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Preface

The major parts of mammalian genomes encode for transcripts that are not fur-
ther translated into proteins. Indeed, RNA-sequencing techniques have led to the 
discovery of thousands of noncoding transcripts with unknown function. There 
are several types of noncoding linear RNAs such as microRNAs (miRNA) and 
long noncoding RNAs (lncRNA). In addition, circular RNAs (circRNA) consist-
ing of a closed continuous loop by back splicing are another class of noncoding 
RNAs which appear rather stable. Noncoding RNAs are dynamically expressed 
in different cell types, diseases, or developmental stages to execute a wide vari-
ety of regulatory roles at virtually every step of gene expression and translation. 
Importantly, noncoding RNAs are currently explored as therapeutic targets and 
diagnostic molecules in a wide range of diseases including cardiovascular disease. 
In this specific book, we give an overview about the current role of noncoding 
RNAs specifically in the vasculature. Of note, many authors are members of the 
Leducq Foundation Network MIRVAD that focuses specifically on the research 
of miRNAs and other noncoding RNAs in vascular cell types. The first chapter 
gives an overview about the role of miRNAs in diabetes and related vascular 
complications. This includes a wide range of topics including the role of miRNAs 
in microvascular-related complications of diabetic patients such as nephropathy, 
retinopathy, or neuropathy but also macrovascular complications such as cardiac 
diseases and peripheral arterial disease.

Next, Chap. 2 discusses how miRNAs can be used to improve stem cell-based 
regenerative therapies of cardiovascular diseases, whereas Chap. 3 reports on miR-
NAs, which regulate lipoprotein metabolism in the liver and reverse cholesterol 
transport. This is of interest as liver metabolic diseases are tightly linked to the 
development of vascular disease. Indeed, metabolic disease can lead to severe ath-
erosclerosis, a topic that is next discussed in Chap. 4. Finally, Chap. 5 discusses the 
use of circulating miRNAs as disease biomarkers and shows interesting correlations 
with the amount of detectable miRNAs in the blood and future cardiovascular risks. 
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In conclusion, this book gives an update about exciting novel developments in 
 vascular noncoding RNA research and the implications for future novel clinical 
diagnostic and therapeutic strategies of cardiovascular disease.

Hannover, Germany Thomas Thum
Frankfurt, Germany Stefanie Dimmeler

The original version of this volume was revised as it was originally published unnumbered. The 
revised version now has been numbered; numbering is done following the order of appearance in 
the book series Cardiac and Vascular Biology. The respective correction note can be found at 
https://doi.org/10.1007/978-3-319-52945-5_6

Preface
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Abstract
Our knowledge in the role of small non-coding RNA molecules in the regulation 
of tissue homeostasis and disease in the cardiovascular system is steadily grow-
ing. Among this group of RNA molecules, microRNAs (miRNAs) fulfill impor-
tant functions in cellular behavior of endothelial cells, vascular smooth muscle 
cells, and macrophages by influencing the protein output levels of a high variety 
of genes with crucial outcomes in the atherosclerotic setting. For example, miR- 
155 can intensify early stages of atherosclerosis by increasing inflammatory acti-
vation and inefficient lipid handling in macrophages. However, miRNAs display 
also important atheroprotective roles as demonstrated for the complementary 
strands of miR-126, which form a dual system sustaining the endothelial prolif-
erative reserve and promoting endothelial regeneration to counteract atherogenic 
effects of disturbed flow and hyperlipidemia.

Excitingly, miRNA functions are not restricted to the producing cells but can 
be transferred to other cells by secretion and transport within extracellular vesi-
cles including exosomes and microvesicles. Moreover, circulating miRNAs are 
found in the blood stream stabilized by complex formation with lipoproteins and 
ribonucleoprotein complexes. Once incorporated by the recipient cells, these 
extracellular miRNAs regulate target mRNAs thereby acting as a new gadget in 
cell-cell communication also in atherosclerosis. This chapter provides novel 
 concepts on regulatory mechanisms of miRNAs including the function of RNA 
sponges, miRNA tandems, and the complementary role of miRNA strand pairs 
and discusses their diagnostic and therapeutic potential in atherosclerosis.

1.1  Introduction

Atherosclerosis is propitiated by a lipid-induced chronic inflammation of the vessel 
wall. This process is orchestrated by a complex interplay of various cell types, such 
as endothelial cells (ECs), smooth muscle cells (SMCs), and macrophages. 
Atherosclerotic lesions preferentially develop at branching points of large arterial 
tree and the inner curvature of the aortic arch. At these so-called predilection sites, 
the ECs are constantly exposed to a disturbed blood flow that results in cell dysfunc-
tion by upregulating inflammatory genes such as adhesion molecules and chemo-
kines (Nam et al. 2009; Weber and Noels 2011). Conversely, a stable or laminar flow 
exerts anti-inflammatory effects and protects from artery wall thickening by promot-
ing the expression of atheroprotective genes such as Kruppel-like factor 2 (Klf2), 
Klf4, and eNOS (Dekker et al. 2006). Under the influence of these hemodynamic 
forces, miRNAs serve as direct mediators of blood flow sensorial mechanisms by 
interfering with the inflammatory cascade through regulation of signaling pathways 
or directly modulating the expression of genes implicated in atherosclerosis.

Since 1993 where miRNAs emerged as key regulators of gene expression typi-
cally by repressing the target mRNA, the number of publications addressing the 
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interplay of these tiny molecules in regulation has been steadily growing (Lee et al. 
1993). Here we outline the most recent concepts on mechanism of action of 
miRNAs.

1.2  miRNA-Mediated Regulatory Mechanisms

miRNAs have been demonstrated to regulate a variety of cellular mechanisms as 
inflammation, cell regeneration, or lipid metabolism, thereby contributing in differ-
ent manner to the progression of atherosclerosis (Rayner et al. 2012). The canonical 
miRNA biogenesis starts with nuclear processing of primary miRNA transcripts by 
the Drosha complex into precursor miRNAs (Ha and Kim 2014). These precursors 
are then transported to the cytoplasm which are further processed by the RNase III 
enzyme Dicer yielding miRNA-miRNA* heteroduplexes (Ha and Kim 2014). The 
miRNA duplex is loaded into the pre-RISC and undergoes strand selection. In the 
mature RISC, the selected miRNA strand binds to mRNA targets triggering their 
translation inhibition or degradation (Fig. 1.1) (Ha and Kim 2014). In addition, 
miRNAs can be generated by noncanonical pathways independent of Drosha or 
Dicer activities, like miR-320 or miR-451 (Ha and Kim 2014). miRNAs target 
mRNAs primarily by pairing of miRNA seed sequences (i.e., the nucleotides 2–8 at 
the 5′ end) and the miRNA response elements (MRE) within RNAs. Although 
MREs are frequently present in the 3′ untranslated region (UTR) of target RNA, 
several miRNAs can bind to their targets by pairing to their coding regions or 
5’UTRs (Helwak et al. 2013). These short seed match and incomplete base pairing 
between miRNA and mRNA enables a single miRNA to target up to hundreds of 
different RNA molecules (Friedman et al. 2009). Although miRNAs typically target 
mRNAs, a wide range of RNA molecules including pseudogenes, long-intergenic 
non-coding RNAs, ribosomal RNAs, transfer RNAs, small nuclear RNAs, and also 
other miRNAs has been demonstrated to be targeted by miRNAs (Helwak et al. 
2013). These miRNA-mediated effects can be regulated by various factors such as 
abundance of miRNAs or of their targets, differential expression of miRNAs, and 
relative abundance of target sites (i.e., the relative number of sites within the tran-
scriptome for an individual miRNA) (Arvey et al. 2010; Garcia et al. 2011). Recent 
studies have confirmed the relevance of novel miRNA mechanisms in atherosclero-
sis as, for instance, the role of coexisting miRNAs strands of a single miRNA pre-
cursor, the modulation by miRNAs sponges, and the paracrine effects of miRNAs in 
circulation (Fig. 1.1).

1.2.1  Regulatory Mechanisms of miRNA Strands Derived 
from a Single Precursor

One of the doctrines in the biogenesis of miRNAs claims that for each miRNA, only 
one strand, the guide strand (miRNA), is assembled into the active RISC; the other 
strand, called passenger or antisense in terms of relative polarity (miRNA*), is 
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destroyed (Matranga et al. 2005). However, in contrast to previous beliefs, passen-
ger strands may not always be cleaved but remain functional in translational pro-
cesses thereby triggering synergistic or opposite cellular mechanisms as compared 
to that of the guide strand (Fig. 1.1) (Czech et al. 2009; Marco et al. 2012; Sakurai 
et al. 2011). Interestingly, coexisting miRNA-miRNA* pairs can either target the 
same mRNA molecule as described for miR-126, miR-582, and miR-17 or bind to 
different mRNAs as described for miR-28 (Zhang et al. 2013; Uchino et al. 2013; 
Yang et al. 2013; Almeida et al. 2012). Remarkably, miRNA-miRNA* pairs may 

Fig. 1.1 Model of biogenesis and regulatory mechanisms of mature miRNAs. In the nucleus, 
miRNAs are transcribed from DNA and further processed by Drosha to a precursor hairpin miRNA 
(pre-miRNA). After being transported into the cytoplasm by a Exportin 5-dependent mechanism, 
the precursor miRNA is further cleaved by Dicer into mature miRNA heteroduplexes (miRNA- 
miRNA*). The processed miRNA strands can guide RISC with help of AGO2 to mRNA targets for 
translation inhibition, be inhibited in function by binding to the MREs of miRNA sponges or be 
extracellular transported into circulation. Cytoplasmic miRNAs can exit the cell enclosed within 
membranous vesicles as exosomes (generated from the fusion of MVB with the plasma mem-
brane), microvesicles, or apoptotic bodies. miRNAs are released also vesicle-free associated with 
lipoproteins, such as HDL or RNA-binding proteins, such as AGO2 or NPM1. Once in circulation 
miRNAs are remarkably stable and regulate functions of the recipient cells. RISC RNA-induced 
silencing complex, AGO2 argonaute protein 2, MVB multivesicular body, NPM1 nucleophosmin1, 
coRNAs coding RNAs, ncoRNAs non-coding RNAs, cRNAs circular RNAs, HDL high-density 
lipoprotein

V. Egea et al.
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play different roles in specific cell types within a tissue but ultimately may mediate 
the similar effects under disease condition (Thum et al. 2008; Bang et al. 2014). For 
instance, miR-21-5p is expressed and upregulated in cardiac fibroblasts of the fail-
ing heart and activates ERK-MAP kinase signaling, thus contributing to fibrosis, 
hypertrophy, and cardiac dysfunction (Thum et al. 2008). On the other hand, the 
guide strand miR-21-3p is increased in pericardial fluid of mice with left ventricular 
pressure overload-induced hypertrophy after aortic constriction (Bang et al. 2014); 
it is packed in fibroblast-derived exosomes and delivered to cardiomyocytes, where 
it mediates their hypertrophy (Bang et al. 2014). Thus, the combined regulatory 
roles of miRNA pairs should be taken into account in miRNA functional studies.

1.2.2  RNA Sponges in the Regulation of miRNA Activity

The hypothesis of competing endogenous RNA (ceRNA) molecules, better known 
as RNA sponges, represents a novel regulatory dimension in translational biology. 
ceRNAs function as sponges that sequester miRNAs to influence the expression 
level of other transcripts sharing common miRNA response elements (MREs). RNA 
molecules of different fates such as non-coding RNAs, circular RNAs, and pseudo-
genes can compete for miRNA binding due to the presence of similar MREs (Fig. 
1.1) (Salmena et al. 2011; Tay et al. 2014). Under particular conditions, RNA mol-
ecules with a large number of MREs, such as circular RNA (CDR1as) containing 
several miR-7 seed matches, can act as a miRNA sponge by efficiently binding and 
thereby eliminating specific miRNAs from their defined targets (Hansen et al. 
2013). In addition, non-coding pseudogenes, such as PTENP1, which contain simi-
lar MREs as their ancestral gene (PTEN) is capable to bind and compete for the 
same miRNAs (Poliseno et al. 2010). Basically, the ceRNA mechanism may only be 
relevant for miRNAs that target two or more RNA molecules because miRNAs that 
bind to a single target mRNA are not regulated by ceRNAs (Helwak et al. 2013).

The sponge mechanism of ceRNAs is modulated by various parameters includ-
ing stability of miRNA expression, large changes in ceRNA expression, accessibil-
ity of ceRNA influenced by cellular localization or interaction with RNA-binding 
proteins, and the efficiency of miRNAs binding to each MRE (Salmena et al. 2011). 
However, the ceRNA model may not be relevant for all miRNAs and differ between 
cell types. For instance, the manipulation of miR-122 target abundance in the liver 
in a physiological and disease setting did not significantly affect gene expression 
and metabolism in the tissue (Denzler et al. 2014).

1.2.3  Circulating miRNAs: Messengers on the Move

miRNAs are not intracellularly confined; indeed, they are remarkably stable in the 
extracellular space being detected in various physiological fluids of the human 
body, such as plasma and breast milk (Mitchell et al. 2008; Kosaka et al. 2010a; 
Weber et al. 2010). Variation on the miRNA profile in circulation has been described 
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in numerous diseases, including cardiovascular diseases and cancer (Etheridge et al. 
2011; Fichtlscherer et al. 2011; Creemers et al. 2012). miRNAs even in an unpro-
cessed form do exist in the cell enclosed in vesicles such as microvesicles, exo-
somes, or apoptotic bodies or are released building a complex with other molecules 
such as Argonaute proteins or nucleophosmin1 (NPM1) or associated with high-
density lipoproteins (HDL) (Fig. 1.1) (Kosaka et al. 2010b; Vickers and Remaley 
2012; Arroyo et al. 2011a). Arroyo et al. have demonstrated that vesicle- associated 
miRNAs represent a minority in the circulation, whereas the majority of miRNAs 
are present in a non-membrane-bound form (Arroyo et al. 2011b). Some miRNAs 
can become enriched in secretory vesicles, such as exosomes and apoptotic bodies, 
through sequence-specific interactions with RNA-binding proteins that regulate the 
loading into exosomes (Villarroya-Beltri et al. 2013; Zernecke et al. 2009). Similar 
to secreted proteins, miRNAs released from cells can mediate communication with 
remote cells. For instance, the atheroprotective laminar flow increases Klf2 levels 
triggering the release of miR-143 and miR-145 from ECs in microvesicles, which 
are taken up by neighboring smooth muscle cells (SMC) mediated thereby a benefi-
cial contractile SMC phenotype (Hergenreider et al. 2012).

1.3  Regulation of Inflammatory Macrophage Activation 
by a miRNA Tandem

Inflammatory monocytes are recruited to the inflamed endothelium of the artery 
wall where they differentiate into macrophages. By the ingestion of modified low- 
density lipoproteins (LDLs), macrophages produce free cholesterol that is further 
exported to the liver in HDL form (Cuchel and Rader 2006). However, excessive 
lipid accumulation leads to a chronic, unresolved inflammatory response of macro-
phages that exacerbate atherosclerosis.

Macrophages undergo specific differentiation depending on the local tissue envi-
ronment. Two distinct states of polarized activation of macrophages have been 
defined: the classically activated (M1) macrophage phenotype and the alternatively 
(M2) macrophage phenotype. Both phenotypes display different roles, and whereas 
activated M1 macrophages act as effector cells during the immune response, 
M2-activated macrophages are rather involved in immunosuppression. Several 
M1-M2 intermediates have been described and identified in atherosclerosis (Wolfs 
et al. 2011; Murray et al. 2014; Locati et al. 2013). Inflammatory activation of mac-
rophages induces signaling cascades such as TLR/Myd88 and NF-κβ, transcription 
factors, inflammatory mediators, and miRNAs (Tedgui and Mallat 2006). During 
this M1-type activation, numerous miRNAs are downregulated, whereas a small set 
of miRNAs are upregulated such as miR-147 and miR-155 (Curtale et al. 2013; Ma 
et al. 2011; O’Connell et al. 2010; Nazari-Jahantigh et al. 2012a; Graff et al. 2012).

miR-155 is encoded by exon 3 of B-cell receptor inducible (BIC) gene and con-
trols several aspects of macrophage function such as inflammatory response, lipid 
uptake, and apoptosis (Nazari-Jahantigh et al. 2012a; Koch et al. 2012). miR-155 
expression is reduced during macrophage differentiation while it is strongly induced 
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upon M1 polarization through MyD88- and TRIF-dependent signaling cascades 
(Nazari-Jahantigh et al. 2012a; O’Connell et al. 2007). In addition, LDL and mildly 
oxidized LDL can induce the expression of miR-155 in macrophages (Nazari- 
Jahantigh et al. 2012a). miR-155 expression is negatively regulated in macrophages 
by the transcription factors Ets2 and YY1 (Quinn et al. 2014; Tian et al. 2014) and 
by the protein kinase AKT1, which is activated by TLR signaling (Androulidaki 
et al. 2009). PI3K-AKT signaling limits the expression of inflammatory mediators 
in macrophages, and the suppression of AKT1 promotes the inflammatory M1-type 
phenotype by upregulation of miR-155 (Guha and Mackman 2002; Arranz et al. 
2012; Androulidaki et al. 2009).

Beyond that, miR-155 can also be indirectly regulated by other miRNA, and so 
miR-342-5p can increase the expression of miR-155 in macrophages by targeting 
AKT1 thereby triggering the expression of pro-inflammatory mediators such as 
NO, TNFα, and IL6 (Wei et al. 2013a). Although the expression of miR-342-5p is 
not regulated during TLR4-mediated macrophage activation, its effect on AKT1 
expression is only detectable in inflammatory macrophages (Wei et al. 2013a). The 
effects of miR-342-5p on AKT1 levels are based on the relative abundance of two 
of its targets, Bmpr2 and AKT1 (Wei et al. 2013a). In unstimulated macrophages, 
miR-342-5p preferentially targets Bmpr2 that is highly expressed and which appears 
to have a more efficient binding site for miR-342-5p than AKT1 (Wei et al. 2013a). 
During inflammatory activation, however, the levels of Bmpr2 are downregulated 
and due to the lack of its preferential target miR-342-5p switch to target also AKT1 
expression leading finally to an increase of miR-155 and subsequently high expres-
sion of inflammatory mediators (Fig. 1.2) (Wei et al. 2013a). The expression of 
Bmpr2 mRNA in unstimulated macrophages inhibits their inflammatory activation 
by preventing the targeting of AKT1 by miR-342-5p. This represents a beautiful 
example of ceRNA-based regulatory system controlling macrophage polarization 
and also illustrates how two miRNAs in tandem, miR-342-5p and miR-155, orches-
trate the inflammatory macrophage activation.

The process by which miR-155 upregulates the expression of the pro- 
inflammatory mediators, like the chemokine Ccl2, in macrophages is by targeting 
the transcriptional repressor Bcl6. Bcl6 is upregulated during macrophage differen-
tiation by the activation of NF-κB signaling, and counter-regulates the NF-κβ- 
mediated transcriptional upregulation of many inflammatory genes. In addition to 
Bcl6, miR-155 can target other transcripts, such as Socs1 and Sfpi1, which can 
contribute to the regulation of macrophage inflammatory responses (Nazari-
Jahantigh et al. 2012b). However, in contrast to Bcl6, Socs1 and Sfpil1 are not 
involved in the inflammatory activation of macrophages mediated by miR-155, and 
their functional role is not fully understood (Nazari-Jahantigh et al. 2012a). Whether 
the different miR-155 targets act as ceRNAs and thus regulate the targeting of Bcl6 
by miR-155 is currently unclear.

