Am J Cardiovasc Dis 2011;1(2):138-149
www.AJCD.us /ISSN: 2160-200X/AJCD1106003

Review Article
Extracellular/circulating microRNAs and their potential role
in cardiovascular disease

Hongyan Zhu, Guo-Chang Fan

Department of Pharmacology and Cell Biophysics, University of Cincinnati College of Medicine, Cincinnati, OH 45267,
USA.

Received June 27, 2011; accepted July 15, 2011; Epub July 22, 2011; published August 15, 2011

Abstract: microRNAs (miRs, miRNAs) are small non-coding RNAs that regulate hundreds of gene expression. Numer-
ous studies have demonstrated that miRNAs are not only found intracellularly, but also detectable outside cells, in-
cluding various body fluids (i.e. serum, plasma, saliva, urine, breast milk, and tears). Interestingly, ~90% of extracellu-
lar miRNAs are packaged with proteins (i.e. Ago2, HDL, and other RNA-binding proteins) and ~10% are wrapped in
small membranous particles (i.e. exosomes, microvesicles, and apoptotic bodies). It is believed that these extracellu-
lar miRNAs mediate cell-to-cell communication. Recent studies further indicated that the level and composition of
these extracellular/circulating miRNAs correlated well with disease or injurious conditions. Uncovering the potential
role of extracellular miRNAs in the heart is just emerging. This review will highlight recent exciting findings in the regu-
lation of miRNA biogenesis and secretion, their functional roles in paracrine signaling, and the potential as non-

invasive biomarkers for cardiovascular disease.
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Introduction

microRNAs (miRNAs, miRs) are small (~18-24
nucleotides), highly conserved, non-coding
RNAs that are ubiquitously expressed in all spe-
cies [1, 2]. They usually act as endogenous rep-
ressors of target genes by either inhibiting
translation and/or by promoting degradation of
the mRNA, or alternatively by increasing transla-
tion [3,4]. It is well documented that an individ-
ual miRNA can influence hundreds of gene tran-
scripts to coordinate complex programs of gene
expression and thereby, affect global changes in
the physiology of a cell [4-7]. Accordingly,
mMiRNA has been implicated as key molecular
players in virtually all the cellular processes,
including cardiovascular development and
pathophysiology [8,9]. Numerous studies have
demonstrated that alterations in the spectrum
of intracellular miRNAs are correlated with vari-
ous cardiovascular conditions such as myocar-
dial infarction, hypertrophy, cardiomyopathy,
and arrhythmias [10-20]. These unique signa-
tures of tissue miRNA expression may hold
promise as novel diagnostic tools for cardiovas-

cular disease. However, heart tissue is often
difficult to collect making miRNA-based bio-
markers troublesome and time-consuming. For-
tunately, while the majority of miRNAs are found
intracellularly, a number of miRNAs have been
detected outside cells, including various body
fluids (i.e. serum, plasma, saliva, urine, breast
milk, and tears) from normal individuals [21-24].
Furthermore, alterations in the level and compo-
sition of these extracellular miRNAs have been
well correlated with disease or injurious condi-
tions [25-29], suggesting these extracellular
miRNAs can be served as informative bio-
markers to assess and monitor the body’s
pathophysiological status. In this review, we
highlight recent exciting findings in the regula-
tion of miRNA biogenesis and secretion, their
potential as paracrine signaling and as non-
invasive biomarkers for cardiovascular disease.

Regulation of miRNA biogenesis
Promoter of miRNA gene

While some miRNAs are processed from introns
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Figure 1. Schematic representation of microRNA (miRNA) biogenesis. miRNA is mainly transcribed by RNA poly-
merase |l, followed by the Drosha complex cleaves off to generate the pre-miRNA that is exported to the cytoplasm by
Exportin-5. Subsequent to Dicer cleavage, the miRNA duplex is unwound and the passenger strand degraded. The
guide strand (mature miRNA) is then incorporated into the miRISC where gene silence can be accomplished via
mRNA target cleavage, translational repression, or mRNA deadenylation.

of protein-coding gene transcripts, most miRNAs
are transcribed from independent gene locus by
RNA polymerase |l transcripts and bear the 7-
methylguanylate cap at the 5-end and poly (A)
tail at the 3’-end, which is similar to mRNAs of
protein-coding genes (Figure 1) [30, 31]. Large-
scale mapping of the promoters of 175 human
MiRNA genes through nucleosome positioning
and chromatin immunoprecipitation-on-genomic
DNA microarray chip (ChlP-on-chip) analysis
indicate that the promoter regions of miRNA
genes are highly similar to those of protein-
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coding genes which contain CpG islands, TATA
box sequences, initiator elements and certain
histone modifications [32, 33]. These features
of miRNA promoters suggest that the biogenesis
of miRNA can be controlled by transcription fac-
tors (TFs), enahncers, silencing elements and
chromatin modifications. For example, we re-
cently identified that the promoter of miR-
144/451 contains GATA-binding motifs, and
overexpression of GATA-4 increased the expres-
sion of the miR-144/451 cluster in cardiomyo-
cytes [34]. Therefore, it is reasonable that the
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levels of miRNAs can be dynamically regulated
in the heart upon various pathophysiological
conditions such as ischemia/reperfusion, pres-
sure overload, growth factor stimulation, and
exercise training.

Post-transcription of miRNAs

Long-primary transcripts of miRNA genes (pri-
miRNAs), which are generally several thousand
nucleotides, undergo two sequential cleavages
to become the mature miRNAs of ~22 nt (Figure
1) [35-37]. The first step of miRNA processing is
catalysed in the nucleus by the Drosha complex
cleaving at the base of the stem to generate a
~70-100 nt hairpin (pre-miRNA) with a 2 nt over-
hang at the 3’-end [35]. The Drosha complex
contains at least 20 proteins, and major compo-
nents include: 1) Drosha, an RNase lll enzyme,
2) DGCRS8, a cofactor to promote the efficient
cleavage of Drosha, and 3) the DEAD-box RNA
helicases p68 (DDX5) and p72 (DDX17), which
serve as a scaffold for the recruitment of other
protein factors in the Drosha complex [36, 38-
42].

Following the cleavage, pre-miRNA is exported
from the necules to the cytoplasm, where the
pre-miRNA is cleaved near the terminal loop by
a Dicer RNase lll enzyme [complexed with TAR
RNA binding protein (TRBP) in mammals] to gen-
erate a ~22 nt double-strand miRNA (Figure 1)
[43, 44]. One strand called active guide strand
is then selected to incorporate into the RISC-
loading complex (miRISC) and function as a ma-
ture miRNA, whereas the other strand called
passenger strand (miRNA*) is degraded [43-
45]. The key components of miRISC are proteins
of the Argonaute (AGO) family which include
eight members (Ago1-4 and Piwil-4) in human
genome [46]. Ago2 is the only one with RNA
cleavage activity and is thought to play a critical
role in miRNA-mediated mRNA silencing [47].
Ectopic expression of Ago proteins results in a
dramatic increase in mature miRNAs [48,49]. In
contrast, Ago2-null cells exhibit reduced levels
of all mature miRNAs examined [48,49]. These
results suggest that intracellular levels of ma-
ture miRNAs may be tightly controlled by the
Ago protein.

Finally, when miRISCs bind to mRNAs, their ex-
pression can be repressed by several mecha-
nisms: 1) inhibition of translation elongation, 2)
co-translational protein degradation, 3) competi-
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tion for the cap structure, 4) inhibition of ribo-
somal subunit joining, and 5) inhibition of MRNA
circularization through deadenylation and de-
capping [1-4]. Interestingly, recent studies have
found that multivesicular bodies (MVBs), spe-
cialized late-endosomal compartments, can
regulate miRNA function [50,51]. Blocking MVB
formation by depleting endosomal sorting com-
plex required for transport (ESCRT) factors inhib-
its miRNA silencing, whereas blocking MVB turn-
over by inactivation of the Hermansky-Pudlak
syndrome 4 (HSP4) gene stimulates repression
by miRNAs [50,51]. In addition, several studies
further indicated that components of the
miRISC loading complex, namely Dicer and
Ago2, existed in membranous fractions, and
mammalian Ago2 has been characterized as a
Golgi-associated or endoplasmic reticulum(ER)-
associated protein [52-54]. Together, these re-
sults suggest that MVBs and Golgi-ER may rep-
resent major miRISC turnover pathways, and
may facilitate miRNA degradation or secretion.
Accordingly, it would not be surprising to identify
the existence of miRNAs within small membra-
nous particles or with the Ago2 protein in vari-
ous body fluids, as reviewed below.

Regulation of miRNA release

While the majority of miRNAs are found intracel-
lularly, a handful of miRNAs have been detected
outside cells, including various body fluids [21-
24]. Notably, extracellular miRNAs show a dis-
tinct expression profile among different types of
body fluids [25-29], suggesting that extracellu-
lar miRNAs are not only passive released out-
side the necrotic or injuried cells. In addition,
these extracellualr miRNAs are remarkably sta-
ble despite high extracellular RNase activity
[21], indicating that extracellular miRNAs are
likely packaged in some manner to protect them
against RNase digestion. Actually, recent stud-
ies have demonstrated that extracellular
miRNAs could be shielded from degradation by
several mechanisms, including their packaging
in microvesicles (MVs), exosomes, and apop-
totic bodies as well as through the formation of
protein-miRNA complexes (Figure 2) [55-62].

miRNAs have been identified in both exosomes
and microvesicles derived from a variety of
sources, including human and mouse mast
cells , glioblastoma tumors, plasma, saliva and
urine [58, 59, 63]. While both microvesicles and
exosomes are known to be membrane-enclosed
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Figure 2. Cellular releases (A) and uptake (B) of miRNAs. (A) Extracellular miRNAs may be contained within vesicles,
including microvesicles, exosomes, and apoptotic bodies, as well as within proteins such as Ago2, HDL, and other
RNA-binding proteins. (B) Extracellular miRNAs may potentially interact with recipient cells via direct fusion, internali-
zation, receptor-mediated interactions and other possible mechanisms.

vesicles, they are two distinct vesicle popula-
tions in their size, origin and release pathway
(Figure 2A) [64-70]. Microvesicles (also re-
ferred to as microparticles or ectosomes) are
plasma-membrane-derived particles that are
released into the extracellular space by outward
budding and fission of the plasma membrane.
They appear heterogeneous in size, ranging
from 100nm-1um. Exosomes are formed in-
tracellularly via endocytic invagination and are
released into a structure known as a multive-
sicular body (MVB). The MVB then fuses with
the plasma membrane, releasing its cargo of
exosomes into the extracellular space [64-70].
Recent studies suggest that a variety of miRNAs
are selectively incorporated into microvesicles
and exosomes [71-73]. For example, Let-7
miRNA family is selectively secreted into the
extracellular environment via exosomes in me-
tastatic gastric cancer line which may facilitate
to maintain their oncogenesis and metastasis
[72]. Similar findings were also reported by Pi-
gati et al. that released miRNAs by exosomes do
not exactly reflect the abundance of miRNA in
the cell of origin [73]. They observed that a sig-
nificant level of miR-451 and miR-1246 was
released from malignant mammary epithelial
cells in which mammary epithelial cell-enriched
miRs were retained [73]. Furthermore, a recent
study by Wang et al. reported that several hu-
man cell lines (HepG2, A549, T98 and BSEA2B)
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actively release miRNAs which appears to be a
short pulse lasting about 1 hour immediately
after serum deprivation [55], suggesting that
the secretion of miRNAs is responsive to stress
conditions. Intriguingly, they observed that a
significant fraction of extracellular miRNAs is
rather packaged with RNA-binding proteins than
within cell-derived vesicles, the microvesicles
and exosomes [55]. These results indicate that
there may be at least two pathways for the
packaging and export miRNAs outside cells:
small membranous particle-mediated and pro-
tein-mediated processes.

Indeed, using differential centrifugation and size
-exclusion chromatography as orthogonal ap-
proaches to characterize circulating miRNA
complexes in human plasma and serum, Arroyo
et al. excitingly observed that vesicle-associated
plasma miRNAs represented the minority,
whereas potentially 90% of miRNAs in the circu-
lation are present in a non-membrane-bound
form which was further identified as Ago2-
miRNA complex [61]. They speculate that the
vesicle-associated versus Ago2 complex-
associated miRNAs originate from different cell
types and reflect cell type-specific miRNA ex-
pression and/or release mechanisms. Suppor-
tively, an early study by Chang et al. also
showed that the liver-specific miRNA, miR-122,
was detected only in the protein-associated frac-
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tions, suggesting that hepatocytes may release
miR-122 through a protein carrier pathway [74].
Consistently, Turchinovich et al.found most of
the extracellular miRNAs in human blood and
cultured cells are bound to the Ago2 protein,
independent from exosomes [60]. In addition,
Vickers et al. [62] reported that purified frac-
tions of high-density lipoprotein (HDL) from
healthy human plasma contained a number of
miRNAs with the most abundant hsa-miR-
135a*, hsa-miR-188-5p and hsa-miR-877. Fur-
thermore, Kosaka et al. [71] showed that the
release of mMiRNAs is controlled by neutral
sphingomyelinase 2 (nSMase2) and through
ceramide-dependent secretory machinery.
Taken together, these findings indicate that the
existence of miRNA export system could selec-
tively export miRNAs which are packaged with
small membranous particles or proteins. None-
theless, whether miRNAs are actively secreted
outside cardiomyocytes remains obscure. There-
fore, future studies will be greatly needed to
clarify whether miRNAs are selectively released
from cardiomyocytes upon various pathophysi-
ological stress conditions.

Extracellular miRNAs function as paracrine
signaling

Numerous studies have demonstrated that
exosomes, microvesicles, apoptotic bodies and
the complex of protein/RNA that are released
from many cell types can transfer proteins,
MRNAs and miRNAs to neighboring or distant
cells to modulate angiogenesis, cell prolifera-
tion/death, tumor cell invasion, and cell-to-cell
communication (Figure 2) [55-80]. Hence, the
extracellular miRNAs wrapped in these small
membranous particles or packaged with pro-
teins may function as paracrine signaling to in-
fluence the recipient cell phenotypes.

Microvesicle/exosome-mediated miRNA
transfer

Recently, Akao et al. [59] showed that chemi-
cally modified miR-143 entrapped by microvesi-
cles (MVs) was significantly secreted from miR-
143-transfected human monocytic leukemia
THP-1 cells during incubation in serum-free me-
dium. Importantly, nude mice intravenously in-
jected with these miR-143-contained MVs re-
vealed a significant increase in the levels of miR
-143 in the serum and kidney. Similar observa-
tions were also reported that miR-150 secreted
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in MVs from human blood cells or cultured THP-
1 cells can be taken up by HMEC-1 microvascu-
lar endothelial cells and consequently, regulate
the expression of c-Myb, a bona fide target of
miR-150 [76]. Additionally, Yuan et al. [58] re-
ported that MVs from embryonic stem cells con-
tain abundant miRNAs, which can be trans-
ferred to mouse embryonic fibroblasts in vitro.
Furthermore, Pegtel et al. [78] have shown that
miRNAs released in exosomes by Epstein-Barr
virus (EBV)-infected cells can be taken up by
peripheral blood mononuclear cells and can
suppress confirmed EBV target genes. Together,
these findings strongly support that at least
some exported miRNAs are used for cell-to-cell
communication, although more studies are
needed to determine how miRNAs are specifi-
cally targeted for secretion, recognized for up-
take, and what information can be transmitted
via this process.

Apoptotic body-mediated miRNA transfer

It has been recently reported that endothelial
cell (EC)-derived apoptotic bodies are generated
during atherosclerosis and contained mainly
miR-126 as well as other minor miRNAs [56].
Incubation of these apoptotic bodies with hu-
man umbilical vein ECs (HUVECs) resulted in
transfer of miR-126 into recipient cells and pro-
duction of the anti-inflammatory chemokine,
CXCR4, through inhibition of RGS16, a known
target of miR-126 [56]. In addition, these apop-
totic bodies induce endothelial progenitor cell
proliferation and differentiation in vitro [79]. In
Apoe~- mice fed with a high-fat diet (HFD), in-
travenous injection of apoptotic bodies pre-
pared from HUVECs increased the numbers of
endothelial progenitor cells in the circulation
and incorporation of endothelial progenitor cells
into aortic root plaques, which reduced the size,
as well as the number of macrophages and
apoptosis in atherosclerotic lesions [80]. Con-
sistently, when Apoe~- mice fed a high-fat diet
were treated with miR-126-containing EC apop-
totic bodies from patients with atherosclerosis,
lesion size and macrophage content were re-
duced in a CXCR4-dependent manner [81].
These observations confirm that EC-derived
apoptotic bodies may serve as carriers to deliver
miR-126 to humans with atherosclerosis or
other vascular diseases that are associated with
EC dysfunction.

Protein-based miRNA delivery

Am J Cardiovasc Dis 2011;1(2):138-149
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As reviewed above, several studies have shown
that a number of extracellular miRNAs are
bound to proteins such as nucleophosmin 1
(NPM1), Ago2, and HDL [55, 61, 62]. However,
whether there is a protein carrier-based RNA
communication mechanism in mammalians
remains obscure. Recently, Vivkers et al. [62]
incorporated exogenous miR-375 with native
HDL, and then added to cultured hepatocytes
(Huh7). They observed that, in cells treated with
HDL/miR-373 complexes, intracellular levels of
miR-375 were increased by 11.8-fold. Similarly,
cellular delivery of HDL incorporated with miR-
223 dramatically increased intracellular miR-
223 levels by 250-fold, leading to 53% reduc-
tion of the RhoB protein, a bona fide target of
miR-223 [62]. To further examine whether en-
dogenous levels of miRNAs transported on HDL
are sufficient to directly alter gene expression in
recipient cells, Vivkers et al. isolated HDL from
familial hypercholesterolemia which contains
abundant levels of hsa-miR-105, and HDL from
normal subjects which lacks hsa-miR-105.
Treatment of hepatocytes (Huh7) with normal
(healthy) HDL failed to increase intracellular
levels of endogenous hsa-miR-105 [62].In con-
trast, treatment with familial hypercholes-
terolemia HDL resulted in a significant increase
in intracellular hsa-miR-105 levels which conse-
quently, induced dramatic alterations of 217
gene expressions in Huh7 cells, compared with
normal HDL-treated cells [62]. Importantly, 60%
of the significantly downregulated mRNAs were
putative targets of hsa-miR-105 [62]. Collec-
tively, these results indicate that native HDL can
efficiently deliver miRNA to recipient cells with
functional targeting capabilities, contributing to
altered gene expression.

Circulating miRNAs in cardiovascular disease

The identification of distinct circulating miRNA
profiles in patients may impact the development
of specific miRNAs as biomarkers. The first
demonstration of a link between circulating
miRNAs and disease came from cancer studies
published in early 2008 [21,82-84]. In these
studies, several miRNAs were detected specifi-
cally in the sera of human patients with each
tumor type. Recent studies have also profiled
circulating miRNAs from patients with cardiovas-
cular disease, and several specific circulating
mMiRNAs have been used to distinguish between
heart disease/injury and healthy subjects, sug-

143

gesting circulating miRNAs may serve as novel
biomarkers in cardiovascular diseases
[28,29,85-94]. It is important to note here that
the use of circulating miRNAs as potential bio-
markers in clinical scenarios depends on the
sensitivity of methods used to detect them,
source material (whole blood, serum, plasma or
purified exosomes) to extract total RNA, and the
accurate normalization. Currently, several en-
dogenous circulating miRNAs (i.e. miR-17-5p,
miR-1249, miR-454, U6, 5SrRNA, and RNUGb)
and spiked-in miRNAs (i.e. synthetic C. elegans
miR-39, -54, and -238) have been used for nor-
malization of circulating miRNAs in cardiovascu-
lar disease [28,29,85-94].

Ischemic heart disease

It is well known that some miRNAs are ex-
pressed in a cell type- and tissue-specific man-
ner. Hence, Ji et al. used an isoproterenol-
induced myocardial-injury rat model to confirm
whether cardiac-specific miRNAs leak from in-
jured cardiomyocytes into the circulating blood
[85]. MiRNA array analysis reveals that miR-208
is exclusively expressed in cardiac myocytes.
Consistently, the plasma concentration of miR-
208, albeit undetectable at baseline, is signifi-
cantly increased during the next 3-12h after
administration of isoproterenol, which shows a
good correlation with the plasma levels of car-
diac troponin | (cTnl), a classic marker of myo-
cardial injury [85]. Importantly, circulating levels
of miR-208 are not increased in a renal-
infarction rat model or a cardiac-hypertrophy
model, indicating a high sensitivity and specific-
ity [85]. However, in a recent follow-up study,
the same group found that expression levels of
miR-208a and miR-208b were very low in hu-
man hearts, and miR-499 is expressed almost
exclusively [86]. When analysis of circulating
miRNAs in 9 patients with acute myocardial in-
farction (AMI), 5 patients with unstable angina
pectoris, 15 individuals with congestive heart
failure (CHF) and 10 healthy subjects, miR-499
was only detected in AMI patients (not in con-
trols or those with CHF) and levels returned to
normal by the time of hospital discharge [86].
These results indicate that miR-499, a cardiac-
specific miRNA, may serve as a biomarker of
myocardial infarction in humans.

Nevertheless, the study by Wang et al. [87] in

evaluation of plasma miRNAs from 33 AMI pa-
tients and 30 healthy people, showed that miR-
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208a was easily detected in 90.9% AMI patients
and in 100% AMI patients within 4 h of the on-
set of symptoms when the cTnl was still de-
tected below the cut-off value. These findings
suggest that miR-208a may serve as a more
sensitive earlier marker of AMI, because the
level of cTnl in blood usually begins to be de-
tectable after 4-8 h of myocardial injury. Incon-
sistently, a recent study by Corsten et al. [88]
observed a robust elevation of plasma miR-
208b and miR-499 levels by 1600-fold and 100
-fold, respectively, in 32 AMI patients, compared
to controls. Both miR-208b and miR-499 corre-
lated significantly to serum levels of troponin T
and creatine phosphokinase (CPK), two markers
of cardiac injury [88].

In addition, Ai et al. [89] measured circulating
levels of miR-1, a muscle-enriched miRNA, in a
cohort of 93 patients with AMI. They found that
miR-1 was significantly elevated in the blood of
AMI patients compared to non-AMI controls, and
increased miR-1 levels were well correlated with
abnormal QRS widening in patients with AMI,
whereas no correlation was found with ST-
segment alterations or levels of cTnl or creatine
kinase (CK)-MB [89]. Consistently, other studies
also showed the circulating miR-1 to be in-
creased in AMI, but in contrast to Ai et al., these
studies demonstrated a positive correlation of
miR-1 levels with CK-MB levels [90], whereas
D’Alessandra et al. [91] showed that miR-1
upregulation in blood from AMI patients corre-
lated with cTnl levels.

Taken together, despite these discrepancies, it
is well accepted that circulating myocardial-
derived miRNAs might be useful as potential
biomarkers for ischemic heart disease.

Heart failure

Recently, several studies have indicated that
patients with heart failure exhibit a different
plasma miRNA profile. Using microarrays to de-
termine the alternations of plasma miRNAs
from 12 CHF patients and 12 healthy controls,
Tijsen et al. [92] reported that 108 miRNAs
were differentially expressed in CHF patients.
Among these dysregulated miRNAs, the best16
candidates were further analyzed by RT-gPCR
and miR-423-5p was specifically enriched in the
blood of heart failure cases [92]. Importantly,
circulating miR-423-5p correlated with N-
terminal prohormone brain natriuretic peptide
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levels ( NT-proBNP) and ejection fraction, sug-
gesting that miR-423-5p appears to be a good
predictor of CHF diagnosis [92]. Interestingly,
miR-1 and miR-208, which are predictive of AMI,
were not increased in CHF, suggesting a specific
miRNA response in blood elicited by different
pathologic conditions [92]. While miR-423-5p
has been reported in array studies to be upregu-
lated in human failing myocardium [16], it re-
mains elusive whether increased circulating miR
-423-5p is derived from the failing heart or
whether there are other mechanisms contribut-
ing to the elevation of circulating miR-423-5p.
Another study by Corsten et al. [88] found a sig-
nificant increase in circulating miR-499 levels in
patients with acute heart failure (AHF), whereas
no alterations of miR-499 were found in dia-
stolic heart failure. Notably, the liver-specific
miR-122, which is associated with hepatic dam-
age, was significantly increased in the blood
from AHF patients, possibly reflecting hepatic
venous congestion [88].

Coronary artery disease

Coronary artery disease (CAD) is still the leading
cause of death worldwide. Endothelial activation
is considered a first step in the development of
atherosclerotic lesion, followed by invasion of
proinflammatory cells and proliferation and de-
differentiation of smooth muscle cells [93, 94].
Several risk factors, such as hypercholes-
terolemia, are known to promote atherosclero-
sis, and various biomarkers have been shown to
identify patients at risk for CAD [93, 94]. Recent
studies indicate that several miRNAs are dys-
regulated in isolated peripheral blood mononu-
clear cells from CAD patients [95]. Fichtlscherer
et al. [29] further determined the circulating
miRNA profiles in plasma of 8 CAD patients and
8 healthy volunteers by a Geniom Biochip. The
array results indicate that most dysregulated
circulating miRNAs are known to be expressed
in the vascular wall, particularly in endothelial
cells [29]. Among which, miR-126, the miR-
17/92 cluster (miR-17, -20a, and -92a), miR-
130a, miR-221, miR-21 and members of the let
-7 family were significantly reduced [29]. Car-
diac miRNAs, except that miR-208b was in-
creased, were detected at lower levels and were
not altered in the blood from CAD patients com-
pared with healthy subjects. To prospectively
validate these data, they measured levels of
miR-126, -17, -92a, -145 and miR-155 in
plasma of 36 CAD patients and 17 healthy con-
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trols by quantitative RT-PCR, and consistently
observed that these miRs were significantly de-
creased [29]. Correlation studies revealed that
vascular and inflammation-linked miRNAs were
altered by vasculoprotective therapies with in-
hibitors of the renin-angjotensin system (i.e.
aspirin and statins). Patients suffering from
prevalent diabetes displayed significantly reduc-
tion in circulating levels of miR-20b, miR-21,
miR-24, miR-15a, miR-126, miR-191, miR-197,
miR-223, miR-320, and miR-486 but a modest
increase of miR-28-3p [29]. The reduced con-
centration of circulating vascular miRNAs de-
tected in patients with CAD may be surprising,
because one would expect that endothelial acti-
vation, as it occurs in patients with CAD, in-
duces the release of exosomes, microvesicles,
and apoptotic bodies, thereby elevating the lev-
els of miRNAs. Given recent experimental stud-
ies demonstrating that miRNA packaged in
exosomes, microvesicles or apoptotic bodies
can be delivered to atherosclerotic lesion, one
may speculate that the reduction of circulating
mMiRNAs detected in patients with CAD might be
caused by an uptake of circulating miRNAs into
atherosclerotic lesions.

Conclusions and future directions

Over the last several years the presence of ex-
tracellular/circulating miRNAs has been de-
tected in a variety of conditions. These miRNAs
are extremely stable, often found in association
with small membranous particles and mostly
with RNA-binding proteins (Ago2, HDL, etc). The
levels of circulating/extracellular miRNAs may
be affected by multiple steps or factors such as
intrinsic/extrinsic stress stimuli to modulate
mMiRNA biogenesis and secretion. Nevertheless,
circulating/extracellular miRNAs clearly have
many requisite features of ideal markers, in-
cluding: 1) stable in various bodily fluids, 2) con-
served sequence among species, 3) specific to
tissue and disease state, and 4) easily meas-
urement by RT-PCR, suggesting that they may
represent novel informative biomarkers for a
range of diseases. Currently, the utmost chal-
lenges in the development of miRNA-based bio-
marker are how to set up a standardized proc-
ess for sample preparation and a more accurate
method to assess the quality and quantity of
miRNA. For example, it is still difficult to deter-
mine appropriate suitable endogenous controls
because the expression profile of circulating
mMiRNAs may change depending on the patient’s
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cardiovascular disease state and medication. In
addition, future studies will also be needed to
determine the potential role of circulating/
extracellular miRNAs as paracrine signaling
molecules in cardiovascular diseases.

Acknowledgement

Research in Fan Lab was supported by NIH
grant HL-087861 and University of Cincinnati
Center for Environmental Genetics (CEG) grant
NIEHS P30-ES006096.

Conflict of interest disclosures

None

Address correspondence to: Guo-Chang Fan, PhD
Department of Pharmacology and Cell Biophysics,
University of Cincinnati College of Medicine, 231
Albert Sabin Way, Cincinnati, OH 45267-0575, Tel:
(513) 558-2340 Fax: (513) 558-2269, E-mail:
fangg@ucmail.uc.edu

References

[1] Bartel DP. MicroRNAs: genomics, biogenesis,
mechanism, and function. Cell 2004; 116:
281-297.

[2] Ambros V. microRNAs: Tiny regulators with
great potential. Cell 2001; 107: 823-826.

[3] Filipowicz W, Bhattacharyya SN, Sonenberg N.
Mechanisms of post-transcriptional regulation
by microRNAs: Are the answers in sight? Nat
Rev Genet 2008; 9: 102-114.

[4] Eulalio A, Huntzinger E, Izaurralde E. Getting to
the root of miRNA-mediated gene silencing.
Cell 2008; 132: 9-14.

[5] Fazi F, Nervi C. MicroRNA: Basic mechanisms
and transcriptional regulatory networks for cell
fate determination. Cardiovasc Res 2008; 79:
553-561.

[6] Baek D, Villén J, Shin C, Camargo FD, Gygi SP,
Bartel DP. The impact of microRNAs on pro-
tein output. Nature 2008; 455: 64-71.

[7] Selbach M, Schwanhausser B, Thierfelder N,
Fang Z, Khanin R, Rajewsky N. Widespread
changes in protein synthesis induced by mi-
croRNAs. Nature 2008; 455: 58-63.

[8] van Rooij E, Olson EN. MicroRNAs: powerful
new regulators of heart disease and provoca-
tive therapeutic targets. J Clin Invest 2007;
117:2369-2376.

[9] Thum T, Catalucci D, Bauersachs J. MicroR-
NAs: novel regulators in cardiac development
and disease. Cardiovasc Res 2008; 79: 562-
70

[10] van Rooij E, Sutherland LB, Thatcher JE, Di-
Maio JM, Naseem RH, Marshall WS, Hill JA,
Olson EN. Dysregulation of microRNAs after

Am J Cardiovasc Dis 2011;1(2):138-149



(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

146

Extracellular miRNAs in cardiovascular disease

myocardial infarction reveals a role of miR-29
in cardiac fibrosis. Proc Natl Acad Sci U S A
2008; 105: 13027-13032.

Ren XP, Wu J, Wang X, Sartor MA, Qian J,
Jones K, Nicolaou P, Pritchard TJ, Fan GC.
MicroRNA-320 is involved in the regulation of
cardiac ischemia/reperfusion injury by target-
ing heat-shock protein 20. Circulation 2009;
119: 2357-66.

Wang X, Zhang X, Ren XP, Chen J, Liu H, Yang
J, Medvedovic M, Hu Z, Fan GC. MicroRNA-
494 targeting both proapoptotic and antiapop-
totic proteins protects against ischemia/
reperfusion-induced cardiac injury. Circulation
2010; 122: 1308-18.

Sayed D, Hong C, Chen 1Y, Lypowy J, Abdellatif
M. MicroRNAs play an essential role in the
development of cardiac hypertrophy. Circ Res
2007; 100:416-24.

Cheng Y, Ji R, Yue J, Yang J, Liu X, Chen H,
Dean DB, Zhang C. MicroRNAs are aberrantly
expressed in hypertrophic heart: do they play
a role in cardiac hypertrophy? Am J Pathol
2007; 170:1831-40.

van Rooij E, Sutherland LB, Liu N, Williams AH,
McAnally J, Gerard RD, et al. A signature pat-
tern of stress-responsive microRNAs that can
evoke cardiac hypertrophy and heart failure.
Proc Natl Acad Sci USA 2006; 103: 18255-
18260

Thum T, Galuppo P, Wolf C, Fiedler J, Kneitz S,
van Laake LW, Doevendans PA, Mummery CL,
Borlak J, Haverich A, Gross C, Engelhardt S,
Ertl G, Bauersachs J. MicroRNAs in the human
heart: a clue to fetal gene reprogramming in
heart failure. Circulation 2007; 116: 258-67.
lkeda S, Kong SW, Lu J, Bisping E, Zhang H,
Allen PD, Golub TR, Pieske B, Pu WT. Altered
microRNA expression in human heart disease.
Physiol Genomics 2007; 31: 367-73.

LuY, Zhang Y, Wang N, Pan Z, Gao X, Zhang F,
Zhang Y, Shan H, Luo X, Bai Y, Sun L, Song W,
Xu C, Wang Z, Yang B. MicroRNA-328 contrib-
utes to adverse electrical remodeling in atrial
fibrillation. Circulation 2010; 122: 2378-87.
Wang Z, Lu Y, Yang B. MicroRNAs and atrial
fibrillation: new fundamentals. Cardiovasc Res
2011; 89: 710-21.

Yang B, Lu Y, Wang Z. Control of cardiac excit-
ability by microRNAs. Cardiovasc Res 2008;
79:571-580.

Mitchell PS, Parkin RK, Kroh EM, Fritz BR,
Wyman SK, Pogosova-Agadjanyan EL, Peter-
son A, Noteboom J, O'Briant KC, Allen A, Lin
DW, Urban N, Drescher CW, Knudsen BS,
Stirewalt DL, Gentleman R, Vessella RL, Nel-
son PS, Martin DB, Tewari M. Circulating mi-
croRNAs as stable blood-based markers for
cancer detection. Proc Natl Acad Sci U S A
2008; 105:10513-10518.

Gilad S, Meiri E, Yogev Y, Benjamin S, Leba-
nony D, Yerushalmi N, Benjamin H, Kushnir M,

(23]

[24]

[25]

(26]

[27]

(28]

[29]

[30]

(31]

(32]

[33]

[34]

Cholakh H, Melamed N, Bentwich Z, Hod M,
Goren Y, Chajut A. Serum microRNAs are
promising novel biomarkers. PLoS ONE 2008;
3:e3148.

Hunter MP, Ismail N, Zhang X, Aguda BD, Lee
EJ, Yu L, Xiao T, Schafer J, Lee ML, Schmittgen
TD, Nana-Sinkam SP, Jarjoura D, Marsh CB.
Detection of microRNA expression in human
peripheral blood microvesicles. PLoS ONE
2008; 3: €3694.

Weber JA, Baxter DH, Zhang S, Huang DY,
Huang KH, Lee MJ, Galas DJ, Wang K. The
microRNA spectrum in 12 body fluids. Clin
Chem 2010; 56: 1733-41.

Laterza OF, Lim L, Garrett-Engele PW, Via-
sakova K, Muniappa N, Tanaka WK, Johnson
JM, Sina JF, Fare TL, Sistare FD, Glaab WE.
Plasma MicroRNAs as sensitive and specific
biomarkers of tissue injury. Clin Chem 2009;
55: 1977-83.

Wang K, Zhang S, Marzolf B, Troisch P, Bright-
man A, Hu Z, Hood LE, Galas DJ. Circulating
microRNAs, potential biomarkers for drug-
induced liver injury. Proc Natl Acad Sci U S A
2009; 106: 4402-7.

Kosaka N, lguchi H, Ochiya T. Circulating mi-
croRNA in body fluid: a new potential bio-
marker for cancer diagnosis and prognosis.
Cancer Sci 2010; 101: 2087-92.

Dimmeler S, Zeiher AM. Circulating microR-
NAs: novel biomarkers for cardiovascular dis-
eases? Eur Heart J 2010; 31: 2705-7.
Fichtlscherer S, De Rosa S, Fox H, Schwietz T,
Fischer A, Liebetrau C, Weber M, Hamm CW,
Réxe T, Muller-Ardogan M, Bonauer A, Zeiher
AM, Dimmeler S. Circulating microRNAs in
patients with coronary artery disease. Circ Res
2010; 107:677-84.

Lee Y, Kim M, Han JJ, Yeom KH, Lee S, Baek
SH, and Kim VN. MicroRNA genes are tran-
scribed by RNA polymerase Il. EMBO J 2004;
23, 4051-4060

Cai X, Hagedorn CH, and Cullen BR. Human
microRNAs are processed from capped,
polyadenylated transcripts that can also func-
tion as MRNAs. RNA 2004; 10, 1957-1966
Ozsolak F, Poling LL, Wang Z, Liu H, Liu XS,
Roeder RG, Zhang X, Song JS, and Fisher DE.
Chromatin structure analyses identify miRNA
promoters. Genes Dev 2008; 22, 3172-3183
Corcoran DL, Pandit KV, Gordon
B,Bhattacharjee A, Kaminski N, and Benos PV.
Features of mammalian microRNA promoters
emerge from polymerase Il chromatin im-
munoprecipitation data. PLoS ONE 2009; 4,
eb279

Zhang X, Wang X, Zhu H, Zhu C, Wang Y, Pu
WT, Jegga AG, Fan GC. Synergistic effects of
the GATA-4-mediated miR-144/451 cluster in
protection against simulated ischemia/
reperfusion-induced cardiomyocyte death. J
Mol Cell Cardiol 2010; 49: 841-50.

Am J Cardiovasc Dis 2011;1(2):138-149



[35]

(36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

147

Extracellular miRNAs in cardiovascular disease

Lee Y, Ahn C, Han JJ, Choi H, Kim J, Yim J, Lee
J, Provost P, Radmark O, Kim S, and Kim VN.
The nuclear RNase Il Drosha initiates mi-
croRNA processing. Nature 2003; 425: 415-
419

Denli AM, Tops BB, Plasterk RH, Ketting RF,
and Hannon GJ. Processing of primary microR-
NAs by the Microprocessor complex. Nature
2004; 432:231-235

Zeng Y, Yi R, and Cullen BR. Recognition and
cleavage of primary microRNA precursors by
the nuclear processing enzyme Drosha. EMBO
J2005; 24: 138-148

Han JJ, Lee Y, Yeom KH, Kim YK, Jin H, and
Kim VN. The Drosha-DGCR8 complex in pri-
mary microRNA processing. Genes Dev 2004;
18: 3016-3027

Shiohama A, Sasaki T, Noda S, Minoshima S,
and Shimizu N. Nucleolar localization of
DGCRS8 and identification of eleven DGCR8-
associated proteins. Exp Cell Res 2007; 313:
4196-4207

Fukuda T, Yamagata K, Fujiyama S, Matsu-
moto T, Koshida I, Yoshimura K, Mihara M,
Naitou M, Endoh H, Nakamura T, Akimoto C,
Yamamoto Y, Katagiri T, Foulds C, Takezawa
S, Kitagawa H, Takeyama K, O'Malley BW,
Kato S. DEAD-box RNA helicase subunits of
the Drosha complex are required for process-
ing of rRNA and a subset of microRNAs. Nat
Cell Biol 2007; 9: 604-611

Fuller-Pace FV and Ali S. The DEAD box RNA
helicases p68 (Ddx5) and p72 (Ddx17): novel
transcriptional co-regulators. Biochem. Soc
Trans., 2008; 36:609-612

Fuller-Pace FV. DExD/H box RNA helicases:
multifunctional proteins with important roles
in transcriptional regulation. Nucleic Acids Res
2006; 34: 4206-4215

Hutvagner G, McLachlan J, Pasquinelli AE,
Balint E, Tuschl T, and Zamore PD. A cellular
function for the RNA-interference enzyme
Dicer in the maturation of the let-7 small tem-
poral RNA. Science 2001; 293: 834-838
Ketting RF, Fischer SE, Bernstein E, Sijen T,
Hannon GJ, and Plasterk RH. Dicer functions
in RNA interference and in synthesis of small
RNA involved in developmental timing in C.
elegans. Genes Dev 2001; 15: 2654-2659
Haase A, Jaskiewicz L, Zhang H, Laine’ S, Sack
R, Gatignol A, and Filipowicz W. TRBP, a regu-
lator of cellular PKR and HIV-1 virus expres-
sion, interacts with Dicer and functions in RNA
silencing. EMBO Rep 2005; 6: 961-967
Hutvagner G and Simard MJ. Argonaute pro-
teins: key players in RNA silencing. Nat. Rev.
Mol. Cell Biol 2008; 9: 22-32

Chendrimada TP, Gregory RI, Kumaraswamy
E, Norman J, Cooch N, Nishikura K, and Shiek-
hattar R. TRBP recruits the Dicer complex to
Ago2 for microRNA processing and gene si-
lencing. Nature 2005; 436: 740-744

(48]

[49]

(50]

(51]

[52]

(53]

(54]

(55]

(56]

(57]

(58]

(59]

(60]

Diederichs S and Haber DA. Dual role for argo-
nautes in microRNA processing and posttrans-
criptional regulation of microRNA expression.
Cell 2007; 131: 1097-1108

O’Carroll D, Mecklenbrauker |, Das PP,
Santana A, Koenig U, Enright AJ, Miska EA,
and Tarakhovsky A. A Slicer-independent role
for Argonaute 2 in hematopoiesis and the
microRNA pathway. Genes Dev 2007; 21:
1999-2004

Gibbings DJ, Ciaudo C, Erhardt M & Voinnet O.
Multivesicular bodies associate with compo-
nents of mMiRNA effector complexes and modu-
late miRNA activity. Nature Cell Biol 2009; 11:
1143-1149.

Lee YS, Pressman S, Andress AP, Kim K, White
JL, Cassidy JJ, Li X, Lubell K, Lim do H, Cho IS,
Nakahara K, Preall JB, Bellare P, Sontheimer
EJ, Carthew RW. Silencing by small RNAs is
linked to endosomal trafficking. Nature Cell
Biol 2009; 11: 1150-1156.

Tahbaz N, Carmichael JB & Hobman TC.
GERp95 belongs to a family of signal-
transducing proteins and requires Hsp90 ac-
tivity for stability and Golgi localization. J Biol
Chem 2001; 276: 43294-43299.

Cikaluk DE, Tahbaz N, Hendricks LC, DiMattia
GE, Hansen D, Pilgrim D, Hobman TC.
GERp95, a membrane-associated protein that
belongs to a family of proteins involved in
stem cell differentiation. Mol Biol Cell 1999;
10: 3357-3372.

Tahbaz N, Kolb FA, Zhang H, Jaronczyk K,
Filipowicz W, Hobman TC. Characterization of
the interactions between mammalian PAZ
PIWI domain proteins and Dicer. EMBO Rep
2004; 5: 189-194.

Wang K, Zhang S, Weber J, Baxter D, Galas DJ.
Export of microRNAs and microRNA-protective
protein by mammalian cells. Nucleic Acids Res
2010; 38: 7248-59.

Zernecke A, Bidzhekov K, Noels H, Shagdar-
suren E, Gan L, Denecke B, Hristov M, Képpel
T, Jahantigh MN, Lutgens E, Wang S, Olson
EN, Schober A, Weber C. Delivery of microRNA-
126 by apoptotic bodies induces CXCL12-
dependent vascular protection. Sci Signal
2009; 2: ra81.

Eldh M, Ekstrom K, Valadi H, Sjéstrand M,
Olsson B, Jernas M, Létvall J. Exosomes com-
municate protective messages during oxida-
tive stress; possible role of exosomal shuttle
RNA. PLoS One 2010; 5:15353.

Yuan A, Farber EL, Rapoport AL, Tejada D,
Deniskin R, Akhmedov NB, Farber DB. Trans-
fer of microRNAs by embryonic stem cell mi-
crovesicles. PLoS One 2009; 4: e4722.

Akao Y, lio A, Itoh T, Noguchi S, Itoh Y, Ohtsuki
Y, Naoe T. Microvesicle-mediated RNA mole-
cule delivery system using monocytes/
macrophages. Mol Ther 2011; 19: 395-9.
Turchinovich A, Weiz L, Langheinz A, Burwinkel

Am J Cardiovasc Dis 2011;1(2):138-149



[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

148

Extracellular miRNAs in cardiovascular disease

B. Characterization of extracellular circulating
microRNA. Nucleic Acids Res 2011 May 24.
[Epub ahead of print] PubMed PMID:
21609964.

Arroyo JD, Chevillet JR, Kroh EM, Ruf IK,
Pritchard CC, Gibson DF, Mitchell PS, Bennett
CF, Pogosova-Agadjanyan EL, Stirewalt DL,
Tait JF, Tewari M. Argonaute2 complexes carry
a population of circulating microRNAs inde-
pendent of vesicles in human plasma. Proc
Natl Acad Sci U S A 2011;108: 5003-8.
Vickers KC, Palmisano BT, Shoucri BM, Sham-
burek RD, Remaley AT. MicroRNAs are trans-
ported in plasma and delivered to recipient
cells by high-density lipoproteins. Nat Cell Biol
2011; 13:423-33.

Hata T, Murakami K, Nakatani H, Yamamoto
Y, Matsuda T, Aoki N. Isolation of bovine milk-
derived microvesicles carrying mRNAs and
microRNAs. Biochem Biophys Res Commun
2010; 396: 528-33.

Théry C, Ostrowski M, Segura E. Membrane
vesicles as conveyors of immune responses.
Nat Rev Immunol 2009; 9: 581-93.

Camussi G, Deregibus MC, Bruno S, Canta-
luppi V, Biancone L. Exosomes/microvesicles
as a mechanism of cell-to-cell communication.
Kidney Int 2010; 78: 838-48.

Jy W, Horstman LL, Ahn YS. Microparticle size
and its relation to composition, functional
activity, and clinical significance. Semin
Thromb Hemost 2010; 36: 876-80.

Silverman JM, Reiner NE. Exosomes and other
microvesicles in infection biology: organelles
with unanticipated phenotypes. Cell Microbiol
2011; 13: 1-9.

Anderson HC, Mulhall D, Garimella R. Role of
extracellular membrane vesicles in the patho-
genesis of various diseases, including cancer,
renal diseases, atherosclerosis, and arthritis.
Lab Invest 2010; 90: 1549-57.

Mathivanan S, Ji H, Simpson RJ. Exosomes:
extracellular organelles important in intercellu-
lar communication. J Proteomics 2010; 73:
1907-20.

Record M, Subra C, Silvente-Poirot S, Poirot M.
Exosomes as intercellular signalosomes and
pharmacological effectors. Biochem Pharma-
col 2011; 81: 1171-82.

Kosaka N, lguchi H, Yoshioka Y, Takeshita F,
Matsuki Y, Ochiya T. Secretory mechanisms
and intercellular transfer of microRNAs in
living cells. J Biol Chem 2010; 285: 17442-
52.

Ohshima K, Inoue K, Fujiwara A, Hatakeyama
K, Kanto K, Watanabe Y, Muramatsu K, Fu-
kuda Y, Ogura S, Yamaguchi K, Mochizuki T.
Let-7 microRNA family is selectively secreted
into the extracellular environment via
exosomes in a metastatic gastric cancer cell
line. PLoS One 2010; 5: e13247.

Pigati L, Yaddanapudi SC, lyengar R, Kim DJ,

[74]

[75]

[76]

[(77]

[78]

[79]

[80]

(81]

(82]

(83]

Hearn SA, Danforth D, Hastings ML, Duelli DM.
Selective release of microRNA species from
normal and malignant mammary epithelial
cells. PLoS One 2010; 5: e13515.

Chang J, Nicolas E, Marks D, Sander C, Lerro
A, Buendia MA, Xu C, Mason WS, Moloshok T,
Bort R, Zaret KS, Taylor JM. miR-122, a mam-
malian liver-specific microRNA, is processed
from hcr mRNA and may downregulate the
high affinity cationic amino acid transporter
CAT-1. RNA Biol 2004; 1: 106-13.

Iguchi H, Kosaka N, Ochiya T. Secretory mi-
croRNAs as a versatile communication tool.
Commun Integr Biol 2010; 3: 478-81.
Zhang, Liu D, Chen X, Li J, Li L, Bian Z, Sun F,
Lu J,YinY, Cai X, Sun Q, Wang K, Ba Y, Wang
Q, Wang D, Yang J, Liu P, Xu T, Yan Q, Zhang J,
Zen K, Zhang CY. Secreted monocytic miR-
150 enhances targeted endothelial cell migra-
tion. Mol Cell 2010; 39: 133-44.

Skog J, Wurdinger T, van Rijn S, Meijer DH,
Gainche L, Sena-Esteves M, Curry WT, Jr,
Carter BS, Krichevsky AM, Breakefield XO.
Glioblastoma microvesicles transport RNA and
proteins that promote tumour growth and
provide diagnostic biomarkers. Nat Cell Biol
2008; 10: 1470-1476.

Pegtel DM, Cosmopoulos K, Thorley-Lawson
DA, van Eijndhoven MA, Hopmans ES, Linden-
berg JL, de Gruijl TD, Wurdinger T, Middeldorp
JM. Functional delivery of viral miRNAs via
exosomes. Proc Natl Acad Sci U S A 2010;
107: 6328-33.

Hristov M, Erl W, Linder S, Weber PC. Apop-
totic bodies from endothelial cells enhance
the number and initiate the differentiation of
human endothelial progenitor cells in vitro.
Blood 2004; 104: 2761-6.

Zernecke A, Schober A, Bot |, von Hundel-
shausen P, Liehn EA, Moépps B, Mericskay M,
Gierschik P, Biessen EA, Weber C. SDF-
lalpha/CXCR4 axis is instrumental in neointi-
mal hyperplasia and recruitment of smooth
muscle progenitor cells. Circ Res 2005; 96:
784-91.

Leroyer AS, Isobe H, Leséche G, Castier Y,
Wassef M, Mallat Z, Binder BR, Tedgui A, Bou-
langer CM. Cellular origins and thrombogenic
activity of microparticles isolated from human
atherosclerotic plagues. J Am Coll Cardiol
2007;49: 772-7.

Lawrie CH, Gal S, Dunlop HM, Pushkaran B,
Liggins AP, Pulford K, Banham AH, Pezzella F,
Boultwood J, Wainscoat JS, Hatton CS, Harris
AL. Detection of elevated levels of tumour-
associated microRNAs in serum of patients
with diffuse large B-cell lymphoma. Br J
Haematol 2008; 141: 672-5.

Chen X, Ba Y, Ma L, Cai X, Yin Y, Wang K, Guo
J, Zhang Y, Chen J, Guo X, Li Q, Li X, Wang W,
Zhang Y, Wang J, Jiang X, Xiang Y, Xu C, Zheng
P, Zhang J, Li R, Zhang H, Shang X, Gong T,

Am J Cardiovasc Dis 2011;1(2):138-149



(84]

[85]

[86]

(87]

(88]

[89]

[90]

149

Extracellular miRNAs in cardiovascular disease

Ning G, Wang J, Zen K, Zhang J, Zhang CY.
Characterization of microRNAs in serum: a
novel class of biomarkers for diagnosis of
cancer and other diseases. Cell Res 2008; 18:
997-1006.

Gilad S, Meiri E, Yogev Y, Benjamin S, Leba-
nony D, Yerushalmi N, Benjamin H, Kushnir M,
Cholakh H, Melamed N, Bentwich Z, Hod M,
Goren Y, Chajut A. Serum microRNAs are
promising novel biomarkers. PLoS One 2008;
3:e3148.

Ji X, Takahashi R, Hiura Y, Hirokawa G, Fuku-
shima Y, Iwai N. Plasma miR-208 as a bio-
marker of myocardial injury. Clin Chem 2009;
55: 1944-1949.

Adachi T, Nakanishi M, Otsuka Y, Nishimura K,
Hirokawa G, Goto Y, Nonogi H, Iwai N. Plasma
microRNA 499 as a biomarker of acute myo-
cardial infarction. Clin Chem 2010; 56: 1183-
1185.

Wang GK, Zhu JQ, Zhang JT, Li Q, Li Y, He J,
Qin YW, lJing Q. Circulating microRNA: a novel
potential biomarker for early diagnosis of
acute myocardial infarction in humans. Eur
Heart J 2010; 31: 659-666.

Corsten MF, Dennert R, Jochems S,
Kuznetsova T, Devaux Y, Hofstra L, Wagner
DR, Staessen JA, Heymans S, Schroen B. Cir-
culating MicroRNA-208b and MicroRNA-499
reflect myocardial damage in cardiovascular
disease. Circ Cardiovasc Genet 2010; 3: 499-
506.

AiJ, Zhang R, LiY, PuJ, Lu Y, Jiao J, Li K, Yu B,
Li Z, Wang R, Wang L, Li Q, Wang N, Shan H,
Yang B. Circulating microRNA-1 as a potential
novel biomarker for acute myocardial infarc-
tion. Biochem Biophys Res Commun 2010;
391: 73-77.

Cheng Y, Tan N, Yang J, Liu X, Cao X, He P,
Dong X, Qin S, Zhang C. A translational study
of circulating cell-free microRNA-1 in acute
myocardial infarction. Clin Sci (Lond) 2010;
119: 87-95.

[91]

[92]

(93]

[94]

[95]

D'Alessandra Y, Devanna P, Limana F, Straino
S, Di Carlo A, Brambilla PG, Rubino M, Carena
MC, Spazzafumo L, De Simone M, Micheli B,
Biglioli P, Achilli F, Martelli F, Maggiolini S,
Marenzi G, Pompilio G, Capogrossi MC. Circu-
lating microRNAs are new and sensitive bio-
markers of myocardial infarction. Eur Heart J
2010; 31: 2765-73.

Tijsen AJ, Creemers EE, Moerland PD, de
Windt LJ, van der Wal AC, Kok WE, Pinto YM.
MiR423-5p as a circulating biomarker for
heart failure. Circ Res 2010; 106: 1035-
1039.

Lerman A, Zeiher AM. Endothelial function:
cardiac events. Circulation 2005; 111: 363-
368.

Libby P, Ridker PM, Maseri A. Inflammation
and atherosclerosis. Circulation 2002; 105:
1135-1143.

Hoekstra M, van der Lans CA, Halvorsen B,
Gullestad L, Kuiper J, Aukrust P, van Berkel TJ,
Biessen EA. The peripheral blood mononu-
clear cell microRNA signature of coronary ar-
tery disease. Biochem Biophys Res Commun
2010; 394: 792-797.

Am J Cardiovasc Dis 2011;1(2):138-149




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


