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Functions of MicroRNAs in Cardiovascular Biology and Disease

Akiko Hata
Cardiovascular Research Institute, University of California, San Francisco, California 94158

Abstract

In 1993, /in-4 was discovered as a critical modulator of temporal development in Caenorhabditis
elegans and, most notably, as the first in the class of small, single-stranded noncoding RNAs now
defined as microRNAs (miRNAS). Another eight years elapsed before miRNA expression was
detected in mammalian cells. Since then, explosive advancements in the field of miRNA biology
have elucidated the basic mechanism of miRNA biogenesis, regulation, and gene-regulatory
function. The discovery of this new class of small RNAs has augmented the complexity of gene-
regulatory programs as well as the understanding of developmental and pathological processes in
the cardiovascular system. Indeed, the contributions of miRNAs in cardiovascular development
and function have been widely explored, revealing the extensive role of these small regulatory
RNAs in cardiovascular physiology.
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INTRODUCTION

Diseases of the cardiovascular system, such as heart attack, stroke, peripheral vascular
disease, hypertension, and congenital heart defects, account for many health problems and
rank among the leading causes of mortality. Despite tremendous efforts in cardiovascular
research and remarkable progress in the understanding of critical cellular and molecular
processes during cardiovascular development and pathogenesis, current preventative
treatments, early diagnosis, and therapies for cardiovascular disease have not dramatically
improved and remain insufficient. Even the wide array of prognostic, diagnostic, and
therapeutic tools available for these diseases fails to manage patients suffering from various
cardiovascular conditions. Over the past five years, the emergence of small noncoding
microRNAs (miRNAS) as integral players in various physiological and patho-physiological
processes, including those of the cardiovascular system, has opened new doors for
therapeutic developments and interventions (1-8).

MiRNAs, a class of small noncoding RNAs ~22 nucleotides (nt) in length, are involved in
diverse biological processes, including developmental timing, differentiation, proliferation,
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cell death, and metabolism. Although miRNAs were initially recognized as regulators of
development specifically in worms and fruit flies, the past decade of research clearly reveals
that miRNAs are essential and critical players in mammalian development and the
maintenance of homeostasis across a wide array of tissues, including the cardiovascular
system. In mice, gene targeting of even a single miRNA may result in developmental
abnormalities or aberrant responses to physiological stimuli, signifying the essential function
of miRNAs. Individual miRNAs modulate the expression of several dozen or even hundreds
of mRNAs that often share related functions and thus govern various biological processes
(9). Both the number of miRNAs that are expressed in the cardiovascular system and the
diverse functions of individual miRNAs support the idea that the majority of physiological
and pathological events in the cardiovascular system may be controlled at least in part by
miRNAs. Unlike transcriptional regulation, which involves turning on and off gene
expression, mMiRNAs appear to act by fine-tuning gene expression during development and
tissue homeostatic maintenance. During cellular stress or pathophysiological conditions such
as hypoxia or oxidative stress, however, cells undergo a state of reduced transcription and
translation. In these situations, miRNAs provide a potent, rapid, and efficient means of gene
regulation that may allow cells to adapt to or recover from such an abnormal state.

The majority of mMRNAs targeted by miRNAs are silenced through direct interaction of the
miRNA and mRNA, which causes destabilization of mMRNAs or inhibition of protein
synthesis. MiRNAs induce gene silencing through association with a large, multiprotein
complex termed the RNA-induced silencing complex (RISC). MiRNA-binding sites are
commonly found within the 3" untranslated region (3"UTR) of the target mRNA, but
functional miRNA-binding sites can also be found in the 5" untranslated region (5'UTR)
(10) and in the coding region (11). Although the exact nature of mRNA target recognition by
miRNAs is still unclear, in general, Watson-Crick base pairing between the miRNA 5" end,
particularly the miRNA seed region (composed of nt 2-7 of miRNA), and the sequence
located in the mRNA 3"UTR is an important determinant of functional target sites (12).

The mechanism that gives rise to mature miRNA involves two rounds of endonucleolytic
cleavage performed by the ribonuclease 111 (RNase 111) enzymes Drosha and Dicer (13)
(Figure 1). Following transcription by RNA polymerase |1, Drosha processes the primary
miRNA (pri-miRNA) transcript into an ~70-nt hairpin structure termed the precursor
miRNA (pre-miRNA) in the nucleus (13) (Figure 1). Through interaction with exportin-5
and Ran-GTP, the pre-miRNA is transported into the cytoplasm, where it undergoes a
second step of processing catalyzed by Dicer (13) (Figure 1). This cleavage event gives rise
to a double-stranded ~22-nt product composed of the mature miRNA guide strand and the
miRNA’ passenger strand. The mature miRNA is then loaded into the RISC and participates
in gene silencing, whereas the passenger strand (miRNA") is often degraded (13) (Figure 1).

Close to 1,000 miRNAs are found in the human genome, and more than half of these seem
to be expressed in a temporally and spatially regulated manner. Although major progress has
been made toward understanding the mechanism of miRNA biogenesis, little is known about
the mechanisms that regulate miRNA expression. Some miRNAs are encoded in the introns
of protein-coding genes, and therefore their expression is coordinated with that of the host
genes. There are many examples in which the protein encoded by the host gene and the
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associated intronic miRNAs participate in regulatory networks that are essential in various
biological processes. In cases in which miRNAs are encoded and transcribed as individual
genes, levels of miRNAs can be regulated transcriptionally by cis-regulatory elements in the
promoter region of the miRNA genes, similar to protein-coding genes. Furthermore,
transcription factors (Figure 2d) or RNA-binding proteins (Figure 2a-¢) modulate the
biogenesis of some miRNAs posttranscriptionally, acting during nuclear cleavage of pri-
miRNAs by Drosha (14, 15). Several components of the Drosha-processing complex, such
as DiGeorge syndrome critical region gene 8 (DGCR8) and the RNA helicases p68 (DDX5)
and p72 (DDX17) (16), interact with transcription factors, including Smads (17), p53 (18),
and estrogen receptor a (ERa) (19), which subsequently modulate the catalytic activity of
Drosha either positively or negatively (14, 15) (Figure 24). Several RNA-binding proteins,
such as heteronuclear ribonucleoprotein A1 (hnRNP A1) (Figure 24), the nuclear factor 90/
nuclear factor 40 (NF90/NF40) complex (Figure 24), KH-type splicing regulatory protein
(KSRP) (Figure 25), and Lin28 (Figure 2¢), also associate with a subset of pri-miRNAs and
regulate processing by Drosha (14, 15). Finally, the stability of miRNAs is regulated under
certain environmental conditions, such as cell confluency, developmental stage, and cell
cycle status, all of which contribute to dynamic changes in miRNA expression levels (20—
23).

MiRNAS IN CARDIOVASCULAR DEVELOPMENT

The vital role of miRNAs in cardiovascular development and function was revealed by
ablation of the general miRNA population in the cardiovascular system via tissue-specific
deletion of Drosha, DGCRS, Argonaute 2 (Ago2), or Dicer, essential components in the
miRNA biogenesis pathway. Removing these critical genes in mice and fish resulted in
lethality during the early gestation period due to severe developmental defects in the
cardiovascular system (24). Thus far, however, deletions of individual miRNAs in mice have
not exhibited lethality with 100% penetrance, suggesting that a group of miRNAs perform at
least partially redundant roles. This finding also highlights the general nature of miRNA-
mediated gene regulation, in which an miRNA acts as a tuner rather than as an on/off switch,
resulting in the subtle modulation of protein levels on a very modest scale. Although
obtaining a complete picture of individual miRNA functions and target mMRNAs in the
cardiovascular system requires further investigation, the combination of genetic ablation/
overexpression and pharmacological knockdown/overexpression of specific miRNAs in
whole-animal and cell culture systems has facilitated the understanding of the physiological
function of mMiRNAs both during development and postnatally. Below, the current
understanding of the roles of individual miRNAs during cardiac, vascular, and hematopoietic
development is summarized.