The current in vitro findings on the miR-155-mediated regulatory mechanisms in 
macrophages have been validated also in models of atherosclerosis in vivo. miR- 
155 expression is upregulated in mouse and human atherosclerotic lesions and is 
increased in CD14+ monocytes from patient with coronary heart disease 
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(Nazari- Jahantigh et al. 2012a; Du et al. 2014). The increased expression of the 
prototypical M1 macrophage miRNA, miR-155, indicates that primarily M1-type 
macrophages contribute to the coronary heart diseases and atherosclerosis (Nazari-
Jahantigh et al. 2012a). In contrast to vascular cells, miR-155 deficiency in macro-
phages attenuates atherosclerosis due to the increased Bcl6 expression, which 
impairs Ccl2 production and thereby limits the lesional macrophage accumulation 
(Nazari-Jahantigh et al. 2012a; Aiello et al. 1999; Wei et al. 2013c). In line with this 
data, miR-155 deficiency in hematopoietic cells and whole body attenuates athero-
sclerosis by an increment of Bcl6 and SOCS1 levels in lesional macrophages, sub-
sequently leading to a reduction of inflammatory genes including Ccl2, TNFα, IL6, 
and IL1b (Du et al. 2014). Therefore, overexpression of miR-155 in inflammatory 
macrophages within atherosclerotic lesions amplifies the vascular inflammation 
exacerbating the progress of atherosclerosis (Nazari-Jahantigh et al. 2012a; Du 

Fig. 1.2 Tandem mechanism of miR-342-5p and miR-155 in inflammatory macrophage activa-
tion. Under resting conditions (left side of the illustration), AKT1 and Bmpr2 compete for the 
binding to miR-342-5p in macrophages. The preferential binding of miR-342-5p to Bmpr2 facili-
tates basal translation of AKT1, which inhibits the expression of miR-155. The lack of miR-155 
enables the expression of Bcl6 and HBP1 thereby impairing the production of inflammatory fac-
tors and the uptake of modified LDL (mLDL). Under inflammatory conditions (right side of the 
illustration), the transcription level of Bmpr2 is downregulated increasing the availability of miR- 
342- 5p for the binding to AKT1 mRNA. This suppression of AKT1 results in upregulation of 
miR-155, which targets Bcl6 and HBP1 unleashing inflammatory gene expression and mLDL 
uptake

V. Egea et al.
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et al. 2014). Notably, miR-342-5p levels are also increased in mouse atherosclerotic 
lesions after 3 and 10 months of high-fat diet feeding (Wei et al. 2013a). miR-
342-5p suppression attenuates atherosclerosis in Apoe−/− mice (Wei et al. 2013a). 
Inhibition of miR-342-5p enhances the AKT1 expression in lesional macrophages, 
which presumably results in reduced atherosclerosis by downregulating miR-155 
expression (Wei et al. 2013a). This indicates that miR-342-5p and miR-155 regula-
tory tandem in inflammatory macrophages indeed exacerbate atherosclerosis.

Conversely, in hematopoietic cells, miR-155 deficiency increases atherosclerosis 
in LDLR−/− mice without significant change in lesional macrophage content 
(Donners et al. 2012). This discrepancy could be due to distinct expression levels of 
miR-155 targets at the different stages of atherosclerosis and possible switching of 
the targets in macrophages during the development of lesions. Therefore, miR-155 
probably mediates opposing effects at different stages of atherosclerosis by switch-
ing the target transcript.

Besides its role in inflammatory activation, miR-155 regulates additional macro-
phage functions as, for instance, the lipid uptake. By the targeting of HMG box- 
transcription protein1 (HBP1), a negative regulator of MIF, miR-155, increases the 
uptake of oxLDL by macrophages (Tian et al. 2014). A systemic delivery of 
antagomirs of miR-155 in Apoe−/− mice thereby reduces the expression of HBP1 
and decreases atherosclerosis presumably by limiting not only the expression of IL6 
and TNFα but also the lesional macrophage lipid accumulation (Tian et al. 2014). 
Similarly, miR-155 deficiency in macrophages reduced the formation of macrophage- 
derived foam cells in atherosclerotic lesions (Nazari-Jahantigh et al. 2012a). These 
data illustrates the crucial role of miR-155 at the interface between inflammatory 
activation and lipid handling in macrophages.

Taken together, the regulatory tandem of miR-342-5p and miR-155 enhances the 
inflammatory activation of macrophages in atherosclerosis. The functional studies 
clearly demonstrate that Bcl6 is targeted by miR-155 mediating an enhanced inflam-
matory response and thereby increase in lesional macrophage accumulation exacer-
bating the progress of atherosclerosis. However, the functional role of other miR-155 
targets such as Socs1 in atherosclerosis remains to be further determined. Finally, 
the ceRNA-based regulation of miR-342-5p activity thereby modulating the miR- 
155- mediated macrophage inflammatory response beautifully illustrates a safeguard 
mechanism to avoid inappropriate activation of macrophages.

1.4  Combined Roles of miR-126-3p and miR-126-5p 
in Endothelial Regeneration and Their Use 
in Therapeutic Approaches

miR-126, the highest miRNA expressed in ECs, is encoded by exon 7 of the Egfl7 
gene (Fish et al. 2008; Wang et al. 2008). Out of the miR-126 precursor, two mature 
miRNA strands are generated, miR-126-3p (guide strand) and miR-126-5p (pas-
senger strand). The key role of the miR-126-3p in the vasculature was highlighted 
in studies with genetic deletion or inhibition of this strand. miR-126-3p regulates 
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vascular integrity and angiogenesis by targeting Spred-1 and PIK3R2 as determined 
in mouse and zebrafish, respectively (Wang et al. 2008; Fish et al. 2008). In addi-
tion, miR-126-3p regulates vascular inflammation by targeting VCAM1 in ECs 
(Harris et al. 2008). Notably, the expression of miR-126-5p is upregulated in vascu-
lar precursor cells and ECs during embryogenesis, and its expression can be even 
higher than the expression level of miR-126-3p (Fish et al. 2008; Neth et al. 2013). 
Moreover, miR-126-5p expression levels are comparable to that of miR-126-3p in 
various adult mouse tissues (Schober et al. 2014). This data limelights that both 
mature miRNA strands generated from miR-126 are functional in endothelial cells.

Indeed, miR-126-5p plays a key function in EC proliferation improving reendo-
thelialization after vascular injury by targeting Delta-like 1 homolog (DLK1) 
(Schober et al. 2014). DLK1 is a noncanonical inhibitor of NOTCH1 highly 
expressed in various tissues during development and is downregulated in most tis-
sues after birth (Rodriguez et al. 2012; Baladron et al. 2005; Falix et al. 2012). 
Interestingly, DLK1 is upregulated following vascular injury and counter-regulates 
increased EC proliferation during endothelial repair probably by targeting the 
NOTCH1 receptor (Rodriguez et al. 2012; Schober et al. 2014). These effects in the 
modulation of reendothelialization in injured arteries are exclusive of miR-126-5p 
indicating functional specialization of the individual miR-126 strands (Schober 
et al. 2014). The guide strand miR-126-3p supports endothelial recovery promoting 
the angiogenic growth factor signaling through targeting of Spred1 (Jansen et al. 
2013).

Endothelial proliferation is rare in the adult vasculature; however, increased EC 
turnover occurs at predilection sites of atherosclerosis in response to increased lev-
els of stress-induced EC death and detachment (Bartling et al. 2000; Zeng et al. 
2009; Foteinos et al. 2008). Notably, miR-126-5p, but not miR-126-3p, is down-
regulated at predilection sites characterized by a disturbed flow, probably due to 
differences in the stability and processing of the individual miR-126 strands 
(Schober et al. 2014). The reduced miR-126-5p levels at predilection sites upregu-
late DLK1 expression, thereby controlling and limiting EC proliferation (Schober 
et al. 2014). Laminar blood flow not only protects EC functions and limits EC turn-
over but also provides a higher proliferative capacity by inducing miR-126-5p 
expression at non-predilection sites (Schober et al. 2014).

The prevalence of endothelial ER stress and enhanced EC apoptosis are charac-
teristics of predilection sites (Zeng et al. 2009; Civelek et al. 2009). During athero-
sclerosis, modified LDL induces EC apoptosis by activating ER stress via LOX-1 
receptor (Hong et al. 2014). Under this stress conditions, resident ECs surrounding 
the damaged regions proliferate in order to heal the damaged part (Itoh et al. 2010). 
Modified LDL has been shown to inhibit EC replication in vitro and hyperlipidemia 
significantly reduces EC proliferation at predilection sites in vivo (Schober et al. 
2014; Chen et al. 2000). Under these hyperlipidemic conditions, the DLK1-mediated 
antiproliferative response becomes detrimental at the predilection sites and results 
in impaired EC regeneration. At the non-predilection sites, however, the high levels 
of miR-126-5p suppress DLK1 expression thereby enabling EC regeneration in 
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response to hyperlipidemia (Schober et al. 2014). Consequently, a replenishment of 
the miR-126-5p pool by an exogenous therapy with mimics under hyperlipidemic 
condition improves EC proliferation at predilection sites and limits atherogenesis 
(Schober et al. 2014). Hence, the miR-126-5p strand plays an atheroprotective role 
in response to hyperlipidemic stress by maintaining the endothelial proliferative 
reserve through targeting DLK1 (Schober et al. 2014). Similarly, the restoration of 
other miRNAs have been shown to also be an adequate strategy in atherosclerosis. 
Hyperlipidemia downregulates also miR-181b crucial for the inhibition of the 
NF-κβ signaling in endothelial cells; thus, using exogenous miR-181b helps to 
reduce atherosclerosis (Loyer et al. 2014; Sun et al. 2014). Conversely, sometimes 
the inhibition of miRNAs is beneficial. During the atheroprotective laminar flow, 
the levels of miR-92a are decreased, which in turn increases KLF2 expression to 
maintain endothelial homeostasis (Loyer et al. 2014; Sun et al. 2014). Indeed, large- 
scale miRNA profiling in endothelial cells identified miR-92a as a candidate, which 
is preferentially upregulated by the combination of disturbed flow and oxidized 
LDL through STAT3, as confirmed in atheroprone regions and mouse models 
(Loyer et al. 2014; Sun et al. 2014). Specific in vivo blockade of miR-92a expres-
sion targeting Socs5 reduced endothelial inflammation, decreased atherosclerotic 
plaque size, and promoted a more stable lesion phenotype. Hence, miR-92a 
antagomirs may serve as another atheroprotective therapeutic strategy.

Besides its functions in EC proliferation, miR-126-5p promotes also leukocyte 
adhesion by targeting SetD5 and represses transendothelial migration by degrading 
ALCAM in retinal and pulmonary ECs, respectively (Poissonnier et al. 2014). 
However, it seems that this is not involved in atherosclerosis as miR-126 mature 
strands inhibit the recruitment of inflammatory monocytes to the tumor microenvi-
ronment (Zhang et al. 2013). Thus, the miR-126-5p strand can regulate crucial cell 
functions such as proliferation and inflammation depending on the transcripts tar-
geted and the tissue where it is present.

Both miR-126 mature strands, miR-126-5p and miR126-3p, act synergistically 
for the preservation of vasculature. Whereas miR-126-5p protective activities are 
principally intracelullarly mediated, miR-126-3p needs to be release for its athero-
protective activities. miR-126-3p is delivered to vascular cells via endothelial- 
derived apoptotic bodies, reducing atherosclerosis through the repression of 
RGS16 that leads to an upregulation of CXCL12 expression (Zernecke et al. 2009). 
The chemokine CXCL12 not only triggers the recruitment of angiogenic progeni-
tor cells to the atherosclerotic sites but also increases its own mRNA in an auto-
regulatory loop thereby also supporting endothelial function (Akhtar et al. 2013; 
Zernecke et al. 2009; Kuhlmann et al. 2005; Wei et al. 2013b). This system of 
atheroprotection appears to be disrupted upon disease, and so circulating levels of 
miR-126-3p has been detected to be substantially reduced in patients with coro-
nary artery disease or insulin resistance/diabetes (Fichtlscherer et al. 2010; 
Zampetaki et al. 2010).

In addition to the vesicle-mediated transfer, miR-126-3p is transmitted by Ago2 
protein from ECs to SMCs, where it targets Foxo3, Bcl2, and Irs1 thereby 
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increasing SMC turnover (Zhou et al. 2013). These data indicate that miR-126-3p is 
mainly transferred to the vascular cells and improves cellular regeneration while 
miR- 126- 5p stays within ECs and controls endothelial regeneration. Understanding 
the functional roles of miR-126 mature strands in regulation of endothelial cell 
function provides new insights on complimentary regulatory mechanisms mediated 
by miRNA pairs in atherosclerosis (Fig. 1.3).

However, the mechanisms determining differential stability and trafficking of 
sister strands are not fully understood. It needs to be further studied how one strand 
of a miRNA duplex can be tagged as export good preferentially leaving the cell, 
whereas the antisense strand is rather maintained in the cell.

Fig. 1.3 Complementary role of miR-126-3p/5p pair on vascular EC homeostasis during athero-
sclerosis. miR-126-5p levels are sensitive to blood flow and regulate the proliferative capacity of 
endothelial cells through degradation of DLK1 a noncanonical inhibitor of NOTCH1, subse-
quently improving cell regeneration. This mechanism becomes detrimental under hyperlipidemic 
conditions where oxidized LDL strongly impairs endothelial cell (EC) proliferation. At the 
regions of laminar flow (left side of the illustration), the high levels of miR-126-5p are still 
capable to maintain EC regenerative potential, whereas the low levels of miR-126-5p at the pre-
dilection sites (right side of the illustration) are not sufficient to counteract this process. As a last 
atheroprotective effort, the apoptotic ECs under disturbed flow and hyperlipidemic conditions 
release miR-126-3p via apoptotic bodies to neighboring cells which may support EC regeneration 
at predilection sites
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1.5  Lipoprotein-Mediated miRNA Transfer

Lipoproteins are complex aggregates of lipids and proteins that render lipids suit-
able for transport in circulation between tissues. Recently, it has been shown that 
HDL, besides acting as a cellular cholesterol carrier, is also functioning as a miRNA 
transporter (Fig. 1.1) (Vickers and Remaley 2012; Wagner et al. 2013). Wagner 
et al. demonstrated circulating miRNAs to be bound to HDL and also, but in a lower 
amount, to LDL fractions from plasma of healthy subjects as well as in plasma of 
patients with stable coronary artery disease (CAD) or acute coronary syndromes 
(ACS) (Wagner et al. 2013). The miRNA levels between patients and healthy sub-
jects were not significantly different. In vitro, miRNAs bound to HDL were not 
taken up by ECs, SMCs, and peripheral blood mononuclear cells (PBMCs), yet 
patient-derived HDL transiently modulated miRNA expression in SMCs and 
PBMCs. Endogenous expression of miR-92a, miR-126, and miR-223 in PBMCs 
was increased after longer incubation with HDL derived from patients with stable 
CAD or ACS, in contrast to the effect of HDL from healthy subjects in which the 
expression of these miRNAs was reduced (Wagner et al. 2013). These results are in 
line with previous studies showing distinct biological functions for HDL derived of 
CAD patients versus healthy subjects in several cellular models (Besler et al. 2011). 
Interestingly, short incubation times of 1 h reduced the expression of miR-126 as a 
consequence of lower transcription or destabilization of the unprocessed form pri- 
miR- 126 (Wagner et al. 2013). Thus, lipoprotein-bound miRNAs appeared to be not 
efficiently delivered to endothelial, smooth muscle, and peripheral blood mononu-
clear cells suggesting that this pool of miRNAs is not well suited to regulate the 
function of cells in vitro.

In earlier studies, Vickers et al. did not only describe a singular profiling for 
miRNA-HDL complexes but also revealed a specific signature in patients with 
familial hypercholesterolemia. The mechanisms by which miRNAs bind to HDL 
are still not clarified; what it is known is that only mature miRNAs are present and 
bound through divalent cation bridges (Janas and Yarus 2006; Vickers and Remaley 
2012). HDL-miRNA complexes include miR-22, miR-105, and miR-106a being 
miR-223 the most abundant miRNA. In human familiar hypercholesterolemia, 
miR-223 is dramatically upregulated; however, it could not be validated as a pos-
sible biomarker in circulation for atherosclerosis (Vickers and Remaley 2012; 
Fichtlscherer et al. 2010). It remains unclear how this miRNAs can display biologi-
cal functions, as only unprocessed forms of miRNAs are able to bind to the RNA- 
induced silencing complex. Nevertheless, Vickers et al. demonstrated that indeed 
HDL is able to transport miR-105 to hepatocytes for altering gene expression 
(Vickers and Remaley 2012). It was further shown that miR-223 derived from 
HDL can indeed be transferred to ECs, where it directly targets ICAM-1 as an 
example of an extracellular miRNA regulating gene expression in cells where it is 
not transcribed (Wagner et al. 2013). These data together suggest that anti-inflam-
matory properties of HDL are in part conferred through miR-223 delivery and 
translational repression of ICAM-1 in ECs. Even though the contribution of 
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HDL-miRNAs to the total miRNA-pool appears to be rather low, the finding of 
miRNAs in lipoprotein fractions may represent a new system of intercellular 
communications.

In conclusion, the identification of this high variety of miRNAs and their carriers 
in circulation challenges a new generation of potential biomarkers and therapeutic 
approaches. In this fashion, circulating miRNAs associated with their lipid-based 
carriers have already emerged as important mediators of novel treatment strategies. 
Specific miRNAs or miRNA inhibitors combined with particular lipoproteins or 
packed into vesicles after application into blood circulation may alter the extracel-
lular miRNA signature and thus gain a therapeutic advantage. In atherogenesis, sev-
eral studies have already demonstrated beneficial and protective effects by delivery 
of selected miRNAs linked to lipoproteins or engulfed by natural vesicles 
(Hergenreider et al. 2012; Zernecke et al. 2009).

1.6  Conclusions and Future Work

The discovery of miRNAs has significantly widened our understanding of the regu-
latory mechanisms governing gene networks in many biological processes, includ-
ing disease. The therapeutic potential of these tiny gene regulators renders them as 
attractive targets for researchers, as they may modulate cell responses to athero-
genic stimuli, which give rise to chronic unresolved vascular stress. Identifying ath-
erosclerotic miRNAs (atheromiRs) involved in the regulation of vascular stress 
responses would be of high value for future therapeutic options. The complexity of 
these atheromiRs with different roles in distinct cell types or distinct effects depend-
ing on the specific stage of the disease represent a big adversity in terms of thera-
peutic expectations. Therefore, major efforts should be invested to better understand 
the nature of these atheromiRs. The regulatory system of miRNA-miRNA* strand 
pairs should be further clarified to understand, for example, how interfering with 
one miRNA strand would affect the regulatory system of the whole miRNA- 
miRNA* pair. The understanding on the paracrine effects of miRNAs is now being 
expanded, and future studies should be focused to understand how miRNAs are 
being tagged for extracellular release and in particular which are the mechanisms 
determining their vesicle or vesicle-free release. Furthermore, it would be necessary 
to understand, by which mechanisms the recipient cells are recruiting these miR-
NAs. A clarification of these processes together would strongly help to design strat-
egies for clinical applications.
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Abstract
Proper maintenance of cellular and plasma cholesterol levels is critical for proper 
metabolic function and as such is regulated through tightly controlled mecha-
nisms at both the transcriptional and posttranscriptional level. Cardiometabolic 
diseases, including atherosclerosis, a prominent cause of human morbidity and 
mortality in western societies (Glass and Witztum 2001; Lusis 2000), are caused 
in large part by dysregulation of cholesterol and lipid homeostasis. Although 
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many environmental and genetic factors are known to contribute to atherogene-
sis, elevated levels of low-density lipoprotein cholesterol (LDL- C) are the pri-
mary risk factors for atherosclerosis and are sufficient to drive the progression of 
this disease. For this reason, the pathways governing plasma LDL-C levels have 
been extensively studied, and their modulation has led to effective therapies for 
the treatment of atherosclerosis.

2.1  Introduction

Proper maintenance of cellular and plasma cholesterol levels is critical for proper 
metabolic function and as such is regulated through tightly controlled mecha-
nisms at both the transcriptional and posttranscriptional level. Cardiometabolic 
diseases, including atherosclerosis, a prominent cause of human morbidity and 
mortality in western societies (Glass and Witztum 2001; Lusis 2000), are caused 
in large part by dysregulation of cholesterol and lipid homeostasis. Although 
many environmental and genetic factors are known to contribute to atherogenesis, 
elevated levels of low- density lipoprotein cholesterol (LDL-C) are the primary 
risk factors for atherosclerosis and are sufficient to drive the progression of this 
disease. For this reason, the pathways governing plasma LDL-C levels have been 
extensively studied, and their modulation has led to effective therapies for the 
treatment of atherosclerosis.

The primary treatment option for patients with hypercholesterolemia is statins, a 
class of drugs which competitively inhibit 3-hydroxy-3methylgutaryl-CoA reduc-
tase (HMGCR), the rate-limiting enzyme in the cholesterol biosynthesis pathway 
(Steinberg 2008; Steinberg et al. 2008). Reduced intracellular cholesterol synthesis 
in the liver, in response to statins, leads to activation of the sterol regulatory element- 
binding protein (SREBP), which increases the expression of the LDL receptor 
(LDLR). This in turn promotes LDL-C uptake from the blood and reduces levels of 
pro-atherogenic lipoproteins in circulation (Brown and Goldstein 1976). Although 
statin therapies have proven to be effective at reducing cholesterol levels and limit-
ing cardiovascular-related deaths, some patients have poor tolerance for statin thera-
pies, and the majority of patients still experience adverse coronary events despite 
treatment with statins (Steinberg 2008; Steinberg et al. 2008). As a result, develop-
ing novel approaches for lowering cholesterol that can be used alone or in combina-
tion with statins has become a major goal for cardiovascular research. Among these, 
approaches that modulate noncoding RNAs, including microRNAs (miRNAs) and 
long noncoding RNAs (lncRNAs), have generated a great deal of interest due to 
their ability to regulate key pathways in cholesterol metabolism and their dysregula-
tion in different disease states (Grundy 2008; Grundy et al. 2004). In this review, we 
highlight recent work demonstrating the importance of miRNAs and lncRNAs in 
regulation of cholesterol metabolism and discuss the potential of noncoding RNA- 
based therapeutic approaches for the treatment of atherosclerosis.
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2.2  miRNAs Regulating HDL-C Metabolism and Reverse 
Cholesterol Transport

In addition to lowering levels of circulating pro-atherogenic lipids, much interest 
has recently been focused upon developing strategies to promote the removal of 
cholesterol from arterial macrophages, as a means to limit plaque progression and 
promote plaque regression. This process, known as reverse cholesterol transport, 
involves efflux of cholesterol esters from arterial macrophages by the lipid trans-
porters ATP-binding cassette transporter A1 (ABCA1) and ABCG1 onto circulating 
high-density lipoprotein cholesterol (HDL-C) molecules (Brooks-Wilson et al. 
1999; Gelissen et al. 2006; Oram and Vaughan 2000). These cholesterol esters are 
then transported to the liver where they can be converted into bile acids and removed 
from the body (Brooks-Wilson et al. 1999; Gelissen et al. 2006; Oram and Vaughan 
2000). In recent years, numerous miRNAs have been shown to control numerous 
aspects of the reverse cholesterol transport pathway, including HDL biogenesis and 
uptake, cellular cholesterol efflux, and bile acid synthesis and secretion (Fig. 2.1). 
These include miR-10b, miR-27b, miR-33, miR-96, miR-125a, miR-128a, miR- 
144, miR-148a, miR-185, miR-223, miR-302a, and miR-455 (De Aguiar Vallim 
et al. 2013; Goedeke et al. 2015a, b; Ramirez et al. 2013b; Vickers et al. 2014; 
Wagschal et al. 2015; Wang et al. 2012, 2013). While all of these miRNAs have the 
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Fig. 2.1 miRNA regulation of HDL-C metabolism. Schematic overview of miRNAs involved in 
the regulation of HDL-C metabolism. Blue boxes highlight miRNAs, which regulate genes that 
control HDL-C. ABC indicates ATP-binding cassette, SR-BI scavenger receptor B1, FXR farnesoid 
X receptor, and LCAT lecithin–cholesterol acyltransferase (Figure was created using the Servier 
Medical Art illustration resources (http://www.servier.com))
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potential to be important regulators of reverse cholesterol transport and atherogen-
esis, only a few have thus far been shown to have a significant impact on atheroscle-
rotic plaque progression. Two independent groups have identified miR-144 as an 
important regulator of ABCA1 expression in both monocyte/macrophages and the 
liver (De Aguiar Vallim et al. 2013; Ramirez et al. 2013b). These studies further 
demonstrate that overexpression of miR-144 decreases circulating HDL-C, while 
inhibition of miR-144 was found to increase circulating HDL-C. Importantly, fur-
ther work has since demonstrated that administering miR-144 mimics to ApoE−/− 
mice on a pro-atherogenic diet reduces hepatic ABCA1 expression and plasma 
HDL-C levels leading to increased atherosclerotic plaque formation (Hu et al. 
2014). More recently, miR-302a has also been found to control the expression of 
ABCA1, thereby influencing HDL-C levels. Treatment with inhibitors of miR-302a 
in vivo was demonstrated to increase hepatic ABCA1 and plasma HDL-C leading 
to reduce atherosclerosis (Meiler et al. 2015). While most of these miRNAs have 
not been extensively studied for their role in regulating atherosclerosis, a great deal 
of work has been done exploring the role of the miR-33 family of miRNAs in regu-
lation of this disease.

2.2.1  miR-33a/miR-33b

The miR-33 family consists of two members, miR-33a and miR-33b. These are 
intronic miRNAs, which are encoded within the SREBP2 and SREBP1 genes, 
respectively (Najafi-Shoushtari et al. 2010; Rayner et al. 2010; Marquart et al. 2010; 
Gerin et al. 2010; Horie et al. 2010). The SREBP1 transcription factor is regulated 
in response to factors such as insulin and LXR ligands and is primarily responsible 
for the induction of genes involved in fatty acid synthesis (Horton et al. 2002). 
SREBP2, on the other hand, is regulated by changes in sterol levels and is the pri-
mary factor involved in the induction of genes regulating cholesterol biosynthesis 
and uptake, thereby allowing cells to carefully regulate their intracellular choles-
terol levels (Horton et al. 2002). miR-33a and miR-33b have been demonstrated to 
be co-transcribed along with their host genes, so conditions that modulate the 
expression of the SREBP genes result in concomitant changes in miR-33 levels 
(Rayner et al. 2010; Najafi-Shoushtari et al. 2010; Marquart et al. 2010). While the 
SREBP transcription factors have different target gene specificities, the miR-33 iso-
types share the same seed sequence and are therefore believed to target the same set 
of genes. However, it is not clear whether slight differences in the mature sequence 
of these miRNAs may alter their affinity for certain targets.

The important role of miR-33 in regulating HDL-C metabolism was first revealed 
in studies showing that miR-33 could target the cholesterol transporters ABCA1 
and ABCG1, both in hepatocytes and macrophages (Najafi-Shoushtari et al. 2010; 
Rayner et al. 2010; Marquart et al. 2010; Gerin et al. 2010; Horie et al. 2010). 
Overexpression of miR-33 reduced the expression of ABCA1 and ABCG1 in the 
liver of mice and decreased plasma HDL-C (Marquart et al. 2010; Najafi-Shoushtari 
et al. 2010; Rayner et al. 2010; Gerin et al. 2010). Conversely, antisense 
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oligonucleotides (ASOs) that reduced miR-33 level increased the expression of 
ABCA1 and ABCG1 and raised plasma HDL-C (Rayner et al. 2010; Najafi-
Shoushtari et al. 2010; Marquart et al. 2010). Similarly, genetic loss of miR-33 in 
mice was reported to increase liver ABCA1 expression and plasma HDL-C (Horie 
et al. 2010). Importantly, inhibition of miR-33 in nonhuman primates was also dem-
onstrated to significantly increase plasma HDL-C (Rayner et al. 2011a; Rottiers 
et al. 2013). Additionally, miR-33 was found to regulate hepatic bile acid synthesis 
through targeting of CYP7a1 (Li et al. Hepatology 2013) and secretion via modula-
tion of ABCB11 and ATP8B1 (Allen et al. 2012). Due to its key role in regulating 
the removal of cholesterol from macrophages, HDL-C biogenesis in the liver, and 
bile acid metabolism, miR-33 was proposed to be an important regulator of reverse 
cholesterol transport and the progression of atherosclerosis (Allen et al. 2012; 
Rayner et al. 2011b). Collectively, these data indicated that ASOs against miR-33 
might be a promising therapeutic option to raise HDL-C and treat patients with 
atherosclerosis.

2.2.2  miR-33a/miR-33b and Atherosclerosis

In response to these initial findings, numerous studies have been performed assess-
ing the impact of miR-33 antagonism on atherosclerosis in mice. The first study of 
this sort demonstrated that short-term (4-week) administration of miR-33 inhibi-
tors to Ldlr−/− mice with established plaques was capable of raising HDL-C levels 
and promoting atherosclerotic plaque regression (Rayner et al. 2011b). However, 
another study found that treatment with anti-miR-33 ASOs did not sustain elevated 
plasma HDL-C levels during a 12-week atherosclerosis progression study, raised 
plasma triglycerides, and did not have any effect on plaque development (Marquart 
et al. 2013). Three additional atherosclerosis progression studies using Ldlr−/− 
(Rotllan et al. 2013; Ouimet et al. 2015) and ApoE−/− mice (Karunakaran et al. 
2015b) reported a decrease in plaque burden in animals treated with miR-33 inhibi-
tors. Surprisingly, although the expression of ABCA1 in the liver and/or macro-
phages was elevated in mice treated with miR-33 ASOs, HDL-C remained 
unchanged in these progression studies (Rotllan et al. 2013; Ouimet et al. 2015; 
Karunakaran et al. 2015b). Together, these findings suggest that the anti- 
atherosclerotic effects of the ASOs may be the result of direct effects on the plaque 
rather than alterations in circulating lipids. Consistent with this theory, anti-miR-33 
ASOs were found to be efficiently taken up by macrophages in the aortic root of 
Ldlr−/− mice, which could promote ABCA1-/ABCG1-mediated cholesterol efflux. 
Additionally, it has been reported that anti-miR-33 ASOs decreased inflammatory 
burden and promoted the recruitment of M2-like macrophages (Rayner et al. 
2011b; Ouimet et al. 2015) and Treg cells (Ouimet et al. 2015). Furthermore, bone 
marrow transplant experiments in which ApoE−/− mice were reconstituted with 
ApoE−/− × miR-33−/− bone marrow demonstrated that loss of miR-33 in hematopoi-
etic cells caused reduced lipid accumulation in atherosclerotic plaques but did not 
affect HDL-C levels or total plaque size (Horie et al. 2012). However, whole- body 
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loss of miR-33 in ApoE−/− mice did increase plasma HDL-C and reduce total 
plaque size (Horie et al. 2012). While the low levels of HDL-C and impaired mac-
rophage cholesterol efflux of ApoE−/− mice make this a poor model in which to 
study effects on reverse cholesterol transport, these findings do indicate that both 
the liver and macrophages are likely involved in mediating the effects of miR-33 
on atherosclerotic plaque formation, although the specific contributions are still 
not entirely clear.

In addition to its role in regulating lipid metabolism, further studies have showed 
that miR-33 can also target a number of genes involved in other metabolic processes 
including fatty acid β-oxidation, insulin signaling, and mitochondrial function 
(Karunakaran et al. 2015b; Gerin et al. 2010; Davalos et al. 2011; Ramirez et al. 
2013a). These findings highlight the complex role of miR-33 in regulating meta-
bolic function and indicate that it may have more diverse functions than have previ-
ously been elucidated. Consistent with this, miR-33−/−  mice on a high-fat diet were 
found to gain more weight than control animals, leading to more rapid development 
of hepatic steatosis and insulin resistance (Horie et al. 2013). Similarly, some stud-
ies have indicated that prolonged anti-miR-33 therapy may cause unwanted effects 
such as hypertriglyceridemia (Marquart et al. 2013; Allen et al. 2014; Goedeke et al. 
2014) and hepatic steatosis (Goedeke et al. 2014). In contrast, similar long-term 
miR-33 inhibitor studies showed no change (Rotllan et al. 2013; Ouimet et al. 2015; 
Horie et al. 2012; Rottiers et al. 2013) or even a decrease (Karunakaran et al. 2015a; 
Rayner et al. 2011a) in plasma triacylglycerides (TAGs) in mice and nonhuman 
primates.

Overall, these studies indicate that anti-miR-33 therapies may be a promising 
approach for developing novel therapies for atheroprotection. However, the multi-
tude of miR-33 targets involved in many different metabolic functions, and the 
potential for adverse effects of long-term miR-33 inhibition warrant further explora-
tion. Additionally, because there are two isoforms of miR-33 present in humans, but 
mice and other rodents do not express miR-33b, little is known about the role of this 
miRNA in regulating atherosclerotic plaque development and overall metabolic 
function. This is especially important because the host genes for miR-33a and miR- 
33b (SREBP2 and SREBP1) are regulated by different nutritional and hormonal 
stimuli and miR-33b is more likely to be altered under conditions of metabolic 
dysfunction such as diabetes and obesity. Recently, a miR-33b knock-in model was 
reported (Horie et al. 2014), which should allow further exploration of the role of 
miR-33b in atherosclerosis and other metabolic diseases.

2.3  miRNAs and LDL-C Metabolism

While the role of miRNAs in regulating HDL-C metabolism has been extensively 
studied, the importance of miRNAs in controlling LDL-C remains to be fully eluci-
dated. Nevertheless, a number of studies have reported the importance of miRNAs 
in controlling circulating LDL-C by regulating cholesterol biosynthesis, very-low- 
density lipoprotein (VLDL) secretion, and LDLR activity (Fig. 2.2).
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2.3.1  miRNAs That Regulate Cholesterol Biosynthesis  
and VLDL Secretion

2.3.1.1  miR-122
The first miRNA identified as a major regulator of cholesterol metabolism was miR- 
122 (Elmen et al. 2008; Esau et al. 2006; Krutzfeldt et al. 2005). This miRNA is the 
most abundant miRNA in the liver, accounting for at least 80% of the total miRNA 
content. Importantly, pharmacological inhibition of miR-122 in mice and nonhuman 
primates using ASOs or genetic ablation of miR-122 in mice results in a marked reduc-
tion of plasma cholesterol levels (Elmen et al. 2008; Esau et al. 2006; Krutzfeldt et al. 
2005). Despite these intriguing findings, the molecular mechanisms by which miR-122 
controls lipoprotein metabolism remain largely unknown. It is thought that the reduced 
circulating cholesterol observed in mice treated with miR-122 antagonists is mediated 
by a combination of different metabolic processes including inhibition of cholesterol 
and fatty acid biosynthesis, enhanced fatty acid oxidation, and decreased VLDL secre-
tion (Elmen et al. 2008; Esau et al. 2006; Krutzfeldt et al. 2005). However, the direct 
miR-122 target genes that influence lipid metabolism remain largely unknown. While 
these findings suggest that the use of miR-122 inhibitors might represent a useful 
approach to treat dyslipidemia, two recent studies have shown that miR-122 deficiency 
in mice results in hepatic steatosis, fibrosis, and hepatocellular carcinoma, raising con-
cerns about the potential therapeutic value of miR-122 inhibitors.

LDL

VLDL

miR-148a 

miR-128-1 

miR-185 

miR-122 -/-

LDLR 

NSF

miR-30c 

MTTP 

miR-33a/b 

ApoB100

VLDL biogenesis

LDL clearance

?

Liver 

LPL

Fig. 2.2 miRNA regulation of LDL-C metabolism. Schematic overview of miRNAs involved in 
the regulation of LDL-C metabolism. Blue boxes highlight miRNAs, which regulate genes that 
control LDL-C. LDLR indicates low-density lipoprotein receptor, MTTP microsomal triglyceride 
transfer protein, LPL lipoprotein lipase, and NSF N-ethylmaleimide-sensitive factor (Figure was 
created using the Servier Medical Art illustration resources (http://www.servier.com))
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2.3.1.2  miR-30c in Lipid Metabolism and Atherosclerosis
In addition to miR-122, miR-30c levels also regulate circulating lipids by regulat-
ing the expression of microsomal triglyceride transfer protein (MTTP), an enzyme 
that lipidates Apo-B and triglycerides and is required for the secretion of plasma 
lipoproteins that contain Apo-B (Irani et al. 2016; Soh et al. 2013). Moreover, miR-
30c inhibits hepatic lipid synthesis. As a result, overexpression of miR-30c using 
lentiviral constructs or miRNA mimics significantly reduces plasma cholesterol 
levels and attenuates the progression of atherosclerosis (Irani et al. 2016; Soh et al. 
2013). Interestingly the inhibition of MTTP expression and VLDL secretion does 
not influence the accumulation of lipids in the liver, suggesting that miR-30c thera-
pies might be an interesting approach for treating patients with homozygous 
hypercholesterolemia.

2.3.1.3  miR-33a/miR-33b
Besides the abovementioned role of miR-33a/miR-33b in regulating HDL-C 
metabolism and the progression and regression of atherosclerosis, several reports 
have shown that miR-33 might also control VLDL metabolism (Allen et al. 2014; 
Goedeke et al. 2014). In this regard, Baldán and colleagues found that chronic 
inhibition of miR-33 in rodents enhances hepatic VLDL-C. The authors showed 
that targeting miR-33 in vivo increases the expression of N-ethylmaleimide-
sensitive factor (NSF), an ATPase enzyme involved in intracellular trafficking 
and membrane fusion (Allen et al. 2014). These findings correlate with another 
study that shows a marked increase in circulating TAG (Goedeke et al. 2014). In 
agreement with these observations, genetic ablation of miR-33 in mice results in 
obesity, insulin resistance, hepatosteatosis, and dyslipidemia (Horie et al. 2013). 
Despite these results, other similar studies in mice and nonhuman primates 
showed no differences or even a decrease in circulating TAG (Rayner et al. 
2011a). The factors that might explain these discrepancies need further 
investigation.

2.3.1.4  miR-96/miR-182/miR-183
miR-96/miR-182/miR-183 was identified as the most upregulated miRNA in mice 
fed a chow diet supplemented with a mixture of lovastatin plus ezetimibe (to deplete 
hepatic cholesterol and enhance cholesterol biosynthesis) compared to mice fed a 
chow diet supplemented with cholesterol (to increase hepatic cholesterol content 
and inhibit cholesterol synthesis) (Jeon et al. 2013). The miR-96/miR-182/miR-183 
locus is regulated by SREBP and regulates the expression of key proteins that con-
trol the maturation and activation of SREBP. miR-96 and miR-182 inhibit the 
expression of INSIG and FBXW7, proteins that control the retention of the SREBP/
SCAP complex in the ER and the degradation nuclear SREBP, respectively (Jeon 
et al. 2013). As a consequence, overexpression of all three miRNAs enhances cho-
lesterol and fatty acid synthesis in HeLa cells. Further experiments in vivo will be 
important to define the specific contribution of these miRNAs in regulating hepatic 
lipid homeostasis and lipoprotein metabolism.
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2.3.2  miRNAs That Regulate LDLR Expression and LDL-C 
Clearance

Several studies have recently identified miRNAs that regulate LDL-C metabolism 
via posttranscriptional regulation of LDLR. Notably, miR-27a/miR-27b, miR-
128- 1, miR-130b, miR-148a, miR-185, miR-199a, and miR-301 were shown to 
directly target the 3’UTR of LDLR and modulate LDLR expression in human and 
mouse hepatic cells (Alvarez et al. 2015; Goedeke et al. 2015b; Jiang et al. 2015; 
Wagschal et al. 2015). Of these miRNAs, only miR-128-1, miR-148a, and miR-185 
significantly altered plasma LDL-C in vivo (Goedeke et al. 2015a; Jiang et al. 2015; 
Wagschal et al. 2015; Yang et al. 2014). Thus, we will only discuss in greater detail 
how these miRNAs regulate hepatic lipid metabolism and circulating LDL-C.

2.3.2.1  miR-148a
miR-148a has been recently identified by two independent studies as an important 
regulator of hepatic LDLR expression and lipoprotein metabolism in a number of 
mouse models (Goedeke et al. 2015a; Wagschal et al. 2015). In the first study, 
Goedeke and colleagues developed a high-throughput genome-wide screening 
assay to systematically identify miRNAs that regulate LDLR activity in human 
hepatic cells (Goedeke et al. 2015a). From this screen, the authors identified and 
characterized miR-148a as a negative regulator of LDLR expression and activity. 
miR-148a is highly expressed in the liver, and its expression is regulated by dietary 
lipids and SREBP1. Of note, pharmacological inhibition of miR-148a using ASOs 
lowered plasma LDL-C levels in two different mouse models of hypercholesterol-
emia (Goedeke et al. 2015a; Wagschal et al. 2015). Surprisingly, targeting miR- 
148a in vivo also increases hepatic ABCA1 expression and circulating 
HDL-C. Further experiments demonstrated that ABCA1 is also a miR-148a target 
gene. Collectively these studies underscore the therapeutic potential of modulating 
miR-148a expression to treat dyslipidemias (high plasma LDL-C and low circulat-
ing HDL-C).

Several labs independently identified SNPs (rs4722551, rs4719841, and 
rs6951827) in the promoter region of miR-148a associated with altered plasma TC, 
LDL-C, and TAG levels (Do et al. 2013; Global Lipids Genetics Consortium et al. 
2013; Huan et al. 2015). In particular, a miR-eQTL analysis performed in human 
livers revealed a strong correlation between SNP status and miR-148a expression 
(Wagschal et al. 2015). Although the exact mechanism by which these SNPs con-
tribute to altered plasma lipids remains unknown, it could be possible that these 
genetic variations might influence the regulation of miR-148a expression via 
SREBP1. However, whether these SNPs affect SREBP1-induced transcription 
requires further investigation. The role of miR-148a in regulating lipid metabolism 
is likely to be more complex and not only mediated by its targeting on LDLR and 
ABCA1. In particular, miR-148a was demonstrated to directly target the 3’UTR of 
other genes involved in lipid metabolism, including PGC1a, AMPK, and INSIG1 
(Wagschal et al. 2015; Goedeke et al. 2015a). Taken together, these findings 
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highlight the importance of miR-148a in regulating lipid metabolism in mice and 
humans and underscore the therapeutic potential of modulating miR-148a expres-
sion to treat dyslipidemias.

2.3.2.2  miR-128-1
Besides miR-148a, Wagschal and colleagues also found a strong association of a 
number of SNPs in the miR-128-1 gene locus and altered plasma lipid levels 
(Wagschal et al. 2015). miR-128a regulates the expression of numerous genes asso-
ciated with multiple metabolic pathways. miR-128a directly targets the 3’UTR of 
the LDLR and ABCA1, and its inhibition in mice results in a significant decrease in 
circulating cholesterol and TAG. In addition to its role in controlling lipoprotein 
metabolism, targeting miR-128-1 in vivo also improved glucose tolerance and insu-
lin sensitivity. Mechanistically, the authors found that miR-128-1 regulates the 
expression of the insulin receptor (INSR) and insulin receptor substrate 1 (IRS-1) 
and downstream phosphorylation levels of Akt. Finally, it was also found that miR- 
128- 1 controls the expression of genes associated with fatty acid synthesis, includ-
ing the fatty acid synthase (FASN) and SIRT1, an NAD+-dependent energy sensor 
and deacetylase that can directly deacetylate and inactivate SREBP1 and thus mod-
ulate SREBP1-dependent lipogenesis. Altogether, these observations suggest that 
miR-128a expression might influence plasma lipid levels by regulating the expres-
sion of genes associated with lipid and glucose metabolism. Further studies are 
necessary to define the specific contribution of miR-128a target genes in different 
tissues and their impact on regulating lipid and glucose metabolism.

2.3.2.3  miR-185
Several reports have recently shown that miR-185 regulates cholesterol metabolism 
in vitro and in vivo by regulating the expression of LDLR and SRBI, a hepatic 
HDL-C receptor that facilitates the uptake of cholesteryl esters from HDL in the 
liver (Jiang et al. 2015; Wang et al. 2013; Yang et al. 2014). Interestingly, miR-185 
also targets KH-type splicing regulatory protein (KSRP), a RNA-binding protein 
that negatively regulates the expression of the human LDLR (Jiang et al. 2015). 
These findings suggest that inhibiting miR-185 in vivo might attenuate atheroscle-
rosis by reducing circulating LDL-C and promoting reverse cholesterol transport. 
Indeed, a recent study demonstrated that inhibition of miR-185 in the atheroprone 
ApoE−/− mice significantly reduced plasma cholesterol levels and attenuated the 
progression of atherosclerosis (Jiang et al. 2015).

2.4  LncRNAs and Cholesterol Metabolism

While the contribution of miRNAs in regulating lipoprotein metabolism has been 
deeply studied in the last few years, the role of lncRNAs in controlling cholesterol 
homeostasis has just started to emerge. Recent studies have demonstrated the impor-
tant contribution of lncRNAs as key regulators of cholesterol metabolism (Fig. 2.3).
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2.4.1  LeXis

Tontonoz’s group has recently identified liver-expressed LXR-induced sequence 
(LeXis), a liver noncoding RNA that is markedly induced in response to LXR 
agonists and high-fat diet (Sallam et al. 2016). Hepatic LeXis overexpression 
reduces circulating cholesterol, attenuates cholesterol biosynthesis, and inhibits 
the expression of cholesterol biosynthetic genes. Conversely, genetic ablation of 
LeXis or acute pharmacological inhibition using ASOs enhances the hepatic 
expression of genes associated with cholesterol biosynthesis, leading to a signifi-
cant accumulation of cholesterol in the liver. Mechanistically, the authors found 
that LeXis interacts with and influences the binding of RALY to DNA. The authors 
hypothesize that RALY might cooperate with SREBP2 to control the expression 
of cholesterol biosynthetic genes. However, further studies are needed to support 
this hypothesis. Another important question that remains to be addressed is the 
study of the contribution of LeXis in regulating cholesterol metabolism in humans. 
Importantly, mouse and human genomic comparison revealed a moderate conser-
vation on the LeXis genetic locus in a region adjacent to the human ABCA1 gene. 
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Fig. 2.3 LncRNA regulation of cholesterol metabolism. Schematic overview of lncRNAs involved 
in the regulation of hepatic cholesterol homeostasis and lipoprotein metabolism. Blue boxes high-
light lncRNAs, which regulate genes that control cholesterol metabolism. FXR indicates farnesoid 
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Further experiments are warranted to determine whether the putative lncRNA 
annotated in this region (TCONS_00016452) regulates cholesterol metabolism in 
humans.

2.4.2  Lnc-HC and ApoA1-AS

Other lncRNAs that have been associated to the regulation of cholesterol metabo-
lism include Lnc-HC and ApoA1-AS (Halley et al. 2014; Lan et al. 2016). Lnc-HC 
is highly expressed in the liver and interacts with hnRNPA2B1 forming a RNA- 
protein complex, which can then bind to the target mRNAs, Cyp7a1 and Abca1 
(Lan et al. 2016). Inhibition of Lnc-HC increased Cyp7a1 and Abca1 expression in 
hepatocytes, thus promoting cholesterol catabolism. Lnc-HC is conserved in humans 
and rodents and appears to be highly expressed in the liver and fat (Lan et al. 2016). 
These observations suggest that Lnc-HC might play a role in regulating lipid metab-
olism. However, additional studies in vivo are needed to define the role of Lnc-HC 
in regulating hepatic lipid homeostasis and lipoprotein metabolism. Another inter-
esting finding is the identification of an antisense LncRNA (ApoA1-AS) encoded in 
the apolipoprotein gene cluster that contains four different transcripts including 
ApoA1, ApoA4, ApoA5, and ApoC3. ApoA1-AS controls the expression of the apoli-
poprotein gene cluster epigenetically by recruiting histone-modifying enzymes 
(Halley et al. 2014). Targeting ApoA1-AS using ASOs increases ApoA1 expression 
in both monkey and human cells and enhances hepatic RNA and protein expression 
in African green monkeys. While these results are of interest, it is still not known 
whether the increase in circulating ApoA1 influences plasma lipid levels and/or 
lipoprotein metabolism.

2.4.3  LncLSTR

Liver-specific triglyceride regulator (LncLSTR) was identified using an unbiased 
screen aimed to determine lncRNAs highly expressed in the liver (Li et al. 2015). 
Of note, specific inhibition of LncLSTR leads to a marked reduction in circulat-
ing TAG. Mechanistically, LncLSTR depletion increases apoC2 levels, an activa-
tor of the lipoprotein lipase (LPL), thus enhancing VLDL and chylomicron 
catabolism, leading to an increase in plasma TAG clearance (Li et al. 2015). 
Hepatic LncLSTR expression is regulated by FXR and forms a complex with 
TDP-43, thus regulating Cyp8b1 expression, a critical enzyme involved in bile 
acid synthesis.

2.5  Concluding Remarks

Work in recent years has clearly established both miRNAs and lncRNAs as impor-
tant regulators of lipid metabolism. Since the human genome encodes thousands of 
lncRNAs, it is expected that in the near future, other lncRNAs will also be identified 
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as major regulators of lipid metabolism. Despite this exciting future, the analysis 
and the identification of functional lncRNAs will be challenging because of the 
modest conservation of these RNA molecules between species. Additionally, a more 
complete understanding of the mechanisms by which these lncRNAs excerpt their 
effects and additional studies directly assessing the impact of the lncRNAs on ath-
erosclerotic plaque formation will be needed to properly assess the therapeutic 
potential of lncRNA-based therapeutic approaches.

On the other hand, a large amount of work has been done demonstrating that 
miRNAs are capable of targeting key factors regulating lipid metabolism and can 
have an important impact on the development and progression of atherosclerosis in 
animal models. As such, miRNA-based therapies may provide useful complimen-
tary approaches for the treatment of atherosclerosis in humans. However, the com-
plicated role of many miRNAs in targeting numerous different genes in different 
tissues and under different physiologic conditions raises concerns that these thera-
peutic approaches may result in unintended and possibly detrimental outcomes. 
These risks are highlighted by the adverse outcomes apparent in some experiments 
examining inhibition/ablation of miR-33 and miR-122. As such, additional studies 
including tissue-specific knockouts and careful target gene assessment will be 
important to understand the full impact of miRNA alterations prior to developing 
treatment strategies for human patients.
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Abstract
Diabetes is a complex, metabolic disorder that is characterised by chronic 
hyperglycaemia and is widely recognised as a major health threat worldwide. 
The major causes of morbidity and mortality in diabetes result from vascular 
complications. These can be both microvascular, resulting in retinopathy, 
nephropathy and neuropathy, and macrovascular, affecting the heart and 
peripheral vessels. In this chapter, the roles of microRNAs in the development 
of diabetes are described. In addition, we show how microRNA-mediated 
mechanisms in diabetes result in an impaired vascular reparative potential, act-
ing via the bone marrow and both stem and progenitor cells. Finally, we dis-
cuss the roles of microRNAs in the development of specific microvascular and 
macrovascular complications in the context of diabetes, and describe the 
potential of microRNAs as circulating biomarkers of diabetic cardiovascular 
disease.

3.1  Introduction

Diabetes mellitus (DM) is a complex, multisystem metabolic disorder that is 
widely recognized as a major health threat of this century (Shaw et al. 2010). The 
worldwide prevalence is estimated at almost 400 million (International Diabetes 
Federation 2013). Diabetes is characterized by chronic hyperglycaemia secondary 
to impaired insulin secretion and/or a decreased responsiveness of target tissues to 
insulin. The main forms of DM are type 1 DM (T1DM) and type 2 DM (T2DM). 
DM may also be triggered by pregnancy (gestational DM), the use of drugs and 
infections (American Diabetes Association 2005). T1DM results from autoim-
mune pancreatic β-cell destruction, with a consequent failure to produce insulin 
(Ilonen and Akerblom 1999). T2DM is characterized by peripheral insulin resis-
tance accompanied by insufficient compensatory insulin secretion (Kahn 2001). 
Although T2DM is far more prevalent (accounting for at least 90% of diabetes), 
both types can result in complications (Expert Committee on the Diagnosis and 
Classification of Diabetes Mellitus 2003). Many of these complications are vascu-
lar in origin and can be microvascular (e.g. nephropathy, retinopathy) or macrovas-
cular (e.g. ischaemic heart disease, peripheral vascular disease) (Winer and Sowers 
2004; Brownlee 2001). Cardiovascular disease (CVD) is the major cause of death 
in diabetes, and the risk of CVD is doubled with diabetes (Emerging Risk Factors 
Coalition et al. 2010).

The pathophysiology of the vascular complications of diabetes is complex and, 
to date, not completely understood. Hyperglycaemia-induced vascular damage is 
the principal overarching mechanism, although coexisting processes are essential. 
Interestingly, recent studies suggest that microRNAs (miRNAs, miRs) play impor-
tant roles in this context. As introduced elsewhere in this book, microRNAs are 
small (~22 nucleotides) noncoding RNA molecules that are synthesized endog-
enously. They can modulate both physiological and pathological pathways by 
post-transcriptionally inhibiting the expression of several target genes (van Rooij 
2011). MicroRNAs are highly expressed in the vasculature, and their involvement 
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in angiogenesis and endothelial function is well described (Caporali and Emanueli 
2011; Condorelli et al. 2014). Of particular relevance to this chapter, some miRNAs 
have been associated with the development and/or progression of diabetic vascular 
complications, although a complete understanding of their actions is still lacking 
(Shantikumar et al. 2012). It could be hypothesized that miRNAs act as mediators 
of the damaging effects of hyperglycaemia and/or that they are expressionally dys-
regulated as a consequence of them. It is noteworthy that other biological factors 
are at play in diabetes, including alterations in lipid profiles, oxidative stress and an 
increase in pro-inflammatory cytokines (Tabak et al. 2011), and these factors are 
likely to be associated with microRNAs.

In this chapter, we review recent findings regarding the role of miRNAs in the 
pathophysiology of diabetes, but we highlight their actions specifically in microvas-
cular and macrovascular complications. We describe known mechanisms of action 
of miRNAs in the diabetic milieu on diverse cell types such as pancreatic, adipose, 
endothelial and cardiac cells. Finally, the potential therapeutic and prognostic value 
of miRNAs in diabetes and its vascular complications will be discussed.

3.2  MicroRNAs in Diabetes Mellitus

3.2.1  Pancreas

The critical role of miRs in the development and function of pancreatic β-cells 
became evident when it was demonstrated that deletion of the nuclear ribonuclease 
III enzyme Dicer in the pancreas of mice led to abnormal β-cell development (Lynn 
et al. 2007). One of the most abundant miRNAs present in islet cells is miR-375. 
MiR-375 negatively regulates glucose-stimulated insulin secretion (GSIS). High 
glucose concentrations reduce the expression of miR-375, and the subsequent dere-
pression of its two main targets myotrophin (Mtpn, involved in insulin granule 
fusion) and phosphoinositide-dependent protein kinase (PDK1, a component of the 
phosphatidylinositol 3-kinase signalling cascade) induces insulin secretion (Poy 
et al. 2004; El Ouaamari et al. 2008). MiR-375 levels are upregulated in the pancre-
atic islets of ob/ob mice (a model of obesity, insulin resistance and T2DM) (Poy 
et al. 2009), and deletion of miR-375 in these mice reduces the proliferative capac-
ity of the endocrine pancreas and dramatically worsens the diabetic state (Poy et al. 
2009). MiR-124a and miR-9 inhibit GSIS by targeting FOXa2 and Onecut-2, 
respectively, both transcription factors associated with insulin secretion (Plaisance 
et al. 2006; Puigserver and Rodgers 2006). Recently, in human pancreatic islets 
from type 2 diabetic patients, miR-187 was found to be upregulated, where it is 
involved in reducing GSIS through inhibition of homeodomain-interacting protein 
kinase-3 (HIPK3) (Locke et al. 2014). High levels of miR-34a are found in the islets 
of T2DM db/db mice, and this is associated with a reduced expression of the anti- 
apoptotic protein BCL2 and an increased β-cell death (Lovis et al. 2008). MiR-335 
is upregulated in the islets of Goto-Kakizaki rats (a nonobese model of T2DM) 
where it targets the exocytotic protein Stxbp1 (Esguerra et al. 2011). A summary of 
the role of miRNAs in pancreatic β-cell dysfunction is found in Table 3.1.
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3.2.2  Adipose Tissue

Insulin resistance describes the failure of target tissues to respond adequately to 
circulating insulin, and several miRNAs have been found to regulate insulin signal-
ling in these tissues. Adipose tissue in the context of T2DM and obesity is one of the 
main tissues experiencing acute insulin resistance. It is also an important contribu-
tor to the systemic chronic inflammatory state characteristic of diabetes, as macro-
phage infiltration results in adipocytes releasing pro-inflammatory cytokines, such 
as tumour necrosis factor alpha (TNF-α) or interleukin-6 (IL-6), and adipokines 
including leptin and resistin (Jung and Choi 2014). Some miRNAs that are induced 
during adipogenesis are downregulated in obesity, and this is a potential mechanism 
for insulin resistance (Xie et al. 2009).

MiR-143 is downregulated in the adipocytes from ob/ob mice resulting in 
increased adipogenesis through the target ERK5, which promotes cell differ-
entiation and proliferation (Xie et al. 2009; Esau et al. 2004). Similar roles in 
adipogenesis have been attributed to miR-103 and miR-107: they are repressed 
in adipocytes following TNF-α treatment, and their inhibition enhances insulin 
signalling, decreases adipocyte size and enhances insulin-stimulated glucose 
uptake (Xie et al. 2009). MiR-320 is upregulated in insulin-resistant adipocytes, 
where it decreases insulin sensitivity by targeting p85 (which normally contrib-
utes to cell growth by increasing Akt phosphorylation) (Ling et al. 2009). It is 
well known that the co- occurrence and feedback between inflammation and insulin 

Table 3.1 MicroRNAs involved in pancreatic β-cell dysfunction

microRNA
Change in 
diabetes Target Functional result Reference

miR-9 Up Onecut2 Decreases insulin 
secretion

Plaisance et al. (2006)

miR-34a Up Bcl2 Increases apoptosis Lovis et al. (2008)

VAMP2 Decreases insulin 
secretion

Lovis et al. (2008)

miR-96 Up Noc2 Decreases insulin 
secretion

Lovis et al. (2008)

miR-124a Up FOXa2 Decreases β-cell 
maturation

Puigserver and 
Rodgers (2006)

miR-187 Up HIPK3 Decreases insulin 
secretion

Locke et al. (2014)

miR-335 Up Stxbp1 Decreases insulin 
secretion

Esguerra et al. (2011)

miR-375 Up Myotrophin Decreases insulin 
secretion

Poy et al. (2004)

PDK1 Decreases insulin 
transcription

El Ouaamari et al. 
(2008)
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resistance in the adipose tissue are crucial in the onset of T2DM. Interestingly, 
selected miRs may link these two main processes, highlighting their therapeu-
tic potential for preventing insulin resistance. In this context, miR-132, which 
is upregulated in the omental fat of obese humans (Heneghan et al. 2011), was 
found to activate NF-kB and subsequently increase the transcription of inter-
leukin-8 and monocyte chemoattractant protein 1 (MCP1) in human adipocytes 
in vitro (Strum et al. 2009). Conversely, some miRNAs are induced by cytokines, 
including miR-378, which is induced by TNF-α and IL-6 in matured human adi-
pocytes (Xu et al. 2014), and both miR-221 and miR-222, which are positively 
correlated with TNF-α levels in the adipose tissue of high-fat diet-fed mice  
(Parra et al. 2010).

3.2.3  Muscle

Insulin resistance also affects the skeletal muscle in diabetes, and some miRNAs are 
thought to be differentially expressed in this context. MiR-29a and miR-29b levels 
are upregulated in the skeletal muscle of GK rats compared to their healthy counter-
parts (He et al. 2007). Moreover, miR-1 and miR-133 have been shown to respond 
to insulin, but their regulation in the skeletal muscle of T2DM patients is impaired, 
which may possibly adversely affect muscle function (Granjon et al. 2009).

3.2.4  Liver

miR-29a, miR-29b, miR-103 and miR-107 expression is increased in diabetic adi-
pose tissue, as previously stated, but they are also upregulated in in the liver of 
diabetic rats, suggesting a more generalized role in insulin resistance (Trajkovski 
et al. 2011; Herrera et al. 2010). Another miRNA involved in insulin resistance 
in the liver is miR-181a. Expression is increased in insulin-resistant cultured 
hepatocytes, as well as in the liver and in the serum of diabetic patients, and it 
causes insulin resistance by inhibiting SIRT1 (Zhou et al. 2012), which itself is 
known to improve insulin sensitivity (Stefanowicz et al. 2015). MiR-130a-3p 
increases insulin sensitivity in hepatocytes. Levels are decreased in the livers 
of db/db mice, but forced overexpression in this model improved liver steatosis  
(Xiao et al. 2014).

Taking together, these data suggest that miRNAs may participate in the onset 
and development of diabetes, having an influence on insulin production, secretion 
and action and in glucose homeostasis. More information can be found in other 
reviews (Shantikumar et al. 2012; Chakraborty et al. 2014; Ozcan 2014; Beltrami 
et al. 2014). A summary of the miRNAs involved in insulin resistance is found in 
Table 3.2 (Lustig et al. 2014; Najafi-Shoushtari et al. 2010; Ryu et al. 2011; Shi 
et al. 2007, 2014).
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3.3  MicroRNAs Modulating the Impact of Diabetes Mellitus 
on Bone Marrow and on Stem and Progenitor Cells

Several studies show that vascular reparative progenitor cells (PCs) are less abun-
dant in the bone marrow (BM) and peripheral blood (PB) of patients with DM, and 
alterations of PC invasive and migratory capacities may contribute to the impaired 
vascular repair in these subjects (Fadini et al. 2010; Fadini et al. 2005; Ferraro et al. 
2011; Saito et al. 2012; Spinetti et al. 2013a; Tepper et al. 2002). Studies in animal 
models suggest that the alteration in the spectrum of circulating cells is secondary 
to a deregulated control of cell mobilization from the BM (Ferraro et al. 2011; Busik 
et al. 2009; Krankel et al. 2008; Segal et al. 2006). In line with this, clinical data 
suggest that the BM of diabetic patients has an impaired capacity to release haema-
topoietic stem cells following stimulation with granulocyte colony-stimulating fac-
tor (G-CSF) (Ferraro et al. 2011). This defect has recently been termed “diabetic 
stem cell mobilopathy” (DiPersio 2011). Moreover, DM may impinge upon the 
integrity of stem cells (SCs)/PCs by altering the marrow microvascular micro- 
environment (Spinetti et al. 2013a). In a mouse model, Oikawa et al. showed that 
T1DM causes microvascular rarefaction, resulting in critical hypoperfusion, SC 
depletion at the level of the endosteal niche and altered transendothelial cell traf-
ficking (Oikawa et al. 2010). This experimental study was followed by the first 
related in-human investigation by our group, demonstrating the presence of micro-
angiopathy in the BM of diabetic patients, with or without peripheral artery disease 
(Spinetti et al. 2013a). In addition to vascular rarefaction, we reported a reduction 

Table 3.2 MicroRNAs involved in insulin resistance

microRNA
Change in 
diabetes Target(s) Functional result Reference

miR-33a/b Up IRS2 Decreased intracellular 
insulin signalling

Najafi-Shoushtari 
et al. (2010)

miR-103 Up Caveolin 1 Increases adipogenesis Trajkovski et al. 
(2011)

miR-107 Up Caveolin 1 Increases adipogenesis Trajkovski et al. 
(2011)

miR-126 Up IRS1 Decreased intracellular 
insulin signalling

Ryu et al. (2011)

miR-143 Down ERK5 Increases adipogenesis Esau et al. (2004)

miR-145 Up IRS1 Decreased intracellular 
insulin signalling

Shi et al. (2007)

miR-181a Up SIRT1 Increases insulin resistance Zhou et al. (2012)

miR-221 Up AdipoR1 Decreases adiponectin 
signalling

Lustig et al. (2014)

miR-222 Up ERa Increases insulin resistance 
in gestational diabetes

Shi et al. (2014)
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of CD34+ PCs in the BM of T2DM patients consequent to induction of apoptosis via 
downregulation of miR-155 and activation of the FOXO3a/p21/p27 signalling path-
way (Spinetti et al. 2013a). The potential functions of miR-155 itself in vascular 
disease are conflicting, however. There is an upregulation in atherosclerotic lesions 
(Charo and Ransohoff 2006), but circulating miR-155 is reduced in humans with 
coronary artery disease (Fichtlscherer et al. 2010) and a haematopoietic deficiency 
in mice enhances plaque development (Donners et al. 2012). Further in vivo studies 
are required to delineate its role, but it is clear that miR-155 has a wider role in the 
inflammatory processes accompanying vascular disease.

MiRNAs are master regulators of haematopoietic and vascular cell function. It is 
interesting to note that miRNAs exert both an effect on BM cell maturation and on 
their proangiogenic function. In this respect, recent evidence indicates that miRNAs 
are hierarchically organized in a circuitry that controls CD34+ PC proliferation, 
viability and differentiation (Georgantas et al. 2007; O’Connell et al. 2010). In addi-
tion, miRNAs are key regulators of EC function and angiogenesis and can control 
postischaemic angiogenesis by acting at different levels (reviewed in (Caporali and 
Emanueli 2011)). Additionally, miRNAs are important for both maintaining stem 
cell pluripotency and inducing stem cell vascular differentiation (reviewed in 
(Howard et al. 2011)). Moreover, we recently showed that miR-132 is essential for 
the therapeutic proangiogenic actions of pericyte progenitor cells (Katare et al. 
2011a). Interestingly, BM PCs produce and secrete proangiogenic and antiangio-
genic miRNAs within vesicles (exosomes, microparticles, apoptotic bodies) 
(Deregibus et al. 2007; Sahoo et al. 2011; Wang and Olson 2009).

Exosomes are small (50–100 nm in diameter) naturally occurring vesicles 
actively secreted by different cells (e.g. mesenchymal cells, T and B cells, dendritic 
cells and tumour cells) (Thery et al. 2009; Zhu et al. 2012). Differently from mic-
roparticles, which are formed by direct budding of the cellular membrane, exo-
somes derive from multivesicular endosomes. They can be found in several body 
fluids (e.g. urine, plasma, milk) and seem to play a role both in physiological pro-
cesses and in pathology (Thery et al. 2009; Tetta et al. 2011). Exosomes can transfer 
proteins, lipids, mRNAs and miRNAs to target cells both in a spontaneous and 
receptor-mediated fashion (Collino et al. 2010; Record et al. 2011; Valadi et al. 
2007). Dysfunctional miRNA trafficking via exosomes secreted by CD34+ cells 
may impact on BM diabetic microangiopathy and mobilopathy. When recruited to 
the ischaemic site, CD34+ PCs support neovascularization only in part via incorpo-
ration into nascent vessels (Asahara et al. 1997), but mostly by paracrine mecha-
nisms, through the release of soluble factors as well as proangiogenic material 
packaged in extracellular vesicles (Sahoo et al. 2011; Kumar and Caplice 2010). 
Interestingly, PC-derived extracellular vesicles have been shown to activate resident 
endothelial cells (ECs), at least in part through horizontal transfer of miRNAs 
(Fiordaliso et al. 2000). A recent publication found that circulating CD34+ cells 
isolated from T2DM patients carry less proangiogenic miR-126 in secreted exo-
somes, with this deficit possibly contributing to the decreased in vitro angiogenic 
ability of diabetic CD34+ PCs (Mocharla et al. 2013). Whether DM alters the 
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secretion of specific angio-miRNAs by BM CD34+ cells via exosomes still needs to 
be further investigated. In particular, differentially expressed/secreted CD34+ miR-
NAs could both affect BM CD34+ PC migration/mobilization and also interfere 
with BM endothelial cell function.

3.4  MicroRNAs in Diabetic Cardiovascular Complications

DM is associated with vascular complications that represent the major cause of 
morbidity and mortality. The whole vascular tree is affected. Microangiopathies – 
angiopathies of the small arterial vessels – result in retinopathy, nephropathy and 
neuropathy. Macroangiopathies affect the larger arterial vessels, leading to isch-
aemic heart disease and arteriopathy of the lower limbs and of the supra-aortic 
trunks. The risk of developing complications is influenced by the duration of DM 
and genetic factors. Current treatment measures have resulted in a partial reduction 
in cardiovascular risk, and improved management strategies remain a major need 
for people with DM.

3.4.1  Microvascular Complications

Diabetic microangiopathy is a leading cause of renal failure, blindness and non- 
healing foot ulcers.

3.4.1.1  Nephropathy
DM can promote ultrastructural alterations in the glomerular filtration barrier of the 
kidney that affect its permeability, leading to proteinuria and a decline in glomeru-
lar filtration rate. This is known as diabetic nephropathy. Poor glycaemic control 
and underlying hypertension worsen this condition and accelerate its progression, 
often resulting in end-stage renal disease (Afkarian et al. 2013). Several miRNAs 
have been related to the pathobiology of diabetic nephropathy. For example, the 
increase in transforming growth factor-β (TGF-β) that occurs during diabetic 
nephropathy and promotes the accumulation of extracellular matrix in the glomeru-
lus is induced by miR-192 (Deshpande et al. 2013). MiR-192 also modulates the 
expression of miR-200b/c and collagen genes, contributing to glomerular hypertro-
phy and fibrogenesis (Kato et al. 2007). MiR-21 expression is increased in the kid-
neys of type 2 diabetic mice (Wang et al. 2013). Under hyperglycaemic conditions, 
miR-21 inhibits the tumour suppressor gene PTEN and activates Akt and TORC1 
pathways, resulting in renal cell hypertrophy and fibrogenesis (Dey et al. 2011). 
Other miRs upregulated by high glucose levels and related to diabetic nephropathy 
are miR-195 and miR-377, the former involved in podocyte apoptosis by reducing 
expression of BCL2 and the latter contributing to fibrogenesis by inducing fibro-
nectin expression (Chen et al. 2011; Wang et al. 2008). Some miRs have been found 
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to be downregulated in the kidney under diabetic conditions, suggesting that their 
forced expression could be a therapeutic strategy in this context. One example is the 
miR-29 family, repressed in proximal tubular cells under hyperglycaemia or TGF-β 
treatment (Chen et al. 2014a). As miR-29 targets collagens I, III and IV, its down-
regulation contributes to renal fibrosis by increasing the levels of these proteins 
(Qin et al. 2011). Vascular endothelial growth factor-A (VEGF-A) plays a key role 
in maintaining the integrity of the glomerulus. It has been shown that miR-93 tar-
gets VEGF-A, and miR-93 downregulation promotes an increase in VEGF-A under 
hyperglycaemic conditions. Furthermore, inhibiting the VEGF-A rise by forced 
overexpression of miR-93 improves kidney function in diabetic mice (Long et al. 
2010). Thus, miR-39 overexpression could be a therapeutic strategy to prevent kid-
ney dysfunction.

3.4.1.2  Retinopathy
Diabetic retinopathy is the most common microvascular complication. During the 
course of the disease, it is common to develop alterations in the retina as a conse-
quence of chronic hyperglycaemia (American Diabetes Association 2014). 
Diabetic retinopathy is characterized by altered vascular permeability in the retina, 
capillary degeneration and exaggerated neovascularization. Several miRs have 
been found to be upregulated in the retinas of T1DM rats, including miR-146, 
miR-155, miR-132 and miR-21 – all of them NF-kB responsive (Kovacs et al. 
2011). NF-kB plays an important role in the early pathogenesis of DR by trigger-
ing a pro-apoptotic program in retinal pericytes (Kowluru et al. 2003). Therefore, 
these miRs may reinforce the hyperglycaemia-/inflammatory-mediated vascular 
damage in the retina. Other upregulated miRs in diabetic endothelial retinal cells 
are miR-17-5p, miR- 18a, miR-20a, miR-21, miR-31 and miR-155, all known to be 
responsive to VEGF, the most important growth factor involved in diabetic reti-
nopathy (Kovacs et al. 2011). MiR-200b, which targets VEGF-A, is downregu-
lated in the retinas of diabetic rats, and forced overexpression of miR-200b reversed 
VEGF-mediated vascular permeability (McArthur et al. 2011). A recent study has 
suggested that the combination of serum miR-21, miR-181c and miR-1179 as bio-
markers have the ability to discriminate between proliferative and non-prolifera-
tive diabetic retinopathy (Qing et al. 2014). The above evidence highlights the 
potential role of miRNAs in regulating the inflammatory and neovascularization 
processes of diabetic retinopathy and their potential early diagnostic value for pro-
liferative disease.

3.4.1.3  Neuropathy
Approximately half of diabetic patients develop neuropathy, consisting of periph-
eral nerve dysfunction that can manifest in several different forms, including sen-
sory, focal/multifocal and autonomic neuropathies (American Diabetes Association 
2014). There is a paucity of studies relating miRNAs to the development of diabetic 
neuropathy. A recent study suggests that hyperglycaemia downregulates miR-146a 
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and that this is related to increased neuronal apoptosis by increasing the expres-
sion of interleukin-1 receptor-activate kinase (IRAK1) and tumour necrosis factor- 
associated factor 6 (TRAF6) in a mouse model of diabetic peripheral neuropathy 
(Wang et al. 2014a). Indeed, several polymorphisms in miR-146a, as well as miR- 
128, are associated with susceptibility to diabetic neuropathy (Ciccacci et al. 2014).

3.4.2  Cardiac Disease

Heart disease represents the leading cause of death among patients with DM 
(Stamler et al. 1993). Epidemiological studies indicate that DM is a potent and 
prevalent risk factor for ischaemic heart disease and heart failure (HF) (Kannel 
et al. 1974; Redfield et al. 2003). In addition, the coexistence of DM with either 
myocardial ischaemia or HF is associated with extremely poor outcomes (Beller 
2001; Bell 2003a). Although coronary atherosclerosis is frequently implicated in 
the development of HF in diabetic patients, recent evidence indicates that DM can 
cause cardiac dysfunction independently of coronary disease or hypertension (Fang 
et al. 2004; Bell 2003b; Poornima et al. 2006; Marwick 2006). Screening assess-
ment of ventricular function by echocardiography and tissue Doppler revealed the 
presence of diastolic dysfunction in 25–75% of young, asymptomatic patients with 
T1DM or T2DM (Zabalgoitia et al. 2001; Boyer et al. 2004; Rajan and Gokhale 
2002; Schannwell et al. 2002). T2DM patients seem to be more susceptible than 
T1DM subjects, possibly due to the cardio-protective action of insulin supple-
mentation in the latter (Schaible et al. 1983). In the Strong Heart Study and Heart 
Outcomes Prevention Evaluation (HOPE) Trial, the degree of diastolic dysfunc-
tion and the risk of evolution to HF were proportional to the levels of microal-
buminuria and presence of microvascular complications (Liu et al. 2003; Arnold 
et al. 2003). Because microalbuminuria is a marker of endothelial dysfunction 
in the kidney, it was postulated that parallel impairment of endothelial function 
in the myocardium may contribute to increased ventricular scarring and stiffness 
(Poornima et al. 2006). Mechanisms of diabetic cardiomyopathy are complex. Poor 
glycaemic control, increased oxidative stress, abnormalities in calcium handling 
and local activation of the renin-angiotensin system concurrently cause cardiomyo-
cyte and microvascular endothelial cell apoptosis and death (Fiordaliso et al. 2000; 
Frustaci et al. 2000). Reduction of coronary flow reserve, microvascular spasm and 
reperfusion injury ascribed to endothelial dysfunction and microangiopathy con-
tribute to focal cardiomyocyte loss by apoptosis and replacement fibrosis (Warley 
et al. 1995). Furthermore, healing mechanisms are impaired in the diabetic heart, 
including altered paracrine control of reparative angiogenesis (Yoon et al. 2005) and 
myocyte survival (Kajstura et al. 2001), as well as accelerated ageing of resident 
cardiac progenitor cells (Rota et al. 2006). A few studies highlight the differential 
expression of a subset of miRNAs in proangiogenic cells (PACs) in patients with 
heart disease (Zhang et al. 2011; Meng et al. 2012; Xu et al. 2012).
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MiRNAs may control these cell functions at different levels with their altered 
expression being the cause or the result of the diabetic complication. In particular, 
the cardiac and skeletal muscle-specific miR-133a may play a role in the develop-
ment of the disease by controlling genes related to fibrosis. MiR-133a downregula-
tion in the hearts of diabetic mice has been associated with increased TGF-β1 and 
collagen IV (COL4A1) expression (Chen et al. 2014b). Of note, recent findings 
suggest miR-133a may be implicated in the control of cardiomyocyte function in 
diabetes via the targeting of methylation enzymes (Chavali et al. 2012). The 
muscle- specific miR-1 is upregulated in a rat cardiomyocyte cell line exposed to 
high glucose, inhibiting the anti-apoptotic action of IGF-1 (Yu et al. 2008). Another 
study with a similar in vitro model found again that miR-1 was upregulated and 
negatively regulated heat-shock protein 60 expression (Shan et al. 2010). In a dia-
betic mouse model, we found that cardiomyopathy was associated with a rise in 
miR-1 and a concurrent decline in the levels of a target Pim-1, which itself plays a 
key role in the cardiac response to stressors (Katare et al. 2011b). A different pro-
file is seen in the specific case of established diabetic cardiomyopathy, where 
miR-1 has been found to be downregulated in affected rats (Yildirim et al. 2013). 
This was associated with an upregulation of the target junctin1 and a consequent 
increase in oxidative stress (Yildirim et al. 2013). In humans, a study of left ven-
tricle biopsies demonstrated the differential expression between diabetics and non-
diabetics of six miRNAs: miR-34b, miR-34c, miR-199b, miR-210, miR-650 and 
miR-223. These data were confirmed for miR-199a, miR-199b and miR-210 
in vitro in cardiomyocytes and endothelial cells subjected to hypoxia and high 
glucose (Greco et al. 2012).

MiRNAs can exert their action in the cell of origin, but can also act in a 
paracrine fashion via release in the circulation where they travel bound to pro-
tein but also embedded in extracellular vesicles (see previous Sect. 3.3 for more 
details). In addition, via extracellular vesicle transport, miRNAs can be trans-
ferred directly to neighbouring cells and target mRNA expression in the recipi-
ent cell. This relatively newly discovered behaviour of miRNAs is currently 
attracting interest in the cardiovascular field. A recent report demonstrates that 
cardiomyocytes isolated from T2DM diabetic rats actually transfer the antian-
giogenic miR-320 to endothelial cells and affect their function. This effect was 
counterbalanced in healthy cardiomyocytes by angiogenic miR-126 transport  
(Wang et al. 2014b).

A prolonged QT interval is an adverse cardiac feature of diabetes that can result 
in arrhythmias and is an independent predictor of mortality in DM (Rossing et al. 
2001). This occurs as a result of dysfunction of multiple ion channels, predomi-
nantly the IK/HERG (human ether-a-go-go) channel (Xiao et al. 2007). MiR-133 
levels are significantly upregulated in the hearts of diabetic rabbits, where it tar-
gets HERG (Xiao et al. 2007). This suggests a role for miR133 dysregulation in 
prolonging the QT interval, and causing the resultant arrhythmias, in diabetes  
(Xiao et al. 2007).
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3.4.3  Peripheral Vascular Disease

In diabetic patients, large-calibre vessels show aggressive macrovascular athero-
sclerotic disease that accounts for ischaemic complications, including myocardial 
infarction, peripheral artery disease (PAD) and stroke. PAD can progress to critical 
limb ischaemia (CLI), a life-threatening condition characterized by pain at rest, tis-
sue loss with ulceration and/or gangrene (Norgren et al. 2007). Once CLI occurs, 
blood flow (BF) must be restored by either percutaneous angioplasty (PTA) or sur-
gical revascularization. If revascularisation is infeasible, then amputation is inevi-
table, and this outcome is far more common in diabetic patients (Faglia 2011). A 
recent report showed that miR-126, which is known to be highly expressed in endo-
thelial cells where it positively regulates angiogenesis (Fish et al. 2008), is down-
regulated in culture-selected PACs isolated from diabetic patients without vascular 
complications (Meng et al. 2012). In this respect, we have recently showed that 
culture-selected PACs generated from peripheral blood mononuclear cells (MNCs) 
of diabetic patients with CLI express increased levels of antiangiogenic miRNAs. 
Among those, miR-15a and miR-16 showed anti-migratory and pro-apoptotic activ-
ities on PACs. Interestingly, miR-15a and miR-16 were also abundantly present in 
PB CD34+ cells and other vascular cells and were packaged in cell-secreted exo-
somes (Spinetti et al. 2013b). In Homo sapiens, two miR-15/16 clusters exist: miR- 
15a/miR-16-1 and miR-15b/miR-16-2 (at 13q14.2 and 3q25.33, respectively). 
MiR-15a and miR-16 share a portion of their “seed” sequence (i.e. the sequence 
which binds to the 3’UTR region of the targeted mRNAs) with five other miRNAs, 
including miR-503 and miR-424 (Caporali and Emanueli 2012). We previously 
showed that miR-503 impairs angiogenesis in the setting of CLI and diabetes, by 
directly targeting the cell cycle regulators cyclin E1 and cdc25A (Caporali et al. 
2011). Chamorro et al. demonstrated that miR-16 and miR-424 inhibit in vitro 
endothelial function and angiogenesis by modulating the expression of VEGF-A, 
KDR and FGF-R1 (fibroblast growth factor receptor-1) (Chamorro-Jorganes et al. 
2011). Moreover, Hullinger et al. showed that inhibition of miR-15 protects against 
cardiac ischaemic injury (Hullinger et al. 2012).

Since miRNAs influence the therapeutic potential of human embryonic stem 
cell-derived endothelial progenitor cells and pericyte progenitor cells (Katare et al. 
2011a; Kane et al. 2012) upon their transplantation in mouse models of peripheral 
or myocardial ischaemia, it may be feasible in the future to intervene at the miRNA 
level to augment PAC regenerative potential. In fact, therapeutic stimulation of 
angiogenesis represents a strategy to support postischaemic BF recovery, wound 
closure and tissue regeneration. Despite the encouraging evidence from early clini-
cal trials (Assmus et al. 2002; Fadini et al. 2009; Gupta and Losordo 2011; Amann 
et al. 2008; Sprengers et al. 2010), the regenerative potential of proangiogenic cells 
derived from patients with either diabetes or tissue ischaemia is reduced, and the 
underpinning molecular mechanisms have not been clarified (Fadini et al. 2006; 
Vasa et al. 2001; Heeschen et al. 2004).

A summary of the outcomes of miRNA dysregulation in diabetic cardiac disease 
and limb ischaemia is found in Fig. 3.1.
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3.5  MicroRNA as Circulating Biomarkers of Diabetic 
Cardiovascular Disease

The extracellular miRNAs in human serum and plasma are known to be relatively 
stable, reproducible and consistent, allowing them to be of potential value as bio-
markers, and the interest toward the use of miRNAs in this area is growing. The role 
of miRNAs as biomarkers in cardiovascular disease is reviewed elsewhere (Creemers 
et al. 2012). Additionally, circulating levels of several miRNAs are also modified by 
diabetes (reviewed in (Shantikumar et al. 2012; Rawal et al. 2014)). Zampetaki 
et al. described the first plasma microRNA signature in patients with T2DM in a 
large population cohort. They found five microRNAs (miR-15a, miR-126, miR- 
320, miR-223, miR-28-3p) to be deregulated in patients with diabetes (Zampetaki 
et al. 2010). There has been much less study of circulating miRNAs in the specific 
context of diabetic vascular disease. We found that plasma levels of miR-50, miR- 
15a and miR-16 were increased in diabetic patients with CLI. The latter two miR-
NAs correlate with adverse events during 12 months follow-up in T2D patients who 
underwent PTA to correct CLI (Spinetti et al. 2013b). Another study looking at 
serum miRNA expression in T2DM patients, with and without vascular complica-
tions, found differential expression in patients with microvascular or macrovascular 
disease. Specifically, they found that miR-31 was significantly upregulated in 
T2DM patients with microvascular complications (Sebastiani et al. 2013).

These preliminary findings must be confirmed in larger patient populations, 
including subjects from different ethnic backgrounds and with various comorbidi-
ties. Differences in patient characteristics could alter several processes which 
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determine circulating miRNA values. These processes could include miRNA tran-
scription, maturation, release from cells to the circulation, uptake from the circula-
tion by other cells and excretion. Moreover, the data above leave several questions 
open regarding circulating miRNAs, including the cellular sources, the stimuli and 
the mechanisms permitting their extracellular release, their form of transportation 
and their putative function as local or at-distance communicators (Fichtlscherer 
et al. 2011).

3.6  Concluding Remarks

In this chapter we have discussed the complex role of microRNAs in the pancreatic 
dysfunction and insulin resistance that contribute to the development of diabetes, as 
well as their role in the development of microvascular and macrovascular complica-
tions, with special focus on cardiac disease and limb ischaemia. The identification 
of miRNAs involved in these pathological processes is the first step in the approach 
for finding improved diagnostic and therapeutic tools. The use of miRNA mimics 
and inhibitors are an attractive strategy for targeted therapy of diabetic vascular 
complications.
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Abstract
Ischemic cardiomyopathy is frequently a consequence of myocardial infarction 
resulting in a marked loss of cardiomyocytes, which is replaced by a scar. As 
endogenous cardiovascular repair mechanisms are not sufficient to compensate 
for the loss of heart muscle and subsequent adverse remodeling predisposes 
to development of heart failure, novel experimental therapies are intensely 
explored to reduce scar size, counteract adverse hypertrophy and promote repair 
of the heart muscle. These therapies include cell-based therapies, cardiomyo-
cytes renewal or proliferation and trans-differentiation into cardiomyocytes. 
Importantly, microRNAs evolved as major modulators of pathophysiological 
mechanisms involved in heart failure progression as well as repair mechanisms. 
Identification of microRNAs contributing or counteracting these deteriorative 
mechanisms resulted in novel microRNA-targeted therapies in experimental stud-
ies. While this class of non-coding RNAs has already entered clinical  translation, 
another subclass of non-coding RNAs - long-non-coding RNAs (lncRNAs) – is 
now intensely explored as well. Recent observations indicate that lncRNAs are 
important regulators of cardiovascular development and  mechanisms involved 
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in adverse cardiac remodeling and development of cardiomyopathy. Therefore 
lncRNAs, in addition to microRNAs, may also emerge as novel therapeutic tar-
gets in cardiovascular disease.

4.1  Targeting miRNAs to Enhance Cell-Based Therapies

The studies of cell-based therapies using bone marrow-derived cells in patients with 
acute myocardial infarction (Assmus et al. 2002) triggered a vast number of experi-
mental and clinical investigations using bone marrow-, mesenchymal-, or cardiac- 
derived stem and progenitor cells (Jakob and Landmesser 2013). Recently, 
cardiac-derived stem cells were examined in clinical phase I/II trials (Bolli et al. 
2011; Makkar et al. 2012). However, while some clinical trials using cell-based 
therapies after myocardial infarction observed an improvement of left ventricular 
function or clinical symptoms, others failed to show beneficial effects (Jeevanantham 
et al. 2012; Fisher et al. 2015; Gyongyosi et al. 2015). Importantly, as the majority 
of conducted clinical trials included only small number of patients and was mostly 
underpowered for mortality as an endpoint, a Pan-European clinical phase III trial 
investigating the effect of cell-based treatment in patients with acute myocardial 
infarction (MI) (http://www.bami-fp7.eu/) is now being conducted.

The modest effects observed in cell-based therapies may in part be attributable to 
isolation procedures (Assmus et al. 2010; Seeger et al. 2012), low survival (Li et al. 
2009), limited homing (Chavakis and Dimmeler 2011), and highly limited differen-
tiation into contractility contributing cardiomyocytes of the applied cell product 
(Tongers et al. 2011). Of note, cells derived from patients with cardiovascular dis-
eases show an impaired cardiac repair capacity when compared to cells from healthy 
subjects (Jakob et al. 2012a; Heeschen et al. 2004). Mechanistic studies have shown 
that miRNAs are crucially involved in these processes. As a potential mechanism, 
deregulation of miRNAs in cells with repair capacity was observed (Mocharla et al. 
2013; Jakob et al. 2012a; Xu et al. 2012). We and others observed deregulation of 
miRNA expression in early angiogenic outgrowth cells (EOCs) derived from 
patients with chronic heart failure (CHF) (Jakob et al. 2012b). Notably, overexpres-
sion of miR-126 that was reduced in EOCs from patients with CHF enhanced EOC- 
mediated cardiac repair capacity in vivo (Jakob et al. 2012b). MiR-126 was 
previously shown to stimulate angiogenesis (Wang et al. 2008) and is also involved 
in the prevention of experimental atherosclerosis (Schober et al. 2014). In addition, 
miR-21, that is upregulated in EOCs from patients with coronary artery disease, 
impairs their migratory potential through an increase in reactive oxygen species 
(Fleissner et al. 2010). Another approach is to prevent apoptosis of transplanted 
cells, a process thought to substantially decrease cardiac repair capacity after cell 
transplantation due to low survival of transplanted cells. Expression of miR-34a, a 
pro-apoptotic miRNA, was increased in bone marrow mononuclear cells (BMC) 
from patients with myocardial infarction (Xu et al. 2012). Pretreatment of BMCs 
with miR-34a inhibitors improved their capacity to restore cardiac function in a 
murine infarct model (Xu et al. 2012). Of note, miR-34a is also increased during 
ageing in the heart (Boon et al. 2013). Hu et al. applied a cocktail consisting of 
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miR- 21, miR-24, and miR-221 to cardiac progenitor cells, which increased their 
survival after cardiac transplantation in an experimental myocardial infarct model 
and resulted in a better preserved cardiac function (Hu et al. 2011). Bim, an inducer 
of apoptosis, was repressed by these three miRNAs (Hu et al. 2011), demonstrating 
that multiple miRNAs can synergistically repress one target. Hence, miRNAs have 
the potential to improve impaired cardiac repair capacity of adult stem/progenitor 
cells, and miRNA modulation of adult stem/progenitor cells may serve as a strategy 
to enhance cardiac repair processes in cell-based therapies (Fig. 4.1).

As cell isolation procedures are labor intensive and expensive and improvement 
in cardiac function is mostly related to paracrine mechanisms (Gnecchi et al. 2008; 
Murry et al. 2004), recent studies focused on compounds released from progenitor/
stem cells. In this context, exosomes, small secreted membrane-bound vesicles 
released from cells, evolve as a potential cell-free therapy for cardioprotection 
(Vicencio et al. 2015; Chen et al. 2013b). Interestingly, miRNA transferred via exo-
somes contributes to this intercellular communication system. Intramyocardial 
delivery of exosomes derived from mouse embryonic stem cells improved LV func-
tion after induction of myocardial infarction in mice (Khan et al. 2015). This was 
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Fig. 4.1 Experimental (and clinical) strategies to improve cardiac function using cells with 
miRNA-mediated cardiac repair potential, cell-derived miRNA-containing components, or chemi-
cally modified synthetic miRNAs. Chemically modified synthetic miRNAs or viral constructs can 
be delivered directly (local or systemic) for therapeutic manipulation of miRNAs (a). Systemic or 
intramyocardial delivered cells enhance cardiac repair by the release of miRNAs (and other growth 
factors) to host cells through exosomes and gap junctions (b). MiRNA pretreatment of cells may 
enhance their cardiac repair potential and survival (c). MiRNA-containing exosomes of stem/pro-
genitor cells can be isolated and delivered to improve cardiac repair capacity. This cell-free strat-
egy avoids potential side effects that may arise after transplantation of stem cells (d). CM 
cardiomyocytes, EC endothelial cells, miR microRNA
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related to an increase in proliferative myocytes and number of cardiac progenitor 
cells (CPCs, c-kit + cells) in vivo. Of note, miRNA profiling of exosomes revealed 
an enhanced expression of the cell cycle regulator cluster miR-290. Overexpression 
of one of the members, miR-294, in CPCs increased proliferation and decreased 
apoptosis in vitro (Khan et al. 2015). Similarly, hypoxia-induced release of exo-
somes in CPCs improved LV function in an experimental ischemia-reperfusion 
model, which is related to an increased exosome content of miRNAs involved in 
fibrosis pathways (Gray et al. 2015). In addition, exosomes from host tissue after 
cell therapy may alter function of the applied cell product. Ong et al. showed that 
CPCs co-delivered with a minicircle plasmid containing hypoxia-inducible factor 1 
(HIF-1)-induced endothelial cells to secrete exosomes enriched of miR-126 and 
miR-210. Uptake of these miRs in CPCs leads to a higher tolerance against hypoxic 
stress in vitro which in turn enhances survival of CPCs after intramyocardial deliv-
ery (Ong et al. 2014). Interestingly, Hosoda et al. (2011) showed that miR-499 may 
also be transferred via gap junctions from myocytes to cardiac stem cells, thereby 
promoting differentiation via suppression of differentiation modulators Sox6 and 
Rod1. MiR-499 is highly expressed in differentiated cardiomyocytes and markedly 
reduces proliferation rates of cardiomyocyte progenitor cells (Sluijter et al. 2010).

4.2  Targeting miRNAs to Induce a Cardiac Phenotype 
in Pluripotent Stem Cells

Stimulation of cardiomyocyte lineage commitment was reported in embryonic stem 
cells (ESCs) and inducible pluripotent stem cells (iPSCs) as a potential strategy 
to promote cardiac regeneration. Human ESC-derived cardiomyocytes enhanced 
cardiac function in a rat myocardial infarction model (Laflamme et al. 2007). In 
addition, integration and survival of human ESC-derived cardiomyocytes after trans-
plantation in nonhuman primates in an experimental myocardial infarct model were 
reported recently. Re-muscularization of substantial amounts of the infarcted mon-
key heart was observed, albeit with occurrence of nonfatal ventricular arrhythmias 
(Chong et al. 2014). Dynamic regulation of miRNA is involved in differentiation of 
ESCs toward a cardiomyocyte fate. In vitro, induction of miR-1 and miR-499 in the 
differentiation from human ECS and cardiac progenitor cells toward cardiomyocytes 
was observed. Forced expression of these miRNAs enhanced differentiation toward 
a cardiomyocyte fate (Wilson et al. 2010; Sluijter et al. 2010). In vivo, transplanta-
tion of hESCs treated with miR-1 mimics improved cardiac function and increased 
the number of donor-derived cardiomyocytes (Glass and Singla 2011). Of interest, 
cardiac apoptosis was decreased after treatment (Glass and Singla 2011) suggesting 
that miR-1 not only facilitates cardiomyocyte differentiation but also contributes 
to cardioprotection after cardiac injury via paracrine mechanisms. Using miRNA 
sequencing and bioinformatical analysis in hESCs-derived cardiomyocytes before 
and after (1 year) cardiac maturation revealed a pronounced upregulation of mem-
bers of the let-7 family. Overexpression of let-7 in human ESC-CMs accelerated 
cardiac maturation as shown by enhanced morphological and functional character-
istics. Profiling after overexpression of let-7 members showed upregulation of fatty 
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acid metabolism and downregulation of PI3/AKT/insulin signaling, suggesting that 
a metabolic switch enhances cardiomyocyte maturation (Kuppusamy et al. 2015). 
Together, these studies reveal important roles of miRNAs for cardiac lineage com-
mitment and maturation of pluripotent stem cells.

4.3  Targeting miRNAs to Facilitate Cardiac Regenerative 
Pathways

A limited number of cardiac cells are able or regain the potential to reenter cell 
cycle (Bergmann et al. 2009). However, this cell renewal cannot compensate for 
cardiomyocyte loss after acute myocardial infarction or in the progression of 
chronic heart failure. Therefore, therapeutic strategies to induce cardiac regenera-
tion are currently intensely investigated. As miRNAs are crucially involved in 
cardiac development, lineage commitment, differentiation, and maturation of car-
diomyocytes, miRNAs were recently investigated for their potential to regenerate 
the heart, either by direct cardiac reprogramming or induction of cardiomyocyte 
proliferation (Fig. 4.2).

Direct cardiac reprogramming describes a process in which resident cardiac host 
cells are directly trans-differentiated into cardiomyocytes. Direct reprogramming 
therefore circumvents the step of dedifferentiation into pluripotent stem cells but 
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Fig. 4.2 Induction or inhibition of cardiomyocyte proliferation is regulated by miRNAs. Whereas 
neonatal mice show a robust cardiac repair response after cardiac injury, proliferative capacity of 
cardiomyocytes is (almost) lost in the adult heart of human and mice. Therapeutic targeting of 
miRNAs that suppresses genes involved in cell cycle reentry and mitosis results in an increased 
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box, PTEN phosphatase and tensin homolog
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pursues reprogramming directly from endogenous non-cardiomyocytes (e.g., car-
diac fibroblasts) toward functional cardiomyocytes. Ieda et al. (2010) reported 
recently reprogramming of mouse fibroblasts into cardiomyocytes. Delivery of 
three cardiac transcription factors (Gata4, Mef2c, Tbx5, or GMT) into fibroblasts 
derived from mouse hearts and skin resulted in cardiomyocyte-like cells with 
expression of cardiomyocyte-specific promoters and structures. The induction was 
also observed in a murine myocardial infarction model by using viral transfection of 
cardiac transcription factors (Qian et al. 2012; Song et al. 2012). Interestingly, the 
addition of miR-133a to GMT increased the number of directly reprogrammed car-
diomyocytes and accelerated onset of beating cells by suppression of fibroblast sig-
natures through SNAI1, a master gene of epithelial-to-mesenchymal transition 
(Muraoka et al. 2014). Jayawardena et al. (2012) extended these observations by 
using miRNAs involved in cardiac muscle development. Overexpression of miR-1, 
miR-133, miR-208, and miR-499 in mouse cardiac fibroblasts drives these cells 
toward cardiomyocytes with expression of cardiomyocyte markers and functions 
in vitro. Moreover, genetic tracing methods showed that intramyocardial injection 
of this set of miRNAs after experimental myocardial infarction converted cardiac 
fibroblast into cardiomyocytes-like cells (Jayawardena et al. 2012). In a follow-up 
study (Jayawardena et al. 2015), serial echocardiography in mice undergoing MI 
and injected with miR-1, miR-133, miR-208, and miR-499 showed an improvement 
in cardiac function over 3 months as compared to controls. Furthermore, repro-
grammed rod-shaped cells exhibited similar physiological properties as mature 
adult ventricular cardiomyocytes. Fibroblasts from humans are more resistant to 
reprogramming techniques, as cardiac transcription factors (Gata4, Mef2c, Tbx5, 
and Hand2) used in mouse fibroblasts (Song et al. 2012) failed to reprogram human 
fibroblasts (Nam et al. 2013). However, addition of MyocD effectively induced car-
diac gene expression. Interestingly, miR-1 and miR-133 together with four tran-
scription factors (Gata4, Hand2, Tbx5, and MyocD) further enhanced reprogramming 
efficiency toward a cardiomyocyte phenotype (Nam et al. 2013). Though 19% of 
reprogrammed cells were cardiac troponin T-positive, functional characteristics of 
mature cardiomyocytes such as upregulation of cardiac genes, calcium transients, 
and beating cells were rarely observed.

Apart from direct reprogramming, induction of cardiomyocyte proliferation is 
an alternative different strategy to enhance cardiac function in injured hearts that 
likely underlies the capacity of zebra fish and postnatal mice to regenerate after 
cardiac injury. Cardiomyocyte proliferation is recognized for decades to be a pre-
requisite in embryogenesis and for lower vertebrates. However, Bergmann et al. 
showed that in adults, a low but relevant count of cardiomyocytes still proliferates 
(approx. 1% turnover rate/year) (Bergmann et al. 2009), which raises the possibil-
ity to enhance cell cycle in mature cardiomyocytes. In experimental studies, prolif-
eration of cardiomyocytes after surgical injury in neonatal mice has been reported 
(Porrello et al. 2011b). These observations indicate postnatal regeneration of the 
heart. MiRNAs are required for modulation of proliferative and apoptotic pro-
cesses in cardiomyocytes, as cardiac deletion of enzymes required in the biogene-
sis of miRNAs resulted in dilatation of the heart and premature lethality (Chen 
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et al. 2008; Rao et al. 2009). MiR-1 and miR-133 have been shown to regulate 
mitotic processes. MiR-1 is specifically expressed in the skeletal and cardiac mus-
cle and consists of two miRNAs, miR-1-1 and miR-1-2 (Zhao et al. 2007). Mice 
lacking miR-1-2 die early due to ventricular septal defects (Zhao et al. 2007). 
Adult mice lacking miR-1 will result to overt cardiomyocyte hyperplasia. Molecular 
studies showed an increased expression of proteins involved in cardiac morpho-
genesis and development, such as Hand2 (Zhao et al. 2007). In contrast cardiac-
specific overexpression of miR-1 leads to decreased ventricular cardiomyocyte 
proliferation (Zhao et al. 2005). MiR-133a is co-transcribed as a bicistronic con-
struct with miR-1 and involved in cardiac development. Deletion of miR-133a-1/
miR-133a-2 causes lethal ventricular septal defects in embryonic and neonatal 
stages and dilated cardiomyopathy in surviving adult mice (Liu et al. 2008). In 
these double-mutant mice, a disorganization of sarcomeres and an increased pro-
liferation and apoptosis of cardiomyocytes were detected. Consistently, cell cycle 
genes were upregulated in double knockout mice. In zebra fish, downregulation of 
miR-133 was observed after resection of the cardiac apex. Transgenic overexpres-
sion of miR-133 suppresses cell cycle genes btg3, cdc37, PA2G4 and mps1, and 
connexin-43, a gap junction protein required for intercellular communication (Yin 
et al. 2012), as it was shown for miR-499 (Hosoda et al. 2011). MiR-133a therefore 
suppresses cardiomyocyte cell cycle and guides differentiation into cardiomyo-
cytes. As changes in spatiotemporal expression of miRNA are observed, a study 
linked the transient regenerative capacity in postnatal murine hearts (Porrello et al. 
2011b) to detect up- and downregulated miRNAs using a microarray approach 
(Porrello et al. 2011a). MiR-195, a member of the miR-15 family, is highly upregu-
lated in mouse hearts between day 1 and 10 after birth. Delivery of anti-miRs tar-
geting miR-15 family members in neonatal mice increased cardiomyocyte 
proliferation by de-inhibition of cell cycle genes (Porrello et al. 2011a). Porrello 
et al. (2013) further investigated the impact of miR-15 on cardiac regeneration 
after cardiac injury in postnatal mice. Postnatal MI at day 1 resulted in an extensive 
infarcted area. However, at day 21, a functional recovery can be observed (Porrello 
et al. 2013). Cardiac-specific overexpression of miR-195 (a member of the miR-15 
family) in these mice impaired cardiac regenerative capacity with extensive fibro-
sis in the infarcted area and decreased proliferating cardiomyocytes (Porrello et al. 
2013). Furthermore, pretreatment of postnatal mice with anti-miR-15 improved 
cardiac function after induction of myocardial infarction in adult mice (Porrello 
et al. 2013). Of note, transgenic overexpression of miR-195 results in cardiac 
growth and disassembly of cardiomyocytes (van Rooij et al. 2006), leading to 
dilated cardiomyopathy. However, inhibition of miR-195 was recently shown to 
increase elastin deposition in the aorta of mice (Zampetaki et al. 2014). Therefore, 
the role of miR-195 in cardiac extracellular matrix deposition has to be determined 
in future studies. Similar to miR-195, miR-29a is upregulated when comparing 
miRNA array expression data from cardiomyocytes derived from rats at postnatal 
day 2 when compared to postnatal day 28 (Cao et al. 2013). MiR-29a targets cell 
cycle genes (CCND2). In vitro, inhibition of miR-29a in neonatal cardiomyocytes 
enhances cardiomyocyte proliferation (Cao et al. 2013).
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However, important regulators of regenerative processes can be missed in mam-
mals when evolutionary conserved mechanisms are not activated upon heart injury. 
In zebra fish, heart amputation results in a downregulation of miR-99/100 and let- -
7a/c, which is not observed in mice after MI (Aguirre et al. 2014). However, intra-
myocardial delivery of an adenovirus encoding for anti-miR-99/100 and anti-let-7a/c 
in mice undergoing MI improved cardiac function and decreased scar formation. 
These effects were triggered by an increase in dedifferentiated and proliferation of 
cardiomyocytes and resembled the regenerative mechanisms observed in zebra fish 
(Aguirre et al. 2014).

These studies investigated miRNAs with antiproliferative effects on cardiomyo-
cytes. In contrast, a recent study reported that miRNAs can also induce proliferation 
of cardiomyocytes (Eulalio et al. 2012). A functional high-throughput screening 
was performed to detect miRNAs involved in cardiomyocyte proliferation. Neonatal 
cardiomyocytes were transfected with a miRNA library consisting of 875 miRNAs 
(Eulalio et al. 2012). Remarkably, 204 miRNAs increased neonatal cardiomyocyte 
proliferation in vitro. Two pro-proliferative miRNAs – miR-199a and miR-590 – 
were further used for in vivo experiments. Overexpression of these miRNAs in neo-
natal rats revealed a thicker myocardium and increased cardiomyocyte proliferation. 
Moreover, intramyocardial overexpression of miR-199a and miR-590 in adult mice 
undergoing myocardial infarction induced cardiomyocyte proliferation in the peri- 
infarct area, reduced infarct size, and improved cardiac function (Eulalio et al. 
2012).

The role of the miRNA cluster miR-17-92 for cardiac proliferative processes was 
also investigated. Cardiac-specific deletion of miR-17-92 leads to decreased cardio-
myocyte proliferation in postnatal hearts (Chen et al. 2013a). Consistently, overex-
pression of miR-17-92 in embryonic and postnatal cardiomyocytes increased their 
proliferative capacity with a thickened myocardium due to hyperplasia. Intriguingly, 
induced cardiac expression of miR-17-92 in adult mice, where proliferative capac-
ity of cardiomyocytes is almost lost, resulted in an increased cardiomyocyte prolif-
eration. In addition, cardiac overexpression of miR-17-92 preserved cardiac function 
after myocardial infarction (Chen et al. 2013a). Another study investigated the miR- 
302- 367 cluster in hearts due to its contribution in lung development. Cardiac- 
specific knockout resulted in decreased embryonic cell proliferation associated with 
a decreased cardiomyocyte differentiation (Tian et al. 2015). Target analysis after 
overexpression of miR-302-367 showed suppression of Mst1, Lats2, and Mob1b, 
which are all acting as contributors of the Hippo signaling pathway upstream of the 
Yes-associated protein (YAP). Phosphorylation of the transcriptional co-activator 
YAP results in suppression of cell proliferation. Consistently, transgenic cardiac or 
systemic transient overexpression of the miR-302-367 enhanced cardiomyocyte 
proliferation and improved cardiac function in a mouse myocardial infarction 
model. However, long-term overexpression of miR-302-367, consistent with the 
role of the Hippo pathway in the regulation of organ growth, leads to dilatation of 
the left ventricle, which favors a transient application of this miR cluster (Tian et al. 
2015). These studies indicate that cell cycle reentry of cardiomyocytes can be 
induced by administration of pro-proliferative miRNAs.
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4.4  MiRNAs in the Development and Progression of Heart 
Failure

Multiple mechanical and pathological stress triggers and cardiac injury evoke detri-
mental cardiac remodeling processes in the adult heart leading to chronic heart fail-
ure. It is not surprising that miRNAs are also involved in cardiomyocyte 
pathophysiological mechanisms (including cardiomyocyte hypertrophy, apoptosis, 
survival, and reactivation of the fetal gene program). However, as the heart com-
prises other important cell fractions, miRNAs altering functions of cardiac fibro-
blasts, which trigger extracellular matrix deposition and fibrosis and changes in 
endothelial-derived miRNAs that regulate angiogenesis, are also important mecha-
nisms for heart failure development and progression. During heart failure develop-
ment, many fetal genes, which are quiescent in the adult heart, are reactivated 
(Miyata et al. 2000; Nakao et al. 1997). As activation of gene programs in the fetal 
heart is regulated by miRNAs, miRNAs inducing fetal genes were also found in 
experimental and clinical studies. First insights came from a conditional knockout 
of Dicer, an enzyme needed for processing functional mature miRNAs. Knockout 
of Dicer led to cardiac remodeling processes and upregulation of fetal gene tran-
scripts (viz., Acta1, Nppb, Myh7, and Nppa) (da Costa Martins et al. 2008). 
Comparison of miRNAs in experimental hypertrophic cardiomyopathy models 
showed >12 deregulated miRNAs as compared to sham-operated mice, which 
showed an overlap when comparing nonfailing versus end-stage heart failure tissues 
from humans (van Rooij et al. 2006). Seok et al. (2014) observed a downregulation 
of miR-155 in cardiomyocytes in a pressure overload model. Knockout of miR- 
155 in mice repressed cardiac hypertrophy, partly by targeting Jarid2, a key tran-
scriptional regulator of cardiac development and function. Formerly, miR-155 was 
known as an abundantly expressed miRNA in macrophages and monocytes. The 
loss of miR-155 in macrophages was found to inhibit leukocyte infiltration and 
protect murine hearts from hypertrophy, mostly by inhibition of pro-inflammatory 
macrophage-derived factors and downregulation of adhesion molecules (Heymans 
et al. 2013). These studies imply that targeted therapy of one miRNA may protect 
different cell types from pathological mechanisms – either by inhibition of para-
crine secretion of macrophages or from hypertrophic response in cardiomyocyte 
after pressure overload.

Comparison of miRNA expression profiles using left ventricular tissue samples 
from patients with heart failure, nonfailing hearts, and fetal human heart tissues 
revealed a profound alteration in miRNA expression of heart failure tissues as com-
pared to healthy tissue samples. In addition, up- and downregulated miRNA showed 
a > 85% coverage when miRNA expression of heart failure tissues was compared 
with fetal tissue, indicating a close relationship in molecular miRNA-dependent 
mechanism with the reactivation of fetal gene programs (Thum et al. 2007). Another 
elegant study performed a deep-sequencing analysis of RNA of human left ven-
tricular tissue samples derived from nonfailing human LV and failing human LV 
before and after left ventricular assist device (LVAD) support (Yang et al. 2014). 
More than 147 miRNAs were differentially regulated when comparing nonfailing 
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with heart failure LV samples; however, only two to five miRNAs returned to nor-
mal levels after LVAD support. These observations are consistent with a recent 
study where only subtle changes in miRNA expression between ischemic and 
dilated cardiomyopathy were detected, and miRNA profiling did not reveal differ-
ences before and after LVAD treatment (Akat et al. 2014). In contrast, >570 lncRNAs 
were found to be deregulated, mostly of mitochondrial origin, and approximately 
10% of these lncRNAs normalized after LVAD support (Yang et al. 2014).

Changes in intracellular calcium handling are critical for heart failure, as they 
determine cardiac contractility. Gene therapy using an adenoviral vector containing 
sarcoplasmic reticulum Ca2+-ATPase (SERCA2) led to a decrease in clinical symp-
toms and reverse remodeling in heart failure patients in a small clinical phase II 
study (Jessup et al. 2011). SERCA2 is a calcium-transporting ATPase, which 
enables calcium uptake in the sarcoplasmic reticulum during relaxation of cardio-
myocytes. Wahlquist et al. (2014) used the 3′-UTR region of SERCA2 as a sensor 
construct to identify miRNAs targeting SERCA2. MiR-25 markedly inhibited 
SERCA2 expression and was upregulated in the myocardium derived from patients 
with heart failure. Treatment with anti-miR-25 in a transaortic constriction (TAC) 
model in mice blunted progression of cardiac dysfunction and improved survival. 
Interestingly, in a study investigating experimental Hand2-induced cardiac hyper-
trophy, inhibition of miR-25 resulted in impaired cardiac function using a TAC 
model (Dirkx et al. 2013). Although the two studies used the same experimental 
hypertrophy model, inhibition of miR-25 was started 3 months (Wahlquist et al. 
2014) versus 3 days (Dirkx et al. 2013) after TAC operation and cardiac function 
were assessed at 5.5 months (Wahlquist et al. 2014) as compared to 1 month (Dirkx 
et al. 2013) after TAC. The findings therefore suggest that miR-25 has different 
functions in the subacute versus chronic heart failure phase, and miR-25 expression 
may be dynamic in the course of hypertrophy and heart failure. However, these 
questions have to be addressed in future studies. Dynamic expression of miRNAs 
upon a stress trigger has been shown in various studies, such as for miR-212/132 
(Ucar et al. 2012), miR-208 (van Rooij et al. 2007), and miR-195 (van Rooij et al. 
2006).

Cardiac fibroblasts contribute to adverse remodeling processes and progression 
of heart failure. MiRNAs have been identified as critical regulators in cardiac fibro-
blasts, thereby contributing to extracellular matrix modulation and cardiac fibrosis. 
MiR-29 targets multiple collagens and expression of extracellular matrix proteins. 
In an experimental model of MI, miR-29 expression was markedly reduced in the 
infarct region and mostly of fibroblast origin when comparing expression between 
fibroblasts and cardiomyocytes (van Rooij et al. 2008). Interestingly, transforming 
growth factor β (TGFβ), a key enhancer of cardiac fibrosis, decreased miR-29 
expression in vitro, suggesting that upregulation of TGFβ represses miR-29 expres-
sion, resulting in an enhanced deposition of extracellular matrix proteins (van Rooij 
et al. 2008). MiR-29 downregulation was also identified as a pro-fibrotic mecha-
nism in pulmonary (Cushing et al. 2011) and renal (Qin et al. 2011) fibrosis. 
However, miR-29 is also involved in the progression of aortic aneurysms. Reduced 
expression levels of miR-29a and inverse correlation with aortic size have also been 
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observed in patients with aortic aneurysm (Jones et al. 2011). Another miR-29 fam-
ily member, miR-29b, was reported to be upregulated in patients and in experimen-
tal models of aortic aneurysm (no significant difference of miR-29a expression was 
observed in this study). Downregulation of miR-29 by delivery of LNA-modified 
antisense oligonucleotides in vivo resulted in enhanced expression of collagen 
members and reduction in aortic diameter (Boon et al. 2011). Therefore, whereas 
overexpression of miR-29 after myocardial infarction may reduce cardiac fibrosis, 
a reduced matrix deposition in miR-29-treated subjects may lead to the progression 
of aortic dilatation.

Another prominent fibrosis regulating miRNA is miR-21 that is upregulated in 
rodent models of ischemia-reperfusion (Roy et al. 2009) and hypertrophy (van 
Rooij et al. 2006). First shown as a pro-fibrotic miRNA in a pressure overload 
mouse model, which supports cardiac remodeling by an increase of ERK-MAP 
kinase activity in cardiac fibroblasts, it was later shown that upregulation of miR-21 
after experimental ischemic preconditioning was protective in cardiac myocytes by 
inhibiting the expression of programmed cell death 4 (PDCD4) (Dong et al. 2009). 
In addition, sodium sulfide (Na2S), a donor for hydrogen sulfide, which is protec-
tive in various injury models of the heart, induces miR-21 in cardiomyocytes, indi-
cating that the observed improvement in survival and decreased infarct size in an 
ischemia-reperfusion injury model are mediated by miR-21 through an inhibition of 
inflammasome function (Toldo et al. 2014). As miR-21 is expressed in both cardio-
myocytes and cardiac fibroblasts, miRNA-mediated cell-to-cell communication 
was recently investigated. In this study, miR-21-3p (the star strand of miR-21, which 
is supposedly degraded) showed a high abundance in fibroblast-secreted exosomes 
and uptake of miR-21-3p in cardiomyocytes that resulted in cardiomyocyte hyper-
trophy via downregulation of SH3 domain-containing protein 2 (SORBS2) and 
PDZ and LIM domain 5 (PDLIM5) (Bang et al. 2014). These experimental studies 
imply that one miRNA may exert different functions in different cell types within 
the heart. In addition, miR-21-3p, a star strand that was earlier thought to be 
degraded, may also act as a functional miRNA. Moreover, the observation that miR- 
21 is not needed to induce cardiac hypertrophy in a knockout model and an experi-
mental model using a different anti-miR (8-mer LNA miR-21) (Patrick et al. 2010) 
and different cardiac heart failure models leading to divergent findings of miR-21 
action suggests that spatiotemporal expression of miRNAs and different method-
ological approaches are important determinants of miRNA functional activity.

4.5  Long Noncoding RNAs in Cardiovascular Disease

Long noncoding RNAs (lncRNAs) consist of a new group of noncoding RNAs 
emerging as genetic modifiers in cardiovascular disease. Whereas miRNAs belong 
to the short RNAs (i.e., <200 nucleotides), lncRNAs harbor more than 200 nucleo-
tides. In addition, other than miRNAs, lncRNA interaction is not (almost) exclu-
sively dependent on mRNA translational repression or mRNA degradation but 
rather activates or silences gene transcription through chromatin regulation and 
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transcriptional modulation (Geisler and Coller 2013; Wahlestedt 2013). In addition, 
transcriptional modulation of lncRNAs acts by cis (at the site of synthesis) or trans 
(at many different sites) fashion (Wahlestedt 2013; Mercer and Mattick 2013). 
LncRNA are not well preserved between species, and around 30% are specifically 
detected in primates (Derrien et al. 2012). Initial studies were performed in the 
oncology field, where investigated lncRNA was linked to cancer diseases (Gutschner 
et al. 2013; Yap et al. 2010). Some of these lncRNAs now gain also attention in the 
cardiovascular field, such as MALAT1 and ANRIL (Vausort et al. 2014; Burd et al. 
2010). As gene transcription regulators, lncRNAs, like miRNAs, are involved in the 
regulation of cardiac development. One such lncRNA is Fendrr. Fendrr knockout 
models have been shown to impair embryonic cardiomyocyte proliferation, leading 
to hypoplasia and impaired cardiac function, resulting in embryonic death (Grote 
et al. 2013). Mechanistic studies observed that Fendrr modifies chromatin regula-
tion through the binding of PRC2 and TrxG/MLL complexes (Grote et al. 2013). 
Deletion of Fendrr in another knockout model (Sauvageau et al. 2013) resulted in 
perinatal lethality. Ventricular septal defects and unstructured vessels were observed. 
In addition, reduced expression of Fendrr was observed in mutants of an endothe-
lial-specific knockout model of Forkhead Box transcription factor F1 (FOXF1), a 
critical factor for vascular development (Ren et al. 2014). Another lncRNA involved 
in heart development is Braveheart, which is expressed in mice but lacks an ortho-
logue in other species (Klattenhoff et al. 2013). Braveheart was found to interact in 
a gene network upstream of Mesp1 and is needed for activation of cardiac transcrip-
tion factors, which drive mesodermal cells toward a cardiovascular phenotype 
(Klattenhoff et al. 2013). Braveheart was also detected as a cardiac- enriched 
lncRNA in a study investigating lncRNA expression in different mouse tissues 
(hearts, livers, and skin cells) using RNA sequencing (Matkovich et al. 2014). In 
adult mouse hearts, 152 lncRNAs showed high expression levels. Out of these 
lncRNAs, 48 lncRNAs are enriched in the heart as compared to liver and skin cells. 
Furthermore, RNA sequencing in cardiomyocytes and fibroblasts from adult mouse 
hearts indicates that most of these lncRNAs are enriched in the cardiomyocyte cell 
fraction (Matkovich et al. 2014). RNA sequencing allows also to search for differ-
entially regulated lncRNA in cardiovascular disease models. Pedrazzini’s research 
group investigated alterations in cardiac lncRNA profiles after myocardial infarc-
tion in mice (Ounzain et al. 2015). Analysis of the RNA sequencing revealed 988 
annotated lncRNAs but also identified 1521 novel lncRNAs, of which 60% are heart 
specific according to computational analysis. Importantly, human orthologues were 
found in 73% of novel lncRNAs detected in mouse. Downregulation of an unanno-
tated novel lncRNA, NovInc6, was further shown in patients with dilated cardiomy-
opathy, in concert with suppression of a predicted target Nkx2-5, a key transcription 
factor of cardiac development and cardiac gene program. Using a similar approach, 
Zangrando et al. (2014) screened for differentially expressed lncRNAs 24 h after 
induction of MI in C57/BL6 mice using an Agilent microarray with 55,681 probes. 
Ten and twenty lncRNAs were down- and upregulated more than twofold, with 
NR_028427 (named myocardial infarction-associated transcript 1 (MIRT1)) and 
ENSMUST000001005122 (named MIRT2) showing the highest fold changes 
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between groups. As a trend toward a correlation with LV remodeling parameters 
was observed, computational analysis of genes involved in remodeling processes 
identified strong correlation with 18 (for MIRT 1) and 17 (for MIRT 2) remodeling 
genes. However, no orthologues of MIRT1 and MIRT2 exist in humans.

As experimental models significantly affect lncRNA levels, it is of interest 
whether therapeutic interventions result in changes of lncRNA expression in 
humans. Yang et al. (2014) investigated differential expression of lncRNA in isch-
emic and nonischemic cardiomyopathy before and after LVAD support using RNA 
sequencing. Interestingly, cluster analysis revealed lncRNA signatures discriminat-
ing between ischemic and nonischemic cardiomyopathy. After LVAD support, a 
higher percentage of lncRNA show improved or normalized levels as compared to 
miRNA and mRNA expression profiles. LncRNA expression profiles furthermore 
were able to distinguish between before and after LVAD treatment, which indicates 
that lncRNA is involved in signaling pathways leading to reverse remodeling after 
LVAD support (Yang et al. 2014). Changes in transcriptome, including lncRNA 
expression, not only occur in the heart. A recent report by Deveaux’s group (Vausort 
et al. 2014) assumed that MI alters lncRNA levels in the blood drawn from these 
patients. In a large sample group, five pre-specified lncRNAs associated with car-
diovascular disease processes (hypoxia-inducible factor 1A antisense RNA 2 
(aHIF), ANRIL, potassium voltage-gated channel, KQT-like subfamily, member 1 
opposite strand/antisense transcript 1 (KCNQ1OT1), MIAT, and MALAT1) were 
analyzed in patients with acute MI and presumably healthy subjects. Levels of aHIF, 
MALAT1, and KCNQ1OT1 were higher, and expression of ANRIL is lower in 
patients with MI as compared to healthy subjects. Expression analysis of the five 
lncRNAs in subpopulations of mononuclear cells (in healthy subjects) showed that 
the distribution pattern of lncRNAs differs in the subpopulations. In addition, 
ANRIL and KCNQ1OT1 added prognostic information to a clinical model for LV 
dysfunction (LVEF <40%) at 4-month follow-up.

Genetic variants have been observed as predictors of cardiovascular diseases. 
Variations on chromosome 9p21 (Samani et al. 2007; Ye et al. 2008) increase the 
susceptibility of cardiovascular disease. Single nucleotide polymorphisms (SNPs) 
within this genomic region are associated with coronary artery disease and prema-
ture myocardial infarction (Abdullah et al. 2008; Samani et al. 2007). Interestingly 
chromosome 9p21 harbors the lncRNA ANRIL (antisense noncoding RNA at the 
ink4 locus or CDKN2BAS (antisense to CDKN2B)). Recently, ANRIL expression 
was correlated with variants associated with a higher risk for coronary artery dis-
ease, suggesting that ANRIL regulates chromatin modulation of coronary artery 
disease susceptibility genes like the INK/ARF locus (Burd et al. 2010). 
Overexpression of ANRIL in monocytic cell lines increased proliferation, cell adhe-
sion, and blunts apoptosis (Holdt et al. 2013), potential mechanisms that trigger 
atherosclerosis. This raises the possibility that at least some lncRNAs are the miss-
ing link between SNP and risk of MI and CAD. Another example of SNPs causing 
a risk of myocardial infarction is the discovery of myocardial infarction associated 
transcript (MIAT). Subjects with a SNP in exon 5 of MIAT show a higher suscepti-
bility for myocardial infarction in a large-scale case-control association study. 
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Numerous reports observed that MIAT is involved in splicing efficiency, which may 
explain the findings of the aforementioned study (Aprea et al. 2013; Tsuiji et al. 
2011). Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1)/NEAT2 
is another nuclear lncRNA with splicing ability (Hutchinson et al. 2007) and was 
found to enhance proliferation in human diploid fibroblasts and HeLa cells via this 
mechanism. However, in endothelial cells, where MALAT1 silencing impairs endo-
thelial cell proliferation, expression of splicing-related genes is not altered, but 
cyclins and kinases were downregulated (Michalik et al. 2014). Together, these 
studies expand the knowledge of silencing and activation of gene networks in car-
diovascular research and introduce lncRNA as new regulators in the complex 
molecular understanding. As lncRNAs are crucially involved in key features of car-
diac injury, such as apoptosis, inflammation, impaired angiogenesis, and device 
treatment that lead to a change in lncRNA expression, lncRNAs may provide a 
future diagnostic and therapeutic clinical tool.
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Biomarkers in Cardiovascular Disease: 
Basic and Technical Principles
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Abstract
The presence of stable endogenous microRNA pools in the circulation sparked 
interest in their potential use as biomarkers of cardiovascular disease. Several 
studies demonstrated the presence of microRNAs in the vesicles and in the non-
vesicular fraction, mainly residing in protein and lipoprotein complexes. There is 
a need to identify novel biomarkers that can not only improve the established 
cardiovascular risk scores and identify individuals at high risk but also gain new 
mechanistic insights. Early studies on microRNA biomarkers for a wide range of 
cardiovascular pathologies were predominately conducted in small cohorts and 
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provided the first evidence for their putative value. As these findings await con-
firmation from larger cohorts, several pre-analytical and analytical variables 
must be determined, and protocols for sample preparation, RNA quantification 
and data processing must be standardised before one can assess the value of cir-
culating microRNAs for clinical practice. Here, we will review the technical 
challenges in assessing microRNA profiles and discuss the hurdles in establish-
ing circulating microRNAs as reliable cardiovascular biomarkers.

5.1  Introduction

Multiple lines of evidence suggest that the mammalian genome is pervasively 
transcribed. The recent discovery that protein-coding genes comprise only 1% of 
the genome despite the fact that the majority of the bases are associated with at 
least one primary transcript led to a new appreciation of the functional signifi-
cance of noncoding RNAs (Ecker et al. 2012; Sabin et al. 2013). Based mainly on 
their size, two important classes have been identified: long noncoding and small 
noncoding RNAs.

5.2  MicroRNA Biogenesis and Function

MicroRNAs (miRNAs) are among the best characterised small noncoding RNAs, 
generated from longer precursors by RNA pol II as primary transcripts with the 
typical 5′ cap structures and poly(A) tails. These primary miRNAs that comprise 
one or more hairpin structures with the characteristic long stem and a terminal loop 
are recognised and processed by the microprocessor complex. The RNase III endo-
nuclease Drosha cleaves the double-stranded stem region to generate the precursor 
miRNA that is then exported to the cytosol. Here, it undergoes a second round of 
cleavage by another RNase III endonuclease, Dicer, that removes the terminal loop 
and generates a 20–22 nucleotide double-stranded miRNA complex. Recent evi-
dence suggests that both strands may be stable and function as mature miRNAs 
(Indolfi and Curcio 2014). Intriguingly, miRNAs biogenesis can be subjected to an 
autoregulatory feedback loop as is the case for mature let-7 that can induce its own 
maturation, a critical observation particularly in the diseased heart (Zisoulis et al. 
2012). Additionally, using transgenic expression of pre-microRNAs for miR-378 
and miR-499 in the heart, it was revealed that these cardiac miRNAs can indirectly 
regulate several cardiac miRNAs (Matkovich et al. 2013).

MiRNAs exert their function mainly through hybridization to their target mRNAs 
(Bartel 2009), although binding to DNA in promoter regions has also been reported 
(Zardo et al. 2012). The mature miRNA strand is loaded to the RNA-induced silenc-
ing complex (RISC) by binding to the Argonaute protein (Ago) and directs the 
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complex to its target mRNA. This binding occurs with imperfect complementarity 
and results in transcript degradation through deadenylation and repression of trans-
lation. Although the details of miRNA-mRNA recognition are still elusive, it is 
thought that the seed region, nucleotides 2–8, shows the strongest affinity and is 
critical for the interaction.

Most miRNAs display a highly conserved sequence among mammals (Liu and 
Olson 2010). Their hybridization-based function and the multiplicity of their targets 
could prevent evolutionary drift and perhaps explain their highly conserved 
sequence. As far as their function is concerned, miRNAs seem to be an evolutionary 
tool developed to reinforce system robustness and ensure that gene expression 
occurs both at desirable levels and with appropriate timing (Inui et al. 2010). 
MiRNAs are largely considered to be the fine tuners of gene expression that exert 
mild effects under basal conditions and have more pronounced responses after 
stress. They form regulatory networks that target multiple effectors of the same 
signalling pathway and thus elicit system-wide biological responses. Co-targeting 
miRNA networks that regulate the same transcript are also common (Zampetaki and 
Mayr 2012). Diverse mechanisms of action have been identified. MiRNAs may 
facilitate signal mediation and modulation and may participate in both positive and 
negative feedback loops mediating phenotypic switch or signal resolution (Mendell 
and Olson 2012).

5.3  Circulating miRNAs

The presence of miRNAs in biological fluids has been well established. Blood cells 
are major contributors to circulating miRNAs, and perturbations in their number 
can alter the circulating miRNA pool (Pritchard et al. 2012; Tonge and Gant 2016). 
Platelets in particular have been shown to be key contributors as miRNA shedding 
from platelets has a prominent effect on the circulating miRNA profile, and the 
levels of many circulating miRNAs are directly related to the platelet activation 
state (Kaudewitz et al. 2016; Willeit et al. 2013; Zampetaki et al. 2012). Importantly, 
upon tissue injury, a robust release of tissue-enriched miRNAs is observed in the 
circulation. A rapid increase in miR-122 levels is detected after liver damage 
(Wang et al. 2009), while some cardiac miRNAs, e.g. miR-1 and miR-208b, are 
usually undetectable in the circulation but can be reliably quantified following car-
diac injury (Widera et al. 2011). Additionally, circulating miRNA signatures have 
been proposed to associate with the onset of micro- and macrovascular complica-
tions of diabetes (Wang et al. 2016; Zampetaki et al. 2010, 2016) and risk of car-
diovascular events (Zampetaki et al. 2012) implying that circulating miRNA 
fingerprints may have an added value that goes beyond disease diagnosis but also 
include risk prediction. Intriguingly, if distinct miRNA signatures were to be iden-
tified for specific pathologies, circulating miRNA panels may serve as novel bio-
markers of disease.
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5.3.1  miRNAs in Vesicles

Accumulating evidence supports the notion that extracellular miRNAs exhibit 
remarkable stability (Bertoia et al. 2015). It is assumed that this occurs though 
their presence in vesicles, protein and lipoprotein complexes. The release of cel-
lular vesicles has emerged as a novel mechanism of intercellular communication. 
Most cells in response to stimulation or under basal conditions will form and 
secrete vesicles through a variety of processes. The released vesicles that may dif-
fer in size and content can transfer proteins, miRNAs or mRNA and can target 
recipient cells through membrane fusion, endocytosis or receptor-mediated bind-
ing (Loyer et al. 2014).

5.3.1.1  Apoptotic Bodies
Apoptotic bodies (ABs) are the largest vesicles (>1 μm) that are released in the 
circulation upon cell apoptosis. ABs have been implicated in tissue repair and 
regeneration, and microarray analysis revealed that the miRNA content reflects their 
cellular origin (Zernecke et al. 2009). The transfer of miR-126 residing in ABs to 
endothelial cells in a mouse model of atherosclerosis had a protective effect mainly 
through the regulation of CXCL12 production and the recruitment of progenitor 
cells that promoted tissue repair (Zernecke et al. 2009). This effect was abolished 
when ABs from miR-126 null mice were applied indicating that miR-126 mediated 
the protective response.

5.3.1.2  Microparticles
Plasma membrane blebbing results in the formation of microparticles (MP) that 
may vary in size from 100 to 1000 nm. MPs contain chemokines, receptors, lipids 
as well as an mRNA and an miRNA pool. Quantitative differences in the miRNA 
content of vesicles in response to different release of stimuli suggest that the vesicle 
formation is an active process. Platelets are a major source of MPs in the circulation. 
Several lines of evidence highlight an important role for platelet MPs in cardiovas-
cular diseases. These microvesicles carry miRNAs that can have a paracrine effect 
and modulate vascular endothelial cell function. For example, Laffont et al. (2013) 
demonstrated a transfer of platelet MP-derived Ago2/miR-223 complexes to endo-
thelial cells. These complexes were functional and could regulate gene expression 
in the recipient cells as demonstrated by the altered expression of endogenous tar-
gets at the mRNA and protein level. In response to advanced glycation end products, 
platelet MPs were also shown to promote endothelial cell apoptosis by delivering 
miR-223 into endothelial cells and inhibiting protein expression of the endogenous 
IGF-1 receptor (Pan et al. 2014). On a different note, the miR-223 transfer to naïve 
monocytes via macrophage-derived MPs can induce differentiation to macrophages, 
while silencing miR-223 impaired survival in monocytes (Ismail et al. 2013). 
Besides platelets, endothelial MPs were shown to limit apoptosis and enhance vas-
cular repair by delivering miR-126 to recipient cells. Increased miR-126 levels 
inhibited sprouty-related, EVH1 domain-containing protein 1 (SPRED1) and led to 
an increase in reendothelialization in vitro. Under hyperglycemic conditions, lower 
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expression of miR-126 was observed, and this protective effect was largely abol-
ished. Interestingly, miR-126 levels in circulating MPs were reduced in diabetic 
patients (Jansen et al. 2013). MPs also seem to mediate the intercellular communi-
cation between monocytes and endothelial cells in the angiogenic process. The 
miR-150 content of monocytic MPs was reported to promote angiogenesis in vitro 
and in vivo, although the mechanisms involved are still not well understood (Li 
et al. 2013; Zhang et al. 2010).

5.3.1.3  Exosomes
Exosomes are the smallest vesicles (50–90 nm) and are released constitutively or in 
response to cell activation by fusion of multivesicular bodies with the plasma mem-
brane. Thus, exosomes have an endosomal origin that is reflected in their molecular 
composition (Mittelbrunn and Sanchez-Madrid 2012; Thery et al. 2002). Numerous 
studies have confirmed the presence of an miRNA and mRNA pool in exosomes, 
and a novel mechanism of genetic exchange between cells was proposed (Valadi 
2007). In the vasculature, endothelial-derived exosomes were shown to mediate 
transfer of miR-143 and miR-145 to smooth muscle cells and elicit an atheroprotec-
tive response (Hergenreider et al. 2012), while an exosome-mediated cross talk 
between endothelial cells was recently reported to result in the delivery of miR-214 
to recipient endothelial cells, an essential step to suppress senescence and stimulate 
migration and angiogenesis (Van Balkom et al. 2013).

In the heart, a novel paracrine mechanism of miRNA exchange between cardiac 
fibroblasts and cardiomyocytes was uncovered. Intriguingly, it was mediated by the 
star strand of the miRNA duplex. Exosome mediated transfer of miR-21-targeted 
sorbin and SH3 domain-containing protein 2 (SORBS2) and PDZ and LIM domain 
5 (PDLIM5) expressions in the recipient cardiomyocytes and that led to cardiac 
hypertrophy. Remarkably, cardiomyocyte-derived exosomes can control endothelial 
cell proliferation, migration and angiogenic potential. MiR-320 transfer was pro-
posed to mediate this response, with exosomes from cardiomyocytes in a rat model 
of type 2 diabetes eliciting an inhibitory effect on angiogenesis (Wang et al. 2014).

5.3.2  miRNAs in Protein Complexes

Using differential centrifugation and size exclusion chromatography, Arroyo et al. 
(Arroyo et al. 2011) demonstrated the presence of miRNA and Ago2 complexes in 
the circulation that were not encapsulated in membrane-bound vesicles. Surprisingly, 
two populations of circulating miRNAs were identified. While the majority of the 
miRNAs were copurified with cell-free Ago2 complexes, there was a minority of 
miRNAs such as let-7a that associated predominantly with vesicles (Arroyo et al. 
2011). Apart from Ago2, other members of the Argonaute family (Ago1) were also 
reported to associate with miRNAs in the circulation (Turchinovich et al. 2011). 
Nucleophosmin (NPM1), an RNA-binding protein, was also identified in the condi-
tioned medium of fibroblasts to form complexes that protect miRNAs from degra-
dation, although the mechanism of action is not well understood (Wang et al. 2010).
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5.3.3  miRNAs in Lipoprotein Complexes

The presence of a stable miRNA pool in lipoprotein complexes in the circula-
tion has also been described. Within the high-density lipoprotein (HDL), miRNA 
complexes were detected, and delivery to recipient cells was shown to occur in 
a scavenger receptor class B type I-dependent manner (Vickers et al. 2011). A 
follow-up study demonstrated delivery of functional miRNAs that regulate gene 
expression in the recipient cells. HDL-mediated transport of miR-223 to endo-
thelial cells was shown to suppress the expression of intercellular adhesion mol-
ecule 1(ICAM-1). The transport of miRNA could account for the 
anti-inflammatory properties of HDL at least partially (Tabet et al. 2014). 
Interestingly, Wagner et al. reported that no transfer of miRNAs via HDL com-
plexes to endothelial cells could be detected (Wagner et al. 2013), suggesting 
this transport mechanism is not as universal as initially thought and may occur 
only under defined conditions.

5.4  Quantification of Circulating miRNAs

The possibility of utilising circulating miRNAs to develop novel prognostic and 
diagnostic tests is attractive, as their expression is stable, and miRNAs can be 
amplified and detected with high sensitivity and specificity (Fig. 5.1). Moreover, 
multiple miRNAs can be assessed in a single experiment (Engelhardt 2012). 
However, there are several issues that need to be considered to ensure accurate 
quantification (Fig. 5.2). Sample preparation and data normalisation are the two 
most critical determinants of quantification accuracy. In this chapter, we will focus 

Sample
Preparation 

• Sample Preparation
• RNA extraction

Initial
Screening 

• Reverse Transcription, PreAmplification (optional)
• QPCR/ MicroArrays/ RNA sequencing
• Target identification

MiRNA
Quantification

• QPCR/ Digital PCR

Analysis
• Statistical analysis

Fig. 5.1 Experimental workflow for the quantification of circulating miRNAs
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on the challenges in the preparation of blood specimens that are used to generate 
plasma (supernatant of the blood collected in the presence of an anticoagulant) or 
serum (supernatant of coagulated blood depleted of fibrinogen).

5.4.1  Sample Preparation

5.4.1.1  Sample Processing and Handling
Pre-analytical variations in sample preparation can compromise the integrity of the 
circulating miRNAs and the accuracy of the quantification (Kroh et al. 2010; 
Mcdonald et al. 2011). Removal of all cellular components is an essential and cru-
cial step, as measurements of circulating miRNAs can be confounded by the miR-
NAs of haematopoietic cells (Duttagupta et al. 2011; Pritchard et al. 2012). The 
presence of residual platelets in these preparations is a concern. Platelet contamina-
tion may persist in using the standard laboratory protocol for plasma preparation, 
and hence additional steps of centrifugation are required to eliminate this cellular 
fraction. This modified protocol was shown to be effective even in samples stored 
for several years (Cheng et al. 2013).

The choice of anticoagulant can also interfere with miRNA detection. Besides 
antiplatelet therapy (Cavarretta et al. 2013; De Boer et al. 2013; Kaudewitz et al. 
2013; Willeit et al. 2013), intravenous administration of heparin is a confounding 
factor for miRNA measurements, in particular in patients with cardiovascular dis-
ease undergoing percutaneous interventions. Heparin is highly negatively charged 
and not removed during conventional RNA extraction. It has a dose-dependent 
inhibitory effect on polymerase chain reaction (PCR) in part due to its binding to 
magnesium ions (Garcia et al. 2002; Willems et al. 1993; Yokota et al. 1999). 
Detailed studies demonstrated that heparin has a more pronounced effect on the 
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exogenous Caenorhabditis elegans (C. elegans) spike-in control compared to the 
endogenous miRNAs, suggesting that alternative ways of normalisation should be 
applied (Kaudewitz et al. 2013). Citrated or EDTA plasma preparations seem to be 
a better option, although the induction of haemolysis maybe a concern for citrated 
plasma (Cui et al. 2011). Apart from platelet activation, erythrocyte haemolysis is 
an issue, in particular for miRNAs like miR-16 and miR-451 that are highly 
expressed in red blood cells. Several studies have highlighted the good correlation 
between the degree of haemolysis and the abundance of these miRNAs in the circu-
lation (Kirschner et al. 2011; Mcdonald et al. 2011).

5.4.1.2  RNA Isolation
Extraction of total RNA from biological fluids can be challenging, as typically these 
samples are rich in protein and lipids and low in RNA content. Nevertheless, several 
protocols were developed that include lysis using a chaotropic salt, such as guani-
dinium thiocyanate that simultaneously solubilises the biological material and 
denatures proteins followed by a solid phase extraction procedure on silica col-
umns. Removal of proteins and lipids results in elution of high-quality RNA 
(Turchinovich et al. 2011). Recently, commercially available products that can be 
used to isolate RNAs smaller than 1000 nucleotides have been introduced specifi-
cally for RNA isolation from biofluids. Based on spin columns that exploit the use 
of resins and thus do not require phenol or chloroform extraction, these protocols 
can be applied to obtain high-quality RNA. However, despite the improved purity, 
all the extraction methods have low RNA yield. Thus, assessing the concentration 
using OD260 absorbance is inaccurate. Therefore, a fixed volume of eluted RNA is 
typically used for all downstream applications (Zampetaki et al. 2010). The effi-
ciency of RNA extraction can improve with the inclusion of a carrier, such as gly-
cogen or bacteriophage MS2 (Andreasen et al. 2010; Turchinovich et al. 2011). 
Perhaps more importantly, in large clinical studies, the use of a carrier may improve 
the consistency of RNA extraction across samples.

5.4.2  Data Normalisation

Normalisation is a crucial step to overcome technical variability. It is a major poten-
tial source of error in assessing levels of circulating miRNAs. As the origin of 
extracellular miRNAs may vary and several cell types contribute to the circulating 
miRNA pool, there is no single endogenous control that can be used for normalisa-
tion. Two main strategies were employed: the use of an exogenous spike-in control 
(Fichtlscherer et al. 2010) and the global miRNA measurement that is usually repre-
sented by the Ct average of a panel of endogenous miRNAs (Zampetaki et al. 2012). 
The exogenous spike-in control involves the introduction of a synthetic miRNA 
during RNA extraction after the addition of denaturing solution, typically derived 
from C. elegans. These spike-in oligonucleotides can be quantified alongside the 
endogenous miRNAs. Although these exogenous controls can account for the dif-
ferences in the volumes handled during RNA extraction, they are not part of any 
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vesicles or protein or lipoprotein complexes, and thus variation in the extraction 
efficiency from different biological matrices cannot be accounted for. Additionally, 
they may differ in their susceptibility to reagents interfering with reactions dur-
ing quantification, e.g. heparin (Kaudewitz et al. 2013). Hence, exogenous spike-in 
controls should ideally be combined with endogenous miRNA controls to ensure 
the robustness of the findings. Several endogenous miRNAs that are detectable in 
all samples, display low dispersion of expression levels and are not associated with 
the studied disease, have been used for normalisation purposes (D’alessandra et al. 
2010; Goren et al. 2012; Ji et al. 2009; Tijsen et al. 2010; Zampetaki et al. 2010). 
The drawback of this approach is that the selected miRNA may actually corre-
late with another pathological condition and therefore be unsuitable as a universal 
control. While specific miRNAs may vary in expression, their overall abundance 
should provide a more reliable measure of the RNA content, analogous to the total 
protein content being used as a normalisation control for microvesicles (Zhang 
et al. 2010). The statistical analysis is an additional challenge. The remarkably high 
colinearity among circulating miRNAs requires the application of more advanced 
statistical and bioinformatