92a.18 In
contrast, targeting other miRNAs, such as miR-34a or miR29, in the same laboratory required much higher dosing concentrations even though the target tissue was the same (5 mg/
kg LNA-based antimiRs, 20 mg/kg antagomiRs).14,40
In comparison, in the first clinical trial, antimiRs directed
against the liver-enriched miR-122 were applied at concentrations between 3 and 7 mg/kg body weight (5 weekly injections),74 and improved chemical formulations for siRNA
delivery resulted in effective concentrations of <0.01 mg/kg
bodyweight that are required to target liver-expressed genes.75
In general, several aspects seem to influence the effective dose
of different miRNA inhibitors. The key points are certainly
bioavailability and biodistribution, mechanism of cellular
uptake, the expression level of the targeted miRNA and its
target genes, and, as mentioned above, the sequence of the
miRNA, as well as the specific sequence of the inhibitor itself.
Bioavailability was improved by reducing the clearance from
the circulation because of the development of new chemical
modifications. As a consequence, antimiR activity is no longer
limited to tissues with high accumulation like liver and kidney
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Table. Examples of Delivery Strategies and Selective Targeting of RNA Therapeutics to Improve Tissue Enrichment

Delivery Strategy

miRNA Chemistry

Dosing

Application

Citation

AntagomiR-92a encapsulated in microspheres

0.1 mg/kg bw, single intracoronary
injection, pig

Myocardial infarction

Bellera et al19

Nanoparticle packed with miR-126-5p mimics

100 µg per injection, IV every 3 days
for 4 wk, mouse

Atherosclerosis

Schober et al41

Lipofectamine mixed with miR-181b mimics

1 nmol mimic, 2 injections per wk for
4 wk or 1 injection per wk for 12 wk,
IV, mouse

Atherosclerosis

Sun et al43

Lipid nanoparticle (cationic lipopolyamine)
loaded with LNA-antimiR-145

2 mg/kg bw, 3 injections (IV) for 5
wk, rat

Pulmonary hypertension

McLendon et al63

Transferrin receptor aptamer linked to
premiR-126

50–500 nmol/L

Human endothelial cells,
breast cancer cells

Rohde et al64

Gapmers against apolipoprotein C or
transthyretin linked to galactosamine
(hepatocyte-specific receptor)

3–10 mg/kg bw (apolipoprotein C),
6–20 mg/kg bw (transthyretin), single
injection, mouse

Liver

Prakash et al65

E-selectin targeting multistage vector
microparticle combined with nanoparticle
packed with miR-146a and miR-181b

15 µg per mouse

Atherosclerosis

Ma et al66

Local activation

Light-inducible caged antagomiR-92a

2 µg in 25 µL, 3 treatments (1×
topical, 2× ID injection), mouse

Diabetic wound healing

Lucas et al67

Vector-based
enrichment

AAV encoding miR-590 and miR-199a

1×1011 viral genome particles per
mouse

Myocardial infarction

Eulalio et al68

Lentivirus Si-mlincRNA-p21

1×108 UT/mL in 20 µL per mouse

Atherosclerosis

Wu et al69

Adenovirus-driven expression of siRNA-MDRL or
MDRL-lncRNA

2×1011 moi virus, catheter-based
injection, mouse

Myocardial infarction

Wang et al70

Adenovirus-driven expression of CARL

2×1011 moi virus, catheter-based
injection, mouse

Myocardial infarction

Wang et al71

AAV9-driven expression of
miR-1

5×1011 viral genomes, IV injection, rat

Cardiac hypertrophy

Karakikes et al72

Catheter-based intracoronary delivery of LNAantimiR-92a

0.03/0.15 mg/kg bw single
intracoronary infusion, pig

Myocardial infarction

Hinkel et al18

LNA-antimiR-21–eluting stent

5 mg/kg bw, rat

Restenosis

Wang et al73

Packaging
strategies

Receptor-mediated
uptake/aptamers
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Delivery by devices

AAV indicates adeno-associated virus; bw, body weight; CARL, cardiac apoptosis-related long noncoding RNA; IV, intravenous; LNA, locked nucleic acid; lncRNA, long
noncoding RNA; MDRL, mitochondrial dynamic related long noncoding RNA; miRNA, microRNA; and siRNA, small interfering RNA.

but can be also observed in other target organs. However,
measuring the uptake of ASO alone may not be necessarily
related to their biological activity.76 ASOs are mainly taken
up by endocytotic pathways, which can be divided in productive and nonproductive pathways. Productive pathways lead to
the binding of the ASO to the target, whereas uptake by nonproductive pathways might lead to accumulation in late endosomes or lysosomes.77 Although the mechanisms underlying
the route toward a production versus nonproduction have
not been fully established, first studies suggest that the 1 key
ESCRT-I (endosomal sorting complexes required for transport
I), especially its component TSG101, is a major regulator of
nonproductive uptake of anti–miR-21.78 Inhibition of TSG101
improved productive uptake in vitro and in vivo. The mechanism of uptake is most likely cell specific depending on surface
protein expression and binding abilities.77 In addition, the effective dose might depend on the expression level of the miRNA of interest and its target genes in a given cell type. To date,
knockdown efficiency was mainly tested by isolating RNA
from whole tissue that might give misleading information.

Measuring miRNAs by polymerase chain reaction may lead to
an overestimation of the inhibitory effects because the polymerase chain reaction can be directly influenced by the presence of the antimiR in the tissue extract. Northern blot and
particularly measuring target derepression should, therefore,
be used to confirm the extent of inhibition. Moreover, cellular
heterogeneity may provide obstacles on the true assessment of
the biological implications of miR inhibition. Especially for
the heart, which is composed of cardiomyocytes, endothelial
cells, fibroblast, and immune cells, miRNAs and their targets
can be differentially expressed in individual cell types, which
may preclude to detect effects in whole heart tissue. It may
be warranted to assess the effects of antimiR treatments on
selected cell types. Of note, expression levels of both miRNAs
and their targets can significantly change under disease conditions, which should also be considered.
AntimiR Toxicity
Increasing doses of ASOs or antimiRs augment the risk of
the occurrence of toxicities. In general, toxicity observed by
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oligonucleotide treatment can be divided into 2 major classes: hybridization-dependent and hybridization-independent
toxicity. Hybridization-dependent toxicity is because of the
sequence of the oligonucleotide and is induced either by the
modulation of the target itself (on-target effects) or by unspecific binding to similar nucleotide sequences (off-target
effects). The risk of direct target-related toxicity can be evaluated and reduced by considering known information about the
target, such as mode of action and expression profile and level
during preclinical and clinical development. Off-target effects
might mainly occur by targeting miRNAs of the same family
because of the homology of the seed sequence or by unspecific interaction with DNA, RNA, or proteins. Even though antimiRs targeting the 3′-region of the miRNA have been tested,
the results are controversially discussed, and thus, antimiRs
specific to the seed region seem to be still the most effective
choice.49 Moreover, targeting of a whole miRNA family, for
example, by using tiny LNAs, may be beneficial but may also
not be suitable for all miRNAs, for example, as shown by the
controversial findings on miR-21.25 Off-target effects could
be further induced by hybridization to double-stranded DNA
regions, potentially inducing site-specific mutagenesis by triplex formation. Even though this event is possible, testing of
various oligonucleotides for their potential to induce genotoxicity by standard tests like AMES and micronucleus testing
revealed negative results and thus no evidence for genotoxicity.79 However, genotoxicity testing of oligonucleotides with
new modifications is still recommended.
Hybridization-independent toxicity is mainly because of
the backbone and modifications of the oligonucleotide. RNA
oligonucleotides in general have been shown to activate the
immune system by inducing TLR (Toll-like receptor) signaling.80 Complement activation in nonhuman primates treated
with phosphorothioate-modified oligonucleotides has been
observed especially at high plasma concentrations.81–83 These
effects can be avoided by slow infusion rather than bolus injection to reduce the peak plasma levels. Of note, similar complement activation induced by oligonucleotide treatment was not
observed in human serum.84 Phosphorothioate-modified oligonucleotides have been further shown to affect blood coagulation by binding to platelets, thus leading to platelet activation,
aggregation, and thrombus formation in vitro and in vivo.85
Recently, it was demonstrated that the insertion of LNA modifications could markedly reduce platelet activation by preventing the binding of the ASOs to platelet proteins.86 Nevertheless,
adequate immunologic tests should be included in the preclinical and clinical program during therapeutic development. A
specific issue of some LNA-modified oligonucleotides is an
increase of liver transaminases ALT (alanine aminotransferase)
and AST (aspartate transaminase) even observed at low dosing levels in mice, which indicate potential hepatotoxicity.87
However, because several LNA-based oligonucleotides did not
show any signs of hepatic toxicity in different in vivo models,
hepatotoxicity seems not to be a general phenomenon but rather a sequence-specific issue. Interestingly, specific trinucleotide motifs have been identified, which seem to be a predictive
indicator for potential hepatotoxic sequences by increasing
p53 and NRF2 (nuclear factor [erythroid-derived 2]-like 2)
pathway activation in vivo.72

The risk of hybridization-independent toxicities might additionally be reduced by lowering the effective dose and by
improving the targeting to the tissue of interest. Current strategies to reduce potential toxicological side effects by improving delivery strategies of antimiRs enhancing tissue-specific
uptake of antimiRs or by local activation of antimiRs will be
discussed in detail in the last chapter of this article and are
summarized in Figure 2, as well as in the Table.88

miRNA Overexpression to Restore miRNA Function
in the Cardiovascular System
In contrast to miRNA inhibition, the establishment of suitable approaches to induce miRNA overexpression is even
more challenging. To augment a certain miRNA in vivo,
synthetic RNA duplexes, named miRNA mimics, are mostly
used. miRNA mimics are double-stranded RNA fragments
mimicking the sequence of endogenous miRNAs to replace
or augment miRNA concentrations in tissues. Similar to antimiRs, miRNA mimics need to be chemically modified in
terms of stability and cellular uptake. The guide strand of the
miRNA mimic is the actual functional strand, identical to the
miRNA of interest. A 2′-F modification was shown to protect the guide strand against exonucleases without affecting
target binding. The opposite strand is less stable and can be
linked to cholesterol for better cellular uptake. With the exception of the linked cholesterol, this strand remains unmodified
to allow rapid degradation. As described for antimiRs, there
are several studies showing therapeutic benefits of miRNA
mimics for treatment of cardiovascular diseases (Table).88
Overexpression of miR-126-5p mimics, for example, provides antiatherosclerotic effects by enhancing endothelial cell
proliferation,41 and miR-181b mimic treatment was shown to
improve glucose levels and insulin responsiveness in high-fat
diet–fed animals.43 Furthermore, systemic overexpression of
the 2 miRNAs, miR-146a and miR-181b, inhibits the activation of NF-κB and atherosclerosis through cell-specific mechanisms in the vascular endothelium.66 The muscle-specific
miR-1 is a key regulator of cardiac hypertrophy, and adenoassociated virus (AAV) serotype 9–mediated therapeutic cardiac-targeted delivery of miR-1 reduced cardiac hypertrophy
and halted pathological remodeling.89 Finally, augmentation
of miR-590-3p and miR-199a-3p expression levels by using
miRNA mimics was shown to induce cardiomyocyte proliferation and thereby stimulates cardiac regeneration after AMI.68
Of note, in all previously mentioned studies, high concentrations of miRNA mimics with numerous serial injections were
necessary to achieve significant effects. A reason for the high
dosage might be the fast degradation of unformulated RNA
mimics by endogenous, extracellular RNases.
Despite the beneficial effect caused by overexpression
of a given miRNA, supraphysiological levels of a specific
miRNA because of systemic miRNA mimic activity might
cause adverse effects. This could be particularly the case in
an organ, in which a given miRNA is not endogenously expressed.90 Additionally, it needs to be mentioned that miRNA
mimics can potentially activate the immune response. They
exert their proinflammatory activity by nonspecifically stimulating the immune system via toll-like receptors in a sequenceindependent manner.80 Several approaches to overcome these
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Figure 2. Delivery strategies to improve therapeutic uptake of RNA therapeutics in cardiac tissue. RNA therapeutics can be chemically modified,
applied by devices or encapsulated to improve target specificity or cellular uptake to reduce unwanted side effects and toxicology.

problems are currently under investigation to achieve better
cellular uptake and tissue specificity (see Delivery Options to
Improve the Efficiency and Specificity of Noncoding RNA
Therapeutics section).
The use of lentiviruses or adenoviruses promises an efficient expression of miRNAs. However, targeting of the cardiovascular system, particularly the endothelium, is not well
established (see Delivery Options to Improve the Efficiency and
Specificity of Noncoding RNA Therapeutics section). In addition, lentiviruses or adenoviruses have the disadvantage that
only the precursor is overexpressed leading to the generation of
2 miRNAs. Because increasing evidence suggests that the star
strand may not necessarily be degraded but may have important specific functions,41 the overexpression of both strands in
an uncontrolled manner may lead to an unanticipated response.
miRNA mimics can also be linked to aptamers, which are
RNA molecules that can bind to specific receptors and thereby
allow a cell type-specific uptake. The options for improving
miRNA expression will be discussed in more detail in the last
chapter of this article and are summarized in Figure 2, as well
as in the Table.88

lncRNA Therapeutics
Example for Important lncRNAs in the
Cardiovascular System
First interest in lncRNAs was raised by genome-wide association studies implicating SNPs (single nucleotide

polymorphisms) adjacent to coding genes that predict cardiovascular events.6 Subsequent RNA sequencing provided first
evidence that lncRNAs are indeed regulated in human cardiac
diseases. It was further reported that the expression profile of
lncRNAs is more predictive than the profile of mRNAs or miRNAs to discriminate failing hearts of different pathologies and
are markedly altered in response to disease conditions, indicating an important pathophysiological role of lncRNAs in the
cardiovascular system.91 In the following chapter, we will summarize the functional relevance of the best-described lncRNAs
in cardiovascular diseases. More detailed information on the
role of lncRNAs is given in the recent review articles.6,92–95
Myocardial Infarction
Expressed by chromosome 22q12.1, the lncRNA MIAT (myocardial infarction-associated transcript) was identified as a
risk allele for myocardial infarction,96 but the exact function
of MIAT in heart tissue is still not unraveled. However, there is
evidence that MIAT functions as a molecular sponge for miR15097 and as a target gene regulator of the fibrosis-related actors
miR-24, furin, and TGF-β1 (transforming growth factor-β1).98
Furthermore, MIAT is involved in the pathology of diabetic
retinopathy, highlighting a role of this lncRNA in pathological
angiogenesis by influencing endothelial cell proliferation, migration, and tube formation capacity.99 Mechanistically, it was
shown that MIAT functions as a competing endogenous RNA
and forms a feedback loop with vascular endothelial growth
factor and miR-150-5p to regulate endothelial cell functions.99
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Moreover, the lncRNAs CARL (cardiac apoptosis-related lncRNA), MDRL (mitochondrial dynamic related lncRNA), and
APF (autophagy-promoting factor) regulate cardiomyocyte
cell death by inhibiting specific miRNAs70,71,100 and thereby
have a supportive healing effect on myocardial infarction.
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Cardiac Hypertrophy and Fibrosis
The lncRNA CHRF (cardiac hypertrophy-related factor) acts
as an miRNA sponge in the context of cardiac hypertrophy.
CHRF is able to directly bind miR-489 and to regulate MyD88
expression and hypertrophy.101 Global lncRNA expression
profiling indicated that several other lncRNA transcripts are
deregulated during pressure overload–induced cardiac hypertrophy in mice.102 The lncRNA Chast (cardiac hypertrophy-associated transcript), for example, was identified to be
upregulated in cardiomyocytes in vivo in TAC-operated mice.
Chast negatively regulates pleckstrin homology domaincontaining protein family M member 1 (opposite strand of
Chast), thus inhibiting cardiomyocyte autophagy and thereby
driving hypertrophy.102 Han et al identified a cardiac-specific
lncRNA named Mhrt (myosin heavy chain-associated RNA
transcript). During pathological stress conditions like pressure
overload–induced hypertrophy, Mhrt expression is repressed,
and restoring the physiological expression level provides cardioprotective effects. Mechanistically, Mhrt interferes with
the chromatin remodeling factor Brg1 and thereby regulates
its target genes, such as Myh6, Myh7, and osteopontin.103
Finally, a recent article describes the role of the lncRNA Meg3
in cardiac fibrosis.104 Inhibition of Meg3 reduced cardiac fibrosis and diastolic dysfunction by downregulating matrix metalloproteinase-2 in cardiac fibroblast.104
Atherosclerosis, Angiogenesis, and Vascular Remodeling
One of the most prominent lncRNAs is encoded by the chromosome 9p21 locus, which is associated with several cardiovascular diseases, like carotid artery plaque, stroke, aneurysms,
peripheral artery disease, heart failure, and cardiovascular mortality. Several functional studies identified differential expression of this lncRNA named ANRIL (antisense noncoding RNA
in the INK4 [inhibitor of CDK4] locus), as well as neighboring protein-coding genes at the INK4/ARF (ADP-ribosylation
factor 1) locus.105 ANRIL is expressed in different cell types
important in atherogenesis, and several studies showed that it
influences cell viability, proliferation, adhesion, and apoptosis.
ANRIL acts by binding to polycomb group proteins106 thus epigenetically regulating target gene expression.
Variations of the lncRNA H19 at chromosome 11p15.5
have been associated with coronary artery disease,107 although
detailed functional analysis is still lacking. Under physiological conditions, H19 expression is downregulated postnatally
and is specifically expressed in heart and skeletal muscle tissue in adult mice, as well as in several tumors.6 However, H19
expression is strongly induced on vascular injury108 and in human atherosclerotic plaques,109 indicating an important function under these disease conditions. A potential underlying
mechanism of H19 action might be the role as sponge for let-7
family members as described in skeletal muscle differentiation in vitro,110 which may prevent let-7 to exert its inhibitory
effects on specific target genes. However, this still needs to be
confirmed in cardiovascular cell types.

Wu et al identified lincRNA-p21—a direct transcriptional
target of p53—as a key regulator of cell proliferation and apoptosis in atherosclerosis. lincRNA-p21 expression was strongly
downregulated in atherosclerotic plaques of ApoE (apolipoprotein E)−/− mice and in patients with coronary artery disease.
Mechanistically, it was shown that lincRNA-p21 indirectly
regulates p53 expression by a positive feedback loop thus
changing the expression pattern of several p53 target genes.69
The Malat-1 (metastasis-associated lung adenocarcinoma transcript 1) lncRNA is hypoxia induced and regulates
endothelial cell function and vessel growth.111 Furthermore,
Malat-1 expression is highly upregulated under diabetic conditions leading to endothelial dysfunction and diabetic retinopathy. Thereby, Malat-1 upregulation represents a critical
pathogenic mechanism for diabetes mellitus-induced microvascular dysfunction.112
Two more lncRNAs, namely linc00323-003 and
MIR503HG, were also shown to be hypoxia induced in endothelial cells and contribute to angiogenesis. For both lncRNAs, it was shown that they inhibit the expression of the
key endothelial transcription factor GATA2 (GATA-binding
protein 2) and thereby potentially controlling cell proliferation and tube formation capacity.113
RNA sequencing of human coronary artery smooth muscle cells revealed the vascular cell-enriched lncRNA SENCR
(smooth muscle and endothelial cell-enriched migration/
differentiation-associated lncRNA) that was shown to be an
inhibitor of smooth muscle cell migration and a stabilizer of
the smooth muscle cell contractile phenotype.114
Taken together, not only small noncoding RNAs, such as
miRNAs, but also lncRNAs play an important role in the regulation of fundamental processes in the cardiovascular system
and are thus promising targets for the development of new
therapeutic approaches.
lncRNA Inhibition for the Treatment of Cardiovascular
Diseases
Consistent to the inhibition of miRNAs by antimiRs, lncRNA function can be blocked by antisense-based strategies
or by shRNAs, which comprise siRNAs, modified ASOs, and
gapmers. Although siRNAs and ASOs preferentially target
cytoplasmic lncRNAs, gapmers can enter the nucleus and
target nuclear-enriched lncRNAs by introducing ribonuclease
H-dependent cleavage of the RNA target.6,115,116 Because lncRNAs are preferentially located within the nucleus, to date,
antisense LNA gapmers are the most widely used. Such gapmers are chimeric ASOs that contain a central block of deoxynucleotide monomers sufficiently long enough to induce
the important step for the RNase H cleavage. Beyond this,
the central block is flanked by 2′-O–modified ribonucleotides
to protect from nuclease cleavage. Similar to other ASOs, a
phosphorothioate backbone is often used to stabilize the gapmers for therapeutic in vivo approaches.
Gapmers have already been used in vivo for targeting
coding RNAs, such as the liver-enriched PCSK9 (proprotein
convertase subtilisin/kexin type 9) in nonhuman primates;
however, a phase I clinical study was halted because of potential hepatotoxicity as a result of off-target effects.117 In
contrast, gapmers against hypoxia-inducing factor 1α did
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not raise any safety concerns during the 1-year observation
period.118 Several publications have described effective inhibition of lncRNAs in the cardiovascular system in vivo. For
example, pharmacological inhibition of the hypoxia-induced
lncRNA Malat-1 by gapmer injection reduced endothelial
cell proliferation and ischemia-induced revascularization.111
Gapmers against Chast efficiently reduced cardiac hypertrophy,102 and Meg3 inhibition decreased cardiac fibrosis and
improved diastolic performance after TAC.104 Therefore, both
therapeutic strategies may be used as potential therapeutic options to prevent cardiac remodeling.
The inhibition of lncRNAs by siRNAs was successfully
shown for lincRNA-p21 and APF. As described above, lincRNA-p21 was discovered as a key regulator of cell proliferation and apoptosis by interfering with p53 transcriptional
activity during atherosclerosis. Its inhibition by lentivirusdriven supply of siRNA against lincRNA-p21 results in neointima hyperplasia in a carotid artery injury model.69 The
lncRNA APF regulates autophagic cell death in vitro, and the
inhibition via siRNAs reduced ischemia/reperfusion injury in
mice.100
To date, high concentrations and repeated dosing of siRNAs and gapmers is needed to achieve sufficient inhibition of
lncRNAs in vivo (4–20 mg/kg, several repetitive injections).
Based on the chemistry of the inhibitor used, potential dosedependent toxicities might be considered during preclinical
and clinical testing. Most of these toxicities were already described in the section AntimiR Toxicity. In addition to general
toxicities of RNAs, gapmers might induce hepatotoxicity in
an RNase H1-dependent manner.117 Reduction of RNase H1
levels before gapmers treatment markedly ameliorated the
hepatotoxic events suggesting that hepatotoxicity of LNAmodified gapmers is a result of off-target RNase-dependent
RNA degradation.
Another challenge for the development of lncRNA therapeutics is the fact that, unlike miRNAs, lncRNAs are not necessarily conserved among different species. Hence, animal
studies focusing on the mode of action of a given lncRNA but
also toxicity studies need to be carefully designed and critically analyzed before translating the results into the clinic.
One option would be the use of the human-specific sequence
in different toxicological animal models rather than the endogenously expressed sequence. Nevertheless, this has the
disadvantage that only hybridization-independent toxicology
of a given gapmer can be analyzed, while sequence-dependent side effects cannot be studied in more detail. Humanized
models or organoid cultures may be more suitable models to
study the function of human-specific lncRNAs. This step will
be of high importance, because the function of lncRNAs can
be complex by interfering with chromatin structures or epigenetic control mechanisms, and without defining the exact
mechanism, unwanted side effects may become a drawback in
terms of the development of lncRNA therapeutics.
A further challenge in the development of lncRNA therapeutics is the fact that lncRNAs are often preferentially
expressed in the nucleus (as opposed to the cytoplasmic localization of most mRNAs and miRNAs) and may be more
integrated in complex structures that are not easily accessible.

Therefore, besides direct inhibition by antisense strategies,
small molecules, which are designed to specifically interfere
with conserved RNA structures and, for example, block RNAprotein complexes, may be helpful.
lncRNA Overexpression to Restore Their Function in the
Cardiovascular System
To date, overexpression of lncRNAs to restore their function
in an organism is achieved by viral vectors or by recently
described synthetic modified RNAs. However, this approach
may not be useful for those lncRNAs, which act in a local
manner, for example, cis-regulatory lncRNAs, which directly
interfere with expression of neighboring genes. Conventional
overexpression from viral vectors or plasmids may not restore
the function of such lncRNAs, because such overexpression strategies do not guarantee the appropriate localization
of these lncRNAs. RNA-guided endogenous gene activation
by CRISPR/Cas9 (clustered regularly interspaced short palindromic repeats/clustered regularly interspaced short palindromic repeat–associated 9)–based transcription factors may
circumvent this problem allowing the induction of the endogenous lncRNA as recently described by Maeder et al119 in bacteria and human cells, but whether this approach is feasible in
living animals needs to be elucidated. Furthermore, lncRNAs
are often expressed in different transcript variants with possibly different functions and, like proteins, can be post-transcriptionally modified by methylation or editing. Particularly,
editing is mostly found in primate Alu sequences, which are
enriched in lncRNAs.120 This in turn adds a new level of complexity to the development of lncRNA therapeutics to restore
their function in vivo. Nevertheless, there are some positive
examples published that show the successful overexpression
of a specific lncRNA and their therapeutic potential. MDRL
(mitochondrial dynamic-related lncRNA), for example, inhibits mitochondrial fission and apoptosis in cardiomyocytes in vitro, as studied by the transfection with adenoviral
MDRL siRNA to inhibit MDLR function or by transfection
with adenoviral MDRL to overexpress the lncRNA.70 In vivo
intracoronary delivery of adenovirus-expressed MDRL successfully reduced myocardial infarction after ischemia/reperfusion injury in mice. A related function and mechanism was
also discovered by the same group for the lncRNA CARL.
CARL suppresses mitochondrial fission and apoptosis by
targeting miR-539 and PHB2 (prohibitin 2), and adenoviral
overexpression reduced cardiac remodeling in mice.71 But also
here, long-term studies need to be done to proof the tolerance
of lncRNA overexpression in living organisms.

Delivery Options to Improve the Efficiency and
Specificity of Noncoding RNA Therapeutics
Although oligonucleotide-based therapeutics targeting shortand long noncoding RNAs have been extensively studied and,
as described above, are promising tools for the treatment of
several cardiovascular diseases, there are still challenges that
need to be addressed. In principal, there are 2 major aims that
need to be reached. The first aim is to reduce hybridizationindependent toxicity by lowering the dose that is currently
needed to efficiently inhibit noncoding RNAs in cardiovascular tissues. The second aim is to reduce the risk of toxicity
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and sequence-specific side effects by targeting the antisense
molecules to specific cell types or tissues. The improvement
of delivery strategies to facilitate the cellular uptake or even
provide cell-type specificity to reduce the risk of dose-dependent toxicities and off-target effects is the method of choice to
overcome these obstacles. A ubiquitously expressed miRNA,
for example, can exhibit diverse functions in different cell
types, of which some may be beneficial and others detrimental. Thus, overexpression or inhibition of such an miRNA is
therapeutically feasible only if it can be targeted to the relevant
cell type. A prominent example for the need of cell type-specific enrichment of RNA therapeutics are miRNA inhibitors
that increase cardiomyocyte proliferation thereby augmenting
cardiac regeneration, such as inhibitors of miR-15 or miR-34
family members.13,14 Although the augmentation of cardiomyocyte proliferation may provide a therapeutic benefit and
might even allow for the long pursuit for regeneration of the
heart, such a powerful miRNA inhibitor likely also induces
proliferation in other cell types potentially facilitating tumor
growth. Indeed, miR-34 and miR-15 are known tumor suppressors,121,122 and miR-34 overexpression is tested as anticancer therapy.123 In the following, we will provide an overview
about current efforts to improve different delivery strategies.

Device-Based Approaches to Achieve Tissue
Enrichment of RNA Therapeutics
Local delivery of RNA therapeutics by devices comprises a
first attempt to augment the concentration in the heart or the
vasculature. In a large animal model, Hinkel et al18 tested the
efficacy of LNA-92a administration in a pig ischemia/reperfusion model via systemic intravenous, intracoronary (antegrade), or retrograde infusion with concentrations of 0.03 mg/
kg body weight (Figure 2; Table). Even though miR-92a expression was reduced by all 3 application routes in the heart,
antegrade or retrograde infusion resulted in a significantly improved heart function and reduction in apoptosis and infarct
size compared with intravenous infusion. Of note, the concentration of LNAs in this study is low (0.03 mg/kg body weight)
in comparison with other LNA-based studies (0.5–25 mg/kg
body weight),40,62,124 and increasing the dose to 0.15 mg/kg (intracoronary application) did not further improve the therapeutic benefit. Catheter-based delivery of antimiRs to the heart,
however, was not fully preventing systemic inhibitory effects
of the delivered antimiRs because liver and kidney miR-92a
expression was still suppressed. An alternative strategy may be
to inject the RNA therapeutic intramuscularly because such a
delivery strategy was shown to be more efficient for cell therapy. Furthermore, drug-eluting stents or balloons may additionally be used to deliver RNA therapeutics to the vascular wall.
Indeed, Wang et al73 achieved local miR-21 suppression by using anti-21–coated stents and reported less unwanted side effects in comparison with systemic miR-21 inhibition, whereas
the therapeutic effect was comparable for both strategies.

Viral Vector-Mediated RNA Therapeutic Delivery
A further successful concept of tissue-specific enrichment of
miRNAs or lncRNAs is the cell type-specific delivery by viral
vectors (Figure 2; Table).88 Eulalio et al,68 for example, used
in their study AAV serotype 9 for a prolonged overexpression

of the 2 proproliferative miRNAs miR-590 and miR-199a in
cardiomyocytes. Furthermore, to provide another example,
the same strategy was also used successfully for restoration
of miR-1 level to prevent cardiac hypertrophy.89 AAV serotype 9 viruses are targeting preferentially cardiomyocytes
and were repeatedly used for overexpression of miRNAs,
shRNAs, and mRNAs in proof-of-concept studies in small
animals.31,55,68,89 However, the disappointing efficiency of
AAV-mediated gene therapy in recent human trials (CUPID
trial [Calcium Upregulation by Percutaneous Administration
of Gene Therapy in Cardiac Disease])125 suggests that a further improvement of vector efficiency is necessary. In regard
to the vasculature, the current tools are even less advanced.
Although in principle vectors targeting endothelial cells have
been developed,126 these vectors target liver but not cardiac
endothelial cells. A novel approach on virus-based tissue delivery was published recently. Herein, large polypeptides were
covalently couple to the surface of fully assembled AAV particles via split intein-mediated protein trans-splicing. By this
method, gene transfer to specific cell types was achieved by
using scFvs (single-chain variable fragments) or DARPins
(designed ankyrin repeat proteins) that display a high affinity
to cell surface receptors selectively expressed on the surface
of target cells. Importantly, in this study, protein trans-splicing–based AAVs exhibited significantly less gene transfer into
target receptor-negative cells than AAVs displaying the same
targeting ligand but coupled genetically.127

Modification of RNA Therapeutics to Achieve
Tissue Enrichment
Another strategy either to achieve locally restricted activity
or to improve tissue-specific uptake of RNA therapeutics is
chemical modification of the ASO itself (Figure 2; Table).
Light-inducible antimiRs against miR-92a were successfully
used to treat impaired wound healing in diabetic mice.67 Here,
miR-92a was efficiently downregulated in murine skin by administration and activation of light-inducible antimiR-92a that
was as efficient as the treatment with conventional, not activatable, antimiRs. Furthermore, miR-92a levels in other organs, like kidney or liver, were mostly unchanged, indicating
an advantage of local activatable antimiRs over conventional
antimiRs. Nevertheless, the feasibility of light induction of
RNA therapeutics in internal and well-perfused organs, such
as the heart, needs to be studied in future experiments.
Moreover, miRNAs can be linked to aptamers, which are
RNA molecules that bind to specific receptors on the cell surface thereby allowing a cell-type specific enrichment of a given antimiR or miRNA mimic. Aptamer-mediated delivery of
miRNAs was shown to date for endothelial cells and in tumor
models. In 1 study, miR-126 was linked to an aptamer binding
the ubiquitously expressed transferrin receptor.64 However, evidence that this is feasible in the cardiovascular system in vivo
is lacking to date. The use of the transferrin receptor miR-126
chimera or the combination of the delivery strategy with other
endothelial- or tumor-specific aptamers may provide an interesting therapeutic option to treat vascular disease conditions or
cancer. A combination of aptamer-mediated cell type-specific
enrichment and microparticle-based enhanced cellular uptake
of miRNA mimics (encapsulation of RNA therapeutics will be
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discussed in the next paragraph) was shown by Ma et al66 to treat
atherosclerosis. In this study, porous silicon multistage vectors,
which are micrometer-sized nanoporous microparticles, were
loaded with the miRNAs miR-146a and miR-181b and were
additionally linked to a thioaptamer binding E-selectin to deliver miRNAs specifically to activated endothelial cells.

Encapsulation of RNA Therapeutics

Downloaded from http://circres.ahajournals.org/ by guest on July 17, 2018

A promising option to improve cellular uptake of RNA therapeutics is encapsulation of the substances (Figure 2; Table). To
date, several molecular targeting strategies have been experimentally tested. For example, intracoronary administration of
antagomiR-92a encapsulated in specific microspheres (9 μm
poly-D,L-lactide-co-glycolide) was shown to preferentially
target the vasculature and augment cardiac functions in pigs.19
A nanoparticle-based delivery strategy was shown for the overexpression of miR-126-5p via miRNA mimics. Augmenting
miR-126 levels rescued endothelial cell proliferation and
thereby limited atherosclerosis.41 In another study, miR-181b
mimics were mixed with lipofectamine before injection, and
systemic delivery inhibited the formation of atherosclerosis
through cell-specific mechanisms in the vascular endothelium.43 The abovementioned study by Mo et al tested the concept
of miR-146a and miR-181b overexpression to treat atherosclerosis by using an E-selectin–targeting multistage vector to
inflamed endothelium that covers atherosclerotic plaque. Cy5conjugated miR-146a and miR-181b were packaged in polyethylene glycol-polyethyleneimine nanoparticles and loaded
into E-selectin–targeting multistage vector microparticles.66
Finally, recently, Lesizza et al128 used successfully synthetic
lipid formulations equipped with hsa-miR-199a-3p and hsamiR-590-3p mimics to improve cardiac function after AMI by
a single intracardiac injection. Hence, a single administration
of synthetic miRNA lipid formulations is sufficient to stimulate cardiac repair and restoration of cardiac function.
Despite of the positive examples mentioned above, specific strategies for heart tissue enrichment of noncoding RNA
therapeutics, especially for ASOs, are still sparse. Targeting of
hepatic tissue, on the contrary, can be achieved by LNP (lipid
nanoparticle) containing ionizable amino lipids, which has
become the leading delivery strategy for siRNA, with several
products already in clinical trials. Intravenous application of
LNP siRNAs induced hepatocyte gene silencing at doses as low
as 0.005 mg/kg body weight in animal models.75 The tumorsuppressive miRNA miR-34 is delivered via mimics encapsulated in a liposomal nanoparticle formulation with a diameter
of ≈120 nm, called SMARTICLES, and is currently tested in
phase I clinical trials. This delivery strategy was shown to be
the best in combining efficacy, bio distribution, and safety in
comparison with other packaging strategies.129 Moreover,
conjugation of ASOs to GN3 (N-acetyl galactosamine)—
a high-affinity ligand for the hepatocyte-specific ASGPR
(asialoglycoprotein receptor)—enhanced the potency of 6- to
10-fold compared with unmodified substances in mouse liver.65

Clinical Perspective
Targeting of noncoding RNAs may be a promising option to
develop novel therapeutic strategies for cardiovascular diseases. Although the development of RNA therapeutics, such

as ASO or siRNAs, revealed obstacles in the past, recent clinical trials suggest that the currently used chemical modifications and strategies for targeting have improved the efficiency
and reduced risk for unwanted adverse effects. Recently, the
results of the phase 2, multicenter, double-blind, placebo-controlled, dose-escalation trial ORION-1 (A Placebo-Controlled,
Double-Blind, Randomized Trial to Compare the Effect of
Different Doses of ALN-PCSSC Given as Single or Multiple
Subcutaneous Injections in Subjects With High Cardiovascular
Risk and Elevated LDL-C) were reported assessing the efficacy of LDL (low-density lipoprotein) lowering by siRNAs
targeting PCSK9 (named inclisiran) in 501 patients with high
cardiovascular risk.130 Inclisiran is a long-acting siRNA that
is conjugated to triantennary N-acetylgalactosamine carbohydrates, which bind to abundant liver-expressed ASGPRs,
leading to inclisiran uptake into hepatocytes. The siRNA is
modified with a combination of phosphorothioate, 2′-O-methyl
nucleotide, and 2′-fluoro nucleotide modifications to improve
molecular stability. Two doses of 300 mg of inclisiran resulted in a profound and long-term (≤240 days) suppression of
PCSK9 and LDL cholesterol. Adverse events were mostly mild
or moderate and were similar in placebo and treatment groups
(both 76%).130 Symptoms of immune activation, which is often
a concern with RNA therapeutics, were rare, and no effects on
platelet levels were observed. Transient elevations in hepatic
enzyme levels were detected in 3 patients receiving inclisiran.
Injection-site reactions occurred in 4% of the patients who received 1 dose of inclisiran and 7% of the patients who received
2 doses of inclisiran. These rates are similar to injection-site
reactions observed after monoclonal antibody therapies against
PCSK9 (eg, 5.9% in the ODYSEE trial [A Randomized,
Double-Blind, Placebo-Controlled, Parallel-Group Study to
Evaluate the Effect of Alirocumab (SAR236553/REGN727)
on the Occurrence of Cardiovascular Events in Patients Who
Have Recently Experienced an Acute Coronary Syndrome]131)
and are in sharp contrast to previous ASO therapies, which led
to rates of ≈80% of injection-site reactions (eg, 76% with mipomersen).132 Although this siRNA did not target an miRNA or
lncRNA in the cardiovascular system, the study suggests that
current-generation siRNAs seem to be much improved with respect to efficacy and safety.
With respect to antimiRs, only 1 clinical study is published
to date showing that targeting liver miR-122 with LNA-based
antimiRs (mirvarsen) is effective and safe.74 In another clinical program, effects of an antimiR against miR-21 (RG-012)
on renal dysfunction associated with Alport syndrome (kidney
fibrosis) is tested. The substance was tested in a phase 1 multiple ascending dose trial in healthy volunteers, and patients
are currently recruited in a placebo-controlled phase 2 trial
(HERA study [Herceptin Adjuvant]; NCT02855268).

Conclusions
Despite these promising clinical data, particularly on the use
of siRNAs for lipid lowering, targeting the cardiovascular
system may be more challenging because of the higher doses
required to reach therapeutically relevant concentrations in the
heart. Strategies to improve delivery are under investigation
and likely will be important for translation of the proof-ofconcept studies.
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Moreover, there is a need to better understand the biology
and functions of noncoding RNAs when exploring their therapeutic effects. Particularly the lncRNA field is in its infancies,
and little mechanistic insights are available, and only few genetic studies provide confirmatory evidence for their functional
role in disease models. But even for miRNAs, which have a
well-established mechanism of action, we need a deeper understanding of cell type-specific functions and target regulation.
This will be particularly important when seeking for efficacy
end points in early clinical trials. Obviously, this relatively new
field of research is challenging, and we may stumble on the
way to translation. However, “Challenges are meant to be met
and overcome” (Liu Xiang) hopefully allowing the success of
these novel attempts to combat cardiovascular disease.
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