Function of MiRNAs During Heart Development

The heart is the first organ to function during vertebrate embryogenesis. Cardiac
development begins with the fusion of endocardial and myocardial cell layers in the midline
to form a bilayered heart tube that already contracts spontaneously and supports the blood
supply of the developing embryo (Figure 3). In mammals, the heart later develops into an
increasingly complex structure and eventually has four chambers (Figure 3). The importance
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of miRNA-mediated posttranscrip-tional gene regulation for cardiovascular development has
been accessed by generating loss-of-function mutations in genes that encode enzymes
essential for miRNA biogenesis, such as Dicer, Drosha, Ago2, and DGCR8. Knockout mice
individually lacking these key miRNA-processing genes die during early gestation with
severe developmental defects, which prevents further analysis of the role of miRNAs in the
cardiovascular system (24). Deletion of Dicerin mice during early heart development
[embryonic day 8.5 (E8.5)] by using an Nkx2.5 promoter—driven Cre recom-binase (NVkx2.5
Cre) leads to pericardial edema and defects in the ventricular myocardium (25). Another
study using a different AMkx2.5-Cre driver line reported that miRNA-mediated regulation of
developmental processes is also essential for cardiac outflow tract morphogenesis and
chamber septation (26). Deletion of miRNA signaling in neural crest cells indicates that
miRNAs are not required for the survival of these cells but are essential for migration and
patterning (27). Deletion of Dicerby using an a-myosin heavy chain (a.-MHC/Myh6)-Cre
driver line that directs Cre expression in cardiac myocytes but not in cardiac fibroblasts leads
to death of mutant mice between postnatal days 0 and 4 (28). Hearts of mutant mice are
dilated and exhibit both a dramatic decrease in fractional shortening and a reduced
contraction rate (28). These phenotypic results correlate well with cytoskeletal defects and
deregulation of proteins important for contractility, cardiac conduction, and calcium
handling. Deletion of Dicerin cardiac myocytes 3 weeks after birth results in sudden death
and only mild cardiac remodeling, whereas deletion 8 weeks after birth causes massive
hypertrophy and induces fibrotic lesions (29). At both ages, strong reexpression of fetal and
hypertrophic marker genes was observed (29). Deletion of DGCR8using a muscle creatine
kinase (MCK)-Cre driver line in newborn hearts yields a similar phenotype with dilated
cardiomyopathy and heart failure (30). These results confirm that miRNAs produced via the
canonical miRNA biogenesis pathway are responsible for the major cardiac phenotype in
Dicerand DGCR8 mutants.

MiRNA expression profiling studies have indicated that more than 90% of cardiac miRNAs
are composed of only 18 miRNAs (30), suggesting that either a limited number of abundant
miRNAs contribute to cardiac development and function or a large number of low-
abundance miRNAs play a role in addition to abundant miRNAs. miR-1 and miR-133, two
of the most prolific miRNAs in cardiac myocytes, are derived from common primary
transcripts. Transcription of the miR-1/miR-133bicistron is regulated by well-recognized
myogenic transcription factors: MyoD, serum response factor (SRF), and myocyte enhancer
factor 2 (MEF2) (31, 32). In the heart, SRF binds the enhancer regions of the miR-1/
miR-133bicistron and regulates their expression in cardiomyocytes (32). In skeletal muscle,
MEF2 cooperates with MyoD to bind an intronic enhancer of m/R-1/ miR-13310 activate
transcription (31, 33). miR-1 and miR-133 seem to cooperatively promote mesoderm
differentiation in embryonic stem (ES) cells and repress ectodermal and endodermal cell fate
(32) (Figure 3). However, miR-1 and miR-133 appear to have opposing roles later in cardiac
development, as miR-1 promotes cardiomyocyte differentiation, whereas miR-133inhibits it
(32) (Figure 3). In mice, miR-1 expression is detected at ~E8.5 and increases throughout
development. Mice overexpressing /miR-1 under the control of a B-myosin heavy chain (B-
MHC) promoter show a diminished population of proliferating ventricular myocytes. This
state results from the negative regulation of cardiac growth by miR-1, in part via repression
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of the transcription factor heart and neural crest derivative-2 (Hand-2), which is involved in
the expansion of ventricular myocytes (32) (Figure 3). miR-27 displays myocardial
expression during early cardiogenesis and plays a role by modulating MEF2c expression
(34). Despite the abundance of m/R-1and miR-133in the heart and evidence for their
serving distinct functions, neither of these miRNAs is essential for cardiac cell fate
specification, as half of mice with either m/iR-1 or miR-133are viable (25, 35). One-half of
miR-1-2homozygous null mice die between E15.5 and just after birth due to ventricular-
septum defects and cardiac dysfunction with apparent deregulation of Hand-2 (25). miR-1-2
homozygous null mice that survive until birth often exhibit cardiac arrhythmias and suffer
sudden death, indicating the postnatal cardiac function of miR-1 (25). The cardiac
arrhythmias in miR-1-2-null mice may be caused by derepression of the transcription factor
Iroquois homeobox 5 (Irx5), which regulates the cardiac ventricular repolarization gradient
by repressing the level of potassium channel genes, such as the gene encoding the potassium
voltage-gated channel subfamily D member 2 (Kcnd2) (36).

miR-208a, mIR-208b, and miR-499are encoded in the introns of Myh6 (a-MHC), Myh7 (B-
MHC), and Myh7b, respectively (37). Myh6 expression and Myh7 expression are inversely
regulated during cardiac development. In mice, Myh71miR-208b is expressed in the
embryonic heart, and Myh6/ miR-208ais expressed predominantly at the postnatal stages.
Myh?7is reexpressed in the adult heart only upon cardiac stress. Myh76l miR-499is
expressed in both the embryonic heart and the adult heart (37). Targeted deletion of
miR-208a, however, results in only a mild cardiac phenotype, such as ectopic expression of
fast skeletal muscle markers and impaired ability to respond to stress postnatally (38). The
mild cardiac phenotype in knockout of miR-208a, miR-208b, or miR-499in mice suggests
nonessential roles of these miRNAs during cardiac development. Potential explanations for
the mild phenotype in miRNA knockout mice are (&) multiple miRNAs play partially
redundant roles and/or () compensatory mechanisms are developed in vivo to adapt to a
lack of specific miRNAs. In comparison with cardiac development in mice, cardiac
development in zebra fish seems to be more sensitive to inactivation of a single miRNA
function, as knockdown of a specific miRNA by using antisense RNA oligonucleotides
(ASO) against miRNA (Figure 4) such as miR-143and miR-138results in abnormal
development of the cardiac chambers and atrioventricular canal in zebra fish (39, 40).

Members of the miR-15family of miRNAS (i.e., miR-15a/b, miR-16-1/2, miR497/195)
exhibit dynamic regulation during postnatal cardiac development and disease (Figure 3).
miR-195and miR-497 are upregulated during early postnatal cardiac development of the
mouse. Such upregulation coincides with the exit of cardiac myocytes from cell proliferation
and subsequent binucleation (41). Overexpression of miR-195in the embryonic heart causes
premature cell cycle arrest and the repression of mitotic genes (41). The miR-15family
inhibits cardiac myocyte proliferation by repressing the expression of multiple cell cycle
regulators, including checkpoint kinase 1 (Chek1) (41). miR-15bis also implicated in the
modulation of cellular ATP levels by regulation of the ADP/ATP exchanger in mitochondria
in rat neonatal cardiomyocytes (42). Furthermore, inactivation of miR-15in mice and pigs
by using ASO protects against cardiac ischemic injury (43).
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Deletion of the miR-17~92 cluster causes severe lung hypoplasia and ventricular-septum
defects in mice, leading to early postnatal death (44), whereas loss of paralogous clusters
(miR-106a~363 and miR-106b~25) in other organisms does not affect mutant animal
viability (Figure 3). Upregulation of the miR-17~92 cluster directly downregulates the
cardiac progenitor genes /s/Z and 7bxl, thereby facilitating myocardial differentiation (45).

Function of MiRNAs During Vascular and Blood Development

The formation of the mammalian vascular system is an intricate process including the
assembly of mesoderm-derived endothelial precursors (angioblasts) that differentiate into a
primitive vascular labyrinth (vasculogenesis), the subsequent sprouting of vessels
(angiogenesis) to create a tubular network that remodels into arteries and veins, and the
subsequent recruitment of pericytes and vascular smooth muscle cells (VSMCs) to form
mature vessels. The initial evidence that miRNAs are essential for angiogenesis is based on
the analysis of a hypomorphic Dicerallele in mice that leads to abnormalities in the vascular
network in the yolk sac of otherwise normal embryos at E11.5 (46). Endothelial cell (EC)-
specific deletion of Dicer using 77e2promoter—driven Cre ( 77e2-Cre) driver mice, however,
exhibited no major abnormalities in embryonic angiogenesis and revealed (&) a requirement
of miRNAs only for postnatal angiogenesis in tumorigenesis, wound healing, and limb
ischemia and () reduced responsiveness to vascular endothelial growth factor (VEGF)-
induced angiogenesis (46). Although the mild phenotype observed in Dicer deletion by
using a 77e2-Credriver may be due to incomplete recombination resulting in residual
activity of Dicer in ECs, miRNAs seem to be less critical for the gene-regulatory program
during endothelial development in comparison with other tissue types.

Function of MiRNAs During Endothelial Cell Development

In vitro studies confirm that miRNAs are required for EC function. Reduction or loss of
Dicer expression in ECs leads to misexpression of several genes involved in the regulation of
EC function, producing abnormal phenotypes that include increased nitric oxide (NO)
release, decreased EC growth, and cord formation in matrigel assays. These results suggest
that miRNAs are essential in different aspects of EC biology.

miR-126, an EC-specific miRNA, is encoded by an intron of the epidermal growth factor—
like domain 7 (Egfl7) gene (47) (Figure 5). miR-126 expression is induced by blood flow
and stimulates angiogenic sprouting of aortic arch vessels (48). Deletion of miR-126in mice
leads to vascular abnormalities with failure of cranial vessel growth and endothelial leakage
at reduced penetrance (49, 50). Knockdown of miR-126in zebra fish by morpholino
oligonucleotides results in no gross malformation of vascular patterning of the early embryo
but later leads to embryonic lethality as a result of loss of vascular integrity and hemorrhage
(51). miR-126targets the sprouty-related protein Spred1, a regulator of the MAP kinase
signaling downstream of VEGF and of fibroblast growth factor (FGF) signaling, as well as
phosphoinositide-3-kinase (P13K)-regulatory subunit 2a (PIK3R2a), a regulator of PI3K
signaling (51, 52).

miR-218is encoded by an intron of the S/it7 and S/it2 genes and controls vascular
patterning in mouse retinae by inhibiting the Slit-Robo signaling pathway (52) (Figure 5).
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Manipulation of miR-218 concentrations in vitro modulates EC migration, and knockdown
of miR-218in the developing retina results in anomalous development of the retinal vascular
plexus, suggesting that m/iR-218 participates in this process (52).

Members of the miR-17~92 cluster are expressed in ECs, and manipulation of these
miRNAs in vitro modulates EC properties (53) (Figure 5). In vitro assays in which miR-92a
is overexpressed in ECs as well as in zebra fish embryos show impaired angiogenesis and
vessel formation, whereas downregulation of miR-92a enhances blood vessel growth and
functional recovery after ischemia or myocardial infarction (MI) (54).

miR-10a/10b are encoded in a highly conserved location within the developmental regulator
cluster of HOX genes. miR-10expression is induced after mesoderm specification and is
enriched in endothelial cells. miR-10plays a role in angiogenesis by regulating the level of
fms-related tyrosine kinase 1 (FLT1), a cell surface protein that sequesters VEGF and its
soluble splice variant, sSFLT1. The increase in FLT1/sFLT1 protein levels upon miR-10
knockdown in zebra fish and cultured human umbilical venous endothelial cells inhibits the
angiogenic behavior of endothelial cells by antagonizing VEGF receptor-2 signaling (55).

Function of MiRNAs During Vascular Smooth Muscle Cell Development

The developmental origin of VSMCs is diverse, as several independent cell lineages,
including the neural crest, somites, the second heart field, and others, contribute to the
mature VSMC population. Despite their heterogeneous origin, VSMCs coordinately activate
a common set of SMC-specific marker genes, indicating the presence of a common
developmental program for VSMC differentiation. Deletion of Dicer in embryonic VSMCs
is lethal, resulting in intraperitoneal bleeding and prenatal death of mutant embryos at
E16.5-E17.5 (56). This finding confirms the fundamental significance of miRNA-mediated
posttranscriptional regulation in embryonic VSMC development.

miR-143 and miR-145, which are encoded by a bicistronic transcript, are highly expressed
in VSMCs (57, 58) (Figure 5). The miR-143/ miR-145 promoter is positively regulated by a
transcription factor complex composed of SRF and members of the myocardin family of
coactivators (57, 58). Furthermore, the miR-143 miR-145 promoter contains a Smad
response element and is directly activated in response to active transforming growth factor-f
(TGF-B) signaling (59). In vitro analysis indicates that m/R-143and miR-145promote
multiple aspects of the VSMC contractile phenotype. In particular, the expression of
contractile genes is elevated following overexpression of miR-143and miR-145. The
multiple targets of miR-143and miR-145include Krippel-like factor 4 (KLF4), Krippel-
like factor 5 (KLF5), ELK1, Versican, several actin-remodeling proteins, and angiotensin-
converting enzyme (57, 58, 60, 61). Interestingly, all these proteins are antagonistic to
VSMC differentiation, and thus repression of these targets by miR-143/ miR-145 facilitates
VSMC differentiation. In particular, miR-145mediated repression of KLF4 is required for
TGF-p-mediated induction of contractile gene expression (61). Despite the critical role of
miR-143and miR-145in VSMC differentiation in vitro, mice ablated in both miR-143and
miR-145 are viable, suggesting a possibility that one or more other miRNAs may play a
compensatory role in vivo (58, 60, 62). Nonetheless, miR-145-null mice exhibit blood
vessels with a reduced medial layer, vascular tone, and blood pressure (58, 60). Furthermore,
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VSMCs from miR-145-null mice exhibit abnormalities in actin stress fiber formation and
phenotype switch in response to vascular injury, indicating a significant role of m/R-145in
actin signaling and SRF/myocardin activity and contractility in VSMCs (58).

MiRNAs in Hematopoiesis

The critical role played by miRNAs in hematopoiesis was implicated by miRNA expression
pro-filing studies, which indicate dynamic regulation of miRNA levels during the
differentiation of hematopoietic stem cells. Mice deleted in AgoZ2 exhibit abnormalities in
erythroid lineage, supporting the essential role of miRNAs during this process. Loss of
function of miR-223and miR-451 in mice suggests the role of these miRNAs in erythroid
proliferation and differentiation (Figure 5). miR-24 regulates erythroid differentiation by
influencing the expression of human activin type | receptor ALK4 (ACVR1B) (Figure 5).
Forced expression of miR-24 leads to a delay of activin-induced maturation of
hematopoietic progenitor cells (63). Additionally, the role of miR-155and miR-150in the
differentiation of B and T lymphocytes, the suppressive role of miR-221 and miR-222in
erythroid differentiation, and the inhibitory effect of m//R-181 on hematopoietic
differentiation have been reported (64) (Figure 5). Primitive erythropoiesis defines the onset
of hematopoiesis in the yolk sac of the early embryo and is initiated by the emergence of
progenitors. Analyses of m/R-126-null embryos indicate that /m/R-126 downregulates
vascular cell adhesion molecule-1 expression in a mesenchymal cell population, which
accelerates the maturation of primitive erythroblasts via a Src family kinase (65).
Knockdown of miR-126 promotes erythropoiesis at the expense of thrombopoiesis in zebra
fish (66).

MiRNAS IN CARDIOVASCULAR DISEASE

Given the importance of miRNAs in development, it is not surprising that deregulation of
miRNA expression is implicated in a variety of human diseases, in particular those of the
cardiovascular system. Reexpression of the fetal cardiac gene program in the adult heart or
aberrant expression of cardiac-specific miRNAs is associated with the pathogenesis of
cardiovascular diseases. Understanding the role of these miRNAs during pathogenesis is
critical for the development of novel therapies and diagnostic tools.

Role of MiRNASs in Heart Disease

The mild and nonlethal phenotype of knockout of a single miRNA in mice allows
investigators to challenge mice with various cardiovascular insults, such as vascular injury,
pressure overload, hypoxia, and pharmacological stimuli. Acute myocardial infarction
(AMI) due to coronary artery occlusion is accompanied by a pathological remodeling
response that includes hypertrophic cardiac growth and fibrosis, both of which impair
cardiac contractility. Therefore, it is critical to elucidate the regulatory mechanisms that are
involved in these processes, including the roles of miRNAs. Transgenic overexpression of
cardiac-specific miR-208a is sufficient to induce hypertrophic growth in mice (67) (Figure
6). Conversely, deletion of cardiac-specific miR-208a in mice abrogates the reexpression of
the fetal B-MHC gene in response to hemodynamic cardiac stress and protects mice from
cardiac hypertrophy. Furthermore, systemic delivery of ASO against m/R-208a induces
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potent and sustained silencing of miR-208a in the heart and prevents cardiac remodeling
while improving cardiac function and survival during hypertension-induced heart failure in
Dahl hypertensive rats (68). This study indicates a potential application of ASO-based
therapy in the modulation of cardiac-specific miRNAs, which could lead to the subsequent
prevention or amelioration of the cardiac dysfunctions and remodeling that occur during
cardiac disease progression. Interestingly, cardiac-specific miR-208a controls systemic
energy homeostasis through the regulation of the metabolic gene program by targeting
MED13, a subunit of the Mediator complex (69). This intriguing miR-208a-MED13 axis
provides a potential link between metabolic disorders, such as obesity and type 2 diabetes,
and cardiovascular disease.

miR-23a expression is upregulated in response to various hypertrophic stimuli in cardiomy-
ocytes (70, 71). miR-23ais induced by nuclear factor of activated T cells NFATc3, a
transcriptional factor that mediates the cardiac stress signaling pathway and promotes
pathological hypertrophy (71). Overexpression of miR-23ais sufficient to initiate
hypertrophic responses by targeting the anti-hypertrophic protein MuRF1 (muscle-specific
ring finger protein 1), whereas downregulation of miR-23aby ASO in mouse abrogates
isoproterenol-induced cardiac hypertrophy (71).

Decreased expression of the miR-29 family of miRNAS, miR-24, and miR-320 occurs after
MI (72-74) (Figure 6). The miR-29 family targets multiple collagen genes and extracellular
matrix (ECM) protein genes, such as fibrillins and elastin, and downregulation of miR-29
upon MI promotes fibrosis and scar formation in the heart (72). miR-24 and miR-320target
the BH3-only domain—containing protein Bim, which positively regulates apoptosis (73),
and cardioprotective heat shock protein 20 (74), respectively. Downregulation of miR-24and
miR-320 after M, therefore, inhibits cardiomyocyte apoptosis. Moreover, miR-199is
downregulated under hypoxic conditions in cardiac myocytes and mediates derepression of
sirtuin 1 and hypoxia-inducible factor 1a, a transcription factor essential for the induction of
the hypoxia-response gene network (75). Thus, miR-24, miR-29, miR-199, and miR-320
represent potential therapeutic targets for ischemic injury in cardiac myocytes (Figure 6).

miR-21 promotes cardiac hypertrophy and fibrosis in response to pressure overload by
facilitating the profibrotic extracellular signal-regulated kinase (ERK)-mitogen-activated
protein kinase (MAPK) signaling pathway (76) (Figure 6). Downregulation of miR-21 with
cholesterol-modified ASO against m/R-21 in mice attenuates cardiac remodeling following
thoracic aortic banding (76). Interestingly, neither targeted deletion of m/iR-21 in mice nor
inhibition of miR-21 by differentially modified short ASO improved fibrotic lesions or
hypertrophic response after thoracic aortic banding or other cardiac stresses in another study
(77), illustrating the complex nature of miR-21 participation in cardiac fibrosis. Further
analysis is required to understand these contradictory reports.

Zebra fish regenerate cardiac muscle after severe injuries through the activation and
proliferation of spared cardiac myocytes. m/R-133, which has a role in cardiac development,
shows diminished expression during cardiac regeneration (78). Elevated m/iR-133 levels
after injury inhibit myocardial regeneration, whereas transgenic m/R-133 depletion enhances
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cardiomyocyte proliferation (78), indicating that m/R-133is required to restrict injury-
induced cardiomyocyte proliferation.

Investigators recently revealed that extracellular miRNAs are stable, circulate in the
bloodstream, and may have a crucial function in the cardiovascular system (Figure 7). Both
mature miRNAs and pre-miRNAs seem to be packaged into small vesicles termed
exosomes, which originate from the endosome and are released from cells when
microvesicular bodies fuse with the plasma membrane (79) (Figure 7). MiRNAS can also be
released from microvesicles, which are released from the cell through blebbing of the
plasma membrane (79) (Figure 7). Once released from the cell, extracellular miRNAs can be
found not only in microvesicles and exosomes but also in association with various proteins,
including Ago2 (80), nucleophosmin 1 (80), and high-density lipoproteins (81), which
protect miRNAs from degradation (Figure 7). Although the precise cellular release
mechanisms of miRNAs and the mechanism of regulation remain unknown, these circulating
miRNAs may be delivered to recipient cells, where they can regulate levels of target genes
(82), thus providing a novel means of distant cell-cell communication. However, whether
circulating miRNAs are actively released as a way of cell-cell communication or are
passively released as a result of tissue injury remains to be determined.

Various studies point toward the differential release of specific miRNAs during various
cardiac injuries. Some reports, for example, indicate that heart-specific miRNAs, such as
miR-208a, miR-499, miR-1, and miR-133, are consistently elevated in the plasma of AMI
patients within hours after the onset of infarction (83), suggesting that these miRNAs may
be useful as stable blood-based biomarkers for AMI. In the early phase (<3 h) of AMI,
miR-1, miR-133a, and in particular miR-208a may be even more sensitive than the classic
biomarker cardiac Troponin | (cTnl), as these miRNAs achieve their peak before cTnl (83).
This earlier miRNA peak suggests leakage of miRNAs that is faster than that of cTnl from
damaged cardiac myocytes, most likely due to the fact that cTnl is bound mainly to
myofibrils, whereas miRNAs are probably bound to protein complexes in the cytosol, thus
allowing for the faster release of miRNAs from damaged cells.

Interestingly, miRNASs in cardiac myocytes are not released into the circulation with
identical kinetics, presumably because different miRNAs are bound to different proteins
within cells and in the circulation. For example, miR-30c and miR-24, which are highly
expressed in the heart, are not detected in the bloodstream after AMI (84). Moreover, studies
on circulating miRNAs in patients with heart failure that excluded those with recent cardiac
ischemia or infarction found no increase in mMiRNAs that are detected in AMI patients, but
instead showed elevation of a distinct set of miRNAs, including m/iR-423-5p, miR-18b’,
miR-129-5p, miR-1254, miR-675, and miR-622(85). High abundance of some miRNAs
(miR-423-5p, miR-18b") seems to correlate with the severity of the condition (85). In
plasma samples of atherosclerotic coronary artery disease (CAD) patients, miRNAs that are
highly expressed in ECs (miR-17, miR-126, miR-9248), VSMCs (miR-145), and
inflammatory cells (miR-155) are elevated (86). As distinct circulating miRNAs appear to be
detected in different cardiovascular conditions, circulating miRNAs may serve as diagnostic
and/or therapeutic markers for various cardiovascular disorders.
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Role of MiRNASs in Vascular Disease

Although blood vessels are quiescent in adults and rarely form new branches, the vessel wall
is subject to complex regulatory signaling networks that maintain a barrier that does not leak
blood but allows for the proper exchange of gas and nutrients between blood and adjacent
tissues. Upon vascular injury or environmental changes, the vascular wall undergoes EC
migration as well as VSMC phenotypic changes to promote injury repair (87, 88).
Abnormalities in such regulatory networks may lead to a variety of vascular diseases.
Numerous miRNAs display dramatically altered expression during vascular injury. Aberrant
expression of mMiRNAs has also been correlated with pathological conditions, such as
ischemia, tumor angiogenesis, atherosclerosis, pulmonary arterial hypertension (PAH), and
the proliferative vessel thickening and obstruction known as restenosis after angioplasty
(88).

The TGF-B family of growth factors, including TGF-p and the bone morphogenetic proteins
(BMPs), promote VSMC differentiation and prevent the switch of VSMCs to the synthetic
phenotype (89). Loss of expression and loss-of-function mutations in the BMP receptor
(BMPRII) gene are associated with the pathogenesis of PAH. The Smad proteins, signal
transducers of the BMP and TGF- pathway, induce the expression of miR-21
posttranscriptionally by modulating the Drosha-processing step (17). A target of miR-21 that
is critical for this process is programmed cell death protein 4 (PDCD4) (17). Although the
precise mechanism is unclear, downregulation of PDCD4 is required for BMP- and TGF-f-
mediated VSMC differentiation (17). Similarly, treatment of pulmonary fibroblasts with
TGF-B elevated miR-21 and enhanced conversion to myofibroblasts (90), suggesting that
miR-21-mediated regulation of contractile genes plays a role in multiple cell types. The
relevance of miR-21 in regulating VSMC differentiation in response to BMP signaling is
confirmed by the observation that m/R-21 levels are reduced in pulmonary artery SMCs
from PAH patients (91). In addition to its role in VSMC phenotype regulation, miR-21 can
influence the function and migration of angiogenic progenitor cells during CAD (92) (Figure
5). Some studies indicate that m/R-21 levels are upregulated after mechanical injury of large
vessels (88) and that inactivation of m/R-21 with ASO may prevent restenosis (62, 88).

In contrast to the case for miR-21, miR-145, a VSMC-specific miRNA, is downregulated
upon mechanical injury (Figure 5). Restoring miR-145 expression to normal levels
ameliorates resteno-sis, suggesting that injured vessels undergo dedifferentiation of VSMCs
in part through down-regulation of miR-145, thus resulting in vascular remodeling. In
addition to decreased neointima formation after vascular injury and hypotension (58, 60,
62), miR-143 miR-145 knockout mice develop spontaneous arteriosclerotic lesions (60). The
loss of miR-145in VSMCs may coincide with loss in responsiveness to external signals,
such as angiotensin and adrenergic stimuli. Aberrant expression of miR-145is reported in
lung samples of patients with heritable and idiopathic PAH, which supports a critical role of
miR-145in vascular development, as well as in the maintenance of homeostasis of healthy
vasculature (93).

In response to the potent growth simulators platelet-derived growth factors (PDGFs), the
VSMC phenotype switches from a highly differentiated contractile phenotype to a
dedifferenti-ated synthetic phenotype (87). The induction of m/iR-221 appears to mediate at
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least one aspect of the PDGF-mediated VSMC phenotype switch (94, 95). In response to
PDGF treatment, pri-miR-221 transcription is rapidly elevated, leading to increased mature
miR-221 levels within 3 h (94). Mature miR-221 has multiple effects on the VSMC
phenotype, including increased proliferation and migration and reduced expression of
contractile genes (94, 95). miR-221 promotes VSMC proliferation through the repression of
the cyclin-dependent kinase inhibitor p27KiP1 (94). Inhibition of miR-221, moreover,
prevents PDGF-mediated reduction of p27KiP1 and loss of VSMC proliferation (94). Thus,
elevated miR-221 levels are required for PDGF-mediated repression of contractile genes
(94). However, this effect is independent of the downregulation of p27XiP1, as knockdown of
p27KiPL by small inhibitory RNA (siRNA) has no effect on contractile gene expression (94).
These results indicate that the expression of contractile genes and cell growth are not
coupled but can instead be regulated by distinct mechanisms. Overexpression of miR-221 is
also accompanied by dramatic reduction of myocardin expression (94). Of note, miR-221
and miR-222are clustered on the X chromosome, are transcribed from a common promoter
(96), and share a common seed sequence. The importance of these miRNAs in modulating
VSMC phenotype is further supported by the finding that miR-221 and miR-222 are
strongly induced in vivo in VSMCs following balloon injury of the vessel (95) (Figure 5).
Targeted delivery of ASO against miR-221 and miR-222 at the site of vascular injury
reduced VSMC proliferation and intimal thickening in response to vascular injury (95). As
does miR-221, miR-26 promotes a synthetic phenotype and proliferation of VSMCs through
downregulation of Smadl and Smad4, signal transducers of the BMP signaling pathway
(97). miR-26ais downregulated two- to threefold in mouse models of abdominal aortic
aneurysm (AoA) formation (97). Overexpression of miR-21, another miRNA that is critical
for VSMC phenotype regulation, protects against AoA progression by targeting phos-
phatase and tensin homolog (PTEN) (98). Conversely, inhibition of miR-21 further
augments ongoing AoA formation (98). These results suggest that m/R-21 and miR-26 may
be therapeutic targets for AoA (Figure 5).

As is the case for miR-221 and miR-222, microarray analysis indicates that miR-146a
expression is elevated in balloon-injured rat arteries compared with uninjured controls (88).
Overexpression of miR-146aincreases VSMC proliferation, whereas knockdown of
miR-146a attenuates PDGF-mediated increase of VSMC growth (99) (Figure 5). The
relevance of miR-146ain vivo is supported by the observation that treatment of balloon-
injured rat carotid arteries with ASO against /m/R-146aresulted in reduced neointima
formation and VSMC proliferation (99). Interestingly, a critical target of miR-146ain
VSMCs is KLF4 (99), which is a validated target of miR-145 (57, 58). Although a
physiological role of miR-146a, miR-221, or miR-222 during VSMC development is yet to
be elucidated in the miRNA-null mice, these in vitro results suggest the exciting possibility
that inactivation of these miRNAs may be an effective therapy for vascular proliferative
disorders such as restenosis or PAH. miR-146ais highly expressed in human atherosclerotic
plaques in patients with CAD and modulates Toll-like receptor 4 signaling, which is a
critical modulator of inflammatory response, by targeting IRAK1 (IL-1 receptor—associated
kinase 1) and TRAF6 (TNF receptor—associated factor 6) (100).

Inhibition of miR-92a enhances functional recovery of ischemic tissues in mice (54),
supporting a negative regulatory role of miR-92ain angiogenesis. miR-126-null mice, which
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successfully complete embryogenesis, have increased mortality after coronary artery ligation
(50), indicating that a proper proangiogenic signaling pathway mediated by miR-126is
required after vascular insults such as MI. Furthermore, endothelial progenitor cells (EPCs),
which differentiate into ECs, identified in the circulation of CAD patients express lower
levels of miR-126in comparison with EPCs from healthy donors, suggesting a potential role
of miR-126in EPC function and the pathogenesis of CAD (101).

A differential expression profiling study of miRNAs in aortic tissues of young versus aged
mice found elevated expression of miR-29in association with the downregulation of ECM in
aged mice (102). Increased expression of miR-29is also found in human thoracic
aneurysms, suggesting that m/iR-29-mediated downregulation of ECM proteins may promote
the formation of aneurysms that is typical in advanced age (102) (Figure 5).

miR-33regulates cholesterol metabolism in the liver and implicated in the development of
atherosclerosis. miR-33inhibits the expression of the ATP-binding cassette (ABC)
transporter ABCA1, thereby attenuating cholesterol efflux to apolipoprotein Al. Silencing
of miR-33with ASO in mice increases hepatic expression of ABCA1 and plasma high-
density lipoprotein levels and the regression of atherosclerosis, thus implicating the anti-
miR-33therapy in atherosclerotic vascular disease (103).

Mutations of MiRNAs in Human Diseases

As are protein-coding genes, genomic loci encoding miRNASs are susceptible to mutations
that may cause disease or development defects. Furthermore, mutations in the exons
encoding the 3"UTR of miRNA target genes, especially within miRNA-binding sites that are
critical for miRNA-mediated silencing of targets, can potentially mediate a significant
phenotype. Indeed, single-nucleotide polymorphisms (SNPs) are found at a higher frequency
at predicted miRNA-binding sites within the 3"UTR. For example, SNPs located in the
miR-155-binding site within the 3"UTR of the human angiotensin Il type 1 receptor
(AGTRI) gene are associated with hypertension (104). Future research may reveal many
more SNPs in the 3"UTR that are associated with cardiovascular disease. Whether these
SNPs lead to disease as a result of deregulation of target gene expression levels by specific
miRNAs remains to be elucidated.

CONCLUSIONS

Cardiovascular development has long been recognized as a complex sequence of processes
that requires intricate coordination of cell differentiation, migration, and proliferation, all of
which are carefully guided and controlled by temporal and spatial cues. The discovery of
miRNAs approximately a decade ago established a completely new paradigm of gene
regulation and added another layer of complexity to the understanding of morphogenesis and
tissue repair processes in every organ, especially those of the cardiovascular system. In
particular, miRNAs provide an efficient mechanism for modulating the expression of a
relatively large number of genes during cellular stress, when many transcriptional and
translational machines are suppressed. More recent findings that some miRNAs are secreted
from cells, possibly affecting gene expression of distant cells, present a new role for
miRNAs as a novel mediator of cell-cell communication analogous to cytokines. Although

Annu Rev Physiol. Author manuscript; available in PMC 2017 January 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hata

Page 14

not discussed here, many noncoding RNAs in the mammalian genome are longer in size and
are expressed in a spatially and temporally regulated manner similar to that of miRNAs,
although most of their functions have not been elucidated (105). Such long noncoding RNAs
(IncRNAs) may add another layer of complexity to the mechanism of gene expression
regulation in mammalian tissues, including cardiovascular tissues, and may play a
significant role in the morphogenesis of the cardiovascular system.

FUTURE ISSUES

Fewer than ten years of active research on miRNAs have elucidated a distinct pattern of
expression for both cellular and circulating miRNAs under different pathological conditions,
and such research presents the miRNA expression profile as a highly accurate diagnostic
tool. Until now, the diagnosis of many cardiovascular diseases, such as hypertrophic
cardiomyopathy and pulmonary hypertension, relied heavily on the cardiac imaging
technique, which is costly and not quantitative. The detection of circulating miRNAs as a
diagnostic or prognostic tool for the treatment of cardiovascular disease or as a set of
biomarkers for monitoring the effectiveness of therapies is particularly attractive, as
miRNAs are very sensitive, and their detection requires minimal peripheral blood.
Furthermore, miRNAs in serum are stable at room temperature and are resistant to freeze-
thaw cycles. It is unclear whether circulating miRNAs (4) play an active role under disease
conditions and modulate gene expression in recipient cells or (&) are merely released from
injured tissue. However, the former possibility is intriguing, as it suggests that circulating
miRNAs may further our understanding of human disease pathology.

Overwhelming numbers of studies suggest that the aberrant expression of miRNAs plays a
pivotal role in various aspects of cardiovascular development and disease. The
supplementation of a single miRNA with beneficial activity by miRNA mimics, the
suppression of a single miRNA with pathological activity by ASO or an miRNA sponge, or
the protection of a specific target mMRNA from a specific miRNA by expressing an
oligonucleotide designed to associate with the miRNA recognition sequence could
ameliorate or in some cases prevent the progression of the pathological conditions observed
in various animal models of cardiovascular disease (68, 76) (Figure 4). Some studies have
found that chemically modified short oligonucleotides systemically delivered through tail
vein or subcutaneous injection are relatively stable and are delivered to cardiovascular
tissues, exhibiting the expected gene-regulatory functions in the recipient tissues and
resulting in improved cardiac function (68). Locked nucleic acid (LNA)-containing ASO
against the liver-specific miRNA miR-122, which is required for the replication of hepatitis
C virus (HCV), have been tested in nonhuman primates and healthy human volunteers, are
well tolerated, and have advanced to phase lla clinical trials as a potential therapy for
chronic HCV infection (106-108). However, delivery of these oligonucleotides to the heart
currently appears to be less efficient than delivery to the kidney or liver (68). Therefore,
using such oligonucleotides in the treatment of cardiovascular disease requires the
development of a novel methodology for the more efficient and targeted delivery of
oligonucleotides to cardiovascular tissue, e.g., delivery via a stent coated with the
oligonucleotides or direct delivery by cardiac catheterization. Further studies on circulating
miRNAs and on the mechanism of selective miRNA uptake by target tissues would
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contribute to the development of more effective delivery of miRNAs or ASO against
miRNAs (Figure 7). One of many challenges for future miRNA-based therapies is the fact
that a single miRNA modulates more than 100 target genes, and therefore the modulation of
a single miRNA level might exhibit both therapeutic and pathological effects. ASO against
an miRNA might also be therapeutic in certain tissues and pathological in different or
healthy tissues. Currently available miRNA target gene prediction algorithms do not allow
us to obtain a comprehensive and accurate view of all target genes of a specific miRNA in a
specific tissue type. A single miRNA can target multiple genes that cooperatively function in
the common pathway (109). For an enhanced therapeutic effect, administering
oligonucleotides against multiple miRNAs could be effective in the same way that a cocktail
of small-molecule drugs can more effectively treat a condition than can any of the drugs
alone. The other challenge is to determine an effective dose of ASO or miRNA mimic, as the
pharmacokinetics of differentially modified short oligonucleotides needs to be carefully
evaluated. Injection of LNA-modified anti-m/R-122 oligonucleotides in chimpanzees
indicated a remarkably long duration of ASO activity of up to 100 days, as judged by the
lowering of plasma cholesterol (107), supporting the feasibility of an miRNA-based therapy
for the treatment of chronic conditions. Finally, miRNA-based therapies will greatly benefit
from the ability to manipulate the recruitment of miRNA to the 3" UTR of specific target
mMRNA or to modulate the efficiency of silencing by miRNA. To this end, the mechanism of
miRNA-target mMRNA recognition as well as the mechanism of miRNA/RISC-mediated
mMRNA silencing must be uncovered.

Last, the recent discovery that the human and other mammalian genomes produce thousands
of IncRNAs presents the possibility that, as is the case for miRNAs, the aberrant expression

or function of IncRNAs may be responsible for cardiovascular developmental abnormalities

and disease. This possibility leads to another avenue of future research (110).

Cardiovascular disease is a leading cause of death that would benefit highly from the
development of unconventional therapeutic and diagnostic approaches. The rapid growth of
knowledge concerning miRNA biology as well as technical improvements on miRNA
detection and manipulation provide the possibility for the application of noncoding RNAs
toward novel prognostic, diagnostic, or therapeutic targets in cardiovascular disease in the
near future.
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Pri-miRNA primary miRNA
Pre-miRNA precursor miRNA

DGCR8 DiGeorge syndrome critical region gene 8

Ago Argonaute

ASO antisense oligonucleotides
VSMC vascular smooth muscle cell
EC endothelial cell

ECM extracellular matrix

LNA locked nucleic acid
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SUMMARY POINTS

MicroRNAs (miRNAS) are encoded in the mammalian genome and
negatively regulate the expression of more than 100 genes
posttranscriptionally via translational inhibition or destabilization of
MRNAS.

Many miRNAs are specifically expressed in cardiovascular tissues or
for a specific window of time during cardiovascular development and
play a critical role in various aspects of cardiovascular development
and disease processes.

Molecules essential for the miRNA biogenesis pathway and for miRNA
stability are regulated by various growth factor signaling and
environmental cues that control the level of mMiRNA expression.

Aberrant expression of miRNAs plays a role in developmental defects
and the pathogenesis of the cardiovascular system.

MiRNAs are secreted from tissues and are detected in the circulation.

The level of a specific miRNA can be manipulated in cultured cells and
whole animals by using chemically modified RNA oligonucleotides
with sense or antisense MiRNA sequences.

There is a strong potential for the successful development of miRNA-
targeted therapies for cardiovascular disease. In addition, the use of
miRNAs, especially extracellular miRNAs, as biomarkers for
cardiovascular disease is under development.

Further elucidation of basic miRNA biology, including the precise
mechanism of gene-silencing action and the mechanism for the
regulation of miRNA activity, will allow for clinical applications of
miRNAs as therapeutic and diagnostic tools.
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Figurel.
Schematic representation of miRNA biogenesis and mechanisms of miRNA action. RNA

polymerase 11 (RNA pol I1) mediates transcription of miRNA genes. The primary miRNA
transcripts (pri-miRNAS) can range from a few hundred nucleotides (nt) to a few kilobases
long. In the nucleus, the pri-miRNAs are recognized by ribonuclease 111 (RNase I11)
endonuclease Drosha (/ight blue) together with an essential partner, DiGeorge syndrome
critical region gene 8 (DGCRS; also known as Pasha) (dark blue). The Drosha complex also
contains other cofactors ( pink) that modulate the catalytic activity of Drosha, such as RNA
helicases (p68 and p72), transcription factors [Smad, p53, estrogen receptor a(ERa)], and
RNA-binding proteins (KSRP and hnRNP A1l). The cleavage product of pri-miRNA,
precursor miRNA (pre-miRNA), is ~70 nt long and configures a stem-loop structure.
Exportin-5 exports pre-miRNAs from the nucleus to the cytoplasm. In the cytoplasm,
another RNase 111 enzyme, Dicer, cleaves pre-miRNA to generate double-stranded mature
miRNA that is ~21 nt long. The mature miRNA duplex is then incorporated into the RNA-
induced silencing complex (RISC). In mammals, the RISC is composed of Argonaute
proteins 1-4 (Agol-4) and several cofactors, such as PACT and TARBP1/2. MiRNA loaded
onto the RISC undergoes strand separation, interaction with typically the 3" untranslated
regions of MRNA targets through Watson-Crick base pairing between bases 2 and 7 at the 5
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end of the miRNA known as the seed sequence, and repression of mMRNA translation through
sequestering translational machinery from the miRNAs or mRNA destabilization through
the recruitment of poly(A) nuclease, followed by deadenylation. ORF, m7G, and AAA
denote open reading frame, 5" capping, and 3" poly(A) tail, respectively. Adapted from
Reference 111.
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Posttranscriptional mechanisms of regulation of the miRNA biogenesis pathway. MiRNA
biosynthesis requires two steps of processing: () processing from primary miRNA
transcripts (pri-miRNA) to precursor miRNA (pre-miRNA) by the ribonuclease 111 (RNase
I11) Drosha in the nucleus and (2) processing from pre-miRNA to a mature miRNA duplex
by the RNase 111 Dicer in the cytoplasm. Both steps can be regulated by various RNA-
binding proteins and DNA-binding proteins as summarized in panels a-d. (4) Heterogeneous
nuclear ribonucleoprotein Al (hnRNP Al) ( green) recognizes the terminal loop of pri-
miRNAs (red’) and promotes the structural remodeling of the stem region of pri-miRNAs,
which generates a favorable Drosha (/ight blue)-binding site and enhances processing. The
nuclear factor 90/nuclear factor 40 (NF90/NF40) complex ( purple) associates with the stem
region of pri-miRNAs, which precludes association with the Drosha-processing complex and
inhibits processing. (6) Similar to hnRNP Al in panel a, KH-type splicing regulatory protein
(KSRP) ( gray) binds to the terminal loop of pri-miRNAs and promotes both Drosha (/ight
blue) and Dicer ( yellow) processing. (¢) Binding of Lin28 (orange) to the terminal loop of
pri-miRNAs prevents the association of both Drosha (/ight blue) and Dicer ( yellow).
Additionally, Lin28 acts as a scaffold to promote the association of terminal RNA
uridyltransferase 4 (TUT4; also known as Zcchcll) (/ight green) with the pre-miRNA.
TUT4 promotes the 3”-uridinylation of pre-miRNA, which is then rapidly degraded. (¢) The
RNA helicases p68 and p72 (feal) play a critical role in the posttranscriptional regulation of
numerous miRNAs in response to cellular signals, including transforming growth factor
B(TGF-p) stimulation, p53-mediated DNA damage response, and estrogen stimulation. The
downstream mediators of TGF-pstimulation and DNA damage, Smads and p53 ( p/nk),
promote miRNA processing. Conversely, when bound to E2 ( p/ink), ERareduces the
processing of a subset of mMiRNAs. Adapted from Reference 14.
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Figure 3.
Schematic representation of mouse heart developmental stages and miRNAs that play a role

in the regulation of heart development. Anterior is toward the top. Mouse cardiogenesis
begins when two populations of cells termed the first heart field (FHF) (red) and the second
heart field (SHF) (b/ugé) in the mesoderm commit to a cardiogenic fate at embryonic day 7.5
(E7.5). These cardiac cells, localized to the cardiac crescent, migrate ventromedially to form
the linear primitive heart tube at E8.0. Shortly after E8.0, rhythmic contractions start.
Subsequently, looping morphogenesis, chamber specification, cardiac valve formation, and
neural crest cell migration and contribution give rise to the four-chambered heart by E10.5.
By E12.5, the four chambers of the heart (RV and LV) are well delineated, and septation
(shown as a broken line) of the outflow tract (OFT) is observed. By the late postnatal stages,
the OFT is completely septated, and both ventricular septation and atrial septation are
complete in preparation for postnatal life. Representative miRNAs and functional targets at
the different stages of development are indicated. In the early stages of cardiac development,
miR-1and miR-133 cooperatively promote mesoderm differentiation in embryonic stem
(ES) cells and repress ectodermal and endodermal cell fate. At a later stage, miR-1 and
miR-133 exhibit opposing effect in cardiomyocyte differentiation. miR-27is involved in
early cardiac development by modulating MEF2c expression. The miR-17~92 cluster
promotes myogenic differentiation in the secondary heart field. Deletion of the miR-17~92
cluster causes ventricular-septum defects in mice. The miR-15family of miRNAs inhibits
postnatal proliferation of cardiac myocytes. miR-208a plays a role in cardiomyocyte-specific
gene expression, the development of electrophysiological properties of the heart, and
hypertrophic growth upon cardiac stress. Abbreviations: Ao, aorta; LA, left atrium; LV, left
ventricle; PT, pulmonary tract; RA, right atrium; RV, right ventricle; DII1, Delta-like-1; Irx5,
Iroquois homeobox 5; SRF, serum response factor; Thx1, T-box 1; Isl1, Islet 1; Thrapl,
thyroid hormone receptor—associated protein 1; Chekl, checkpoint kinase 1; PDK4,
pyruvate dehydrogenase kinase 4; MHC, myosin heavy chain.
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Figure 4.
Schematic representation of approaches to manipulate miRNA activity. The activity of a

specific miRNA can be manipulated to modulate the expression level of all miRNA target
genes (steps Z-3) or of a specific miRNA target gene (step 4). (Z) Under physiological
conditions, endogenous miRNA (red) associates with a partially complementary sequence
known as the seed sequence ( gray box) that is often located in the 3"UTR of target gene
transcripts. This association results in downregulation of the target. (2) To augment the
expression and activity of a specific miRNA, an miRNA mimic ( purple), which is composed
of a chemically modified and stabilized ribonucleotide duplex, can be delivered. This
structure mimics endogenous miRNA action and further downregulates target gene
expression. (3) In contrast, to inhibit the activity of specific endogenous miRNAs, antisense
oligonucleotides that are complementary to an endogenous miRNA (anti-miRNA; brown)
can be delivered. These antisense oligonucleotides prevent the endogenous miRNA from
binding to the seed sequence in the target transcripts, thus derepressing the expression of all
target genes. (4) Alternatively, overexpression of exogenous mMRNA (orange) that contains
multiple copies of the seed sequence of a specific miRNA (an miRNA sponge; orange box)
can be used to prevent endogenous miRNA from targeting target gene transcripts. (5) To
protect a particular target transcript from silencing by endogenous miRNA (target
protection), an antisense oligonucleotide designed to associate with the miRNA target
sequence ( green) can be delivered. ORF and m7G denote open reading frame and 5’
capping, respectively. Adapted from Reference 112.
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Figureb.
Role of miRNAs in healthy and diseased vasculature. Various miRNAs, i.e., miR-24,

miR-126, miR-150, miR-155, miR-2211222, miR-223, and miR-451, are critical for
hematopoiesis. Blood vessels are composed of three layers: the outermost adventitia ( pink),
vascular smooth muscle cells (VSMCs; red), and endothelial cells (ECs; orange). Upon
vascular injury or upon pathological stimuli, a healthy blood vessel (/ef?) undergoes vascular
remodeling, which is characterized by aberrant proliferation and migration of ECs and/or
VSMCs. In some cases an aneurysm or an atherosclerotic lesion forms. Many miRNAs are
expressed in a cell type-specific manner. For example, miR-143/145 are specifically
expressed in VSMCs and play a role in VSMC development and function. miR-10,
miR-17~92, miR-126, and miR-128are enriched in ECs and play a role in angiogenesis.
Aberrant expression of some of these miRNAs is linked to pathological changes in the
vasculature, such as vascular remodeling (i.e., miR-21, miR-26, miR-145, miR-146a, and
miR-2211222), aortic aneurysm (i.e., miR-21, miR-26, and miR-29), and atherosclerosis
(i.e., miR-92a, miR-126, and miR-146). Therefore, these miRNAs are potential therapeutic
targets for vascular disorders.
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Figure 6.
The role of miRNAs in the normal and diseased heart. Upon injury, such as vascular injury,

pressure overload, hypoxia, and pharmacological stimuli, a normal heart (/ef?) undergoes
pathological remodeling and develops into a hypertrophic heart with fibrosis (righi).
miRNAs that are expressed in cardiac tissue and contribute to normal function or
pathological remodeling along with their corresponding functions are indicated. /m/R-1 and
miR-133are involved in the development of a normal heart by regulating proliferation,
differentiation, and cardiac conduction. Both miR-1 and miR-133 downregulate cell cycle
regulators and thereby block proliferation. However, miR-1 and miR-133 exhibit opposing
effects in cardiomyocyte differentiation. The miR-17~92 cluster promotes myogenic
differentiation in the secondary heart field. miR-208aalso contributes to the regulation of the
conduction system. After cardiac injury, various miRNAs contribute to pathological
remodeling of the heart and the progression to heart failure. miR-29and miR-21 block and
promote cardiac fibrosis, respectively. miR-21 and miR-29are expressed in cardiac
fibroblasts. Whereas miR-29 blocks fibrosis by inhibiting the expression of extracellular
matrix (ECM) components, miR-21 promotes fibrosis by stimulating mitogen-activated
protein kinase (MAPK) signaling. miR-208 controls this myosin isoform switching, cardiac
hypertrophy, and fibrosis. miR-23ais induced in cardiac myocytes by different hypertrophic
stimuli and promotes hypertrophic responses. Ischemic injury leads to the downregulation of
miR-24, miR-29, and miR-199in cardiomyocytes; such downregulation promotes inhibition
of apoptosis and fibrosis. Downregulation of m/R-320 upon ischemic injury contributes to
hypertrophic responses as well. RV and LV denote right ventricle and left ventricle,
respectively.
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Figure7.
Schematic diagram of the mechanisms of release of cellular miRNAs. In the cytoplasm, both

precursor miRNAs (pre-miRNAs) and mature miRNAs can be incorporated into small
vesicles termed exosomes (orange), which are released from the cell when multivesicular
bodies (MVB) are fused to the plasma membrane. Mature miRNAs and pre-miRNAS can
also be released by microvesicles. Some miRNAs associate with high-density lipoproteins
(HDL; purple) or bind to RNA-binding proteins, such as nucleophosmin 1 (NPM1; feal) and
Argonaute 2 (Ago2; yellow), a component of the RNA-induced silencing complex (RISC)
and released through an unknown mechanism ( green arrow). It was initially speculated that
dead cells passively release miRNAs. Recent studies suggest that some miRNAs may be
actively released into circulation through an unknown mechanism, potentially through a
channel. How miRNAs and pre-miRNAs are sorted out to multiple mechanisms of release is
unclear. Whether mature miRNA and pre-miRNA are segregated in different compartments
is also unclear. RNA Pol 1l denotes RNA polymerase II.
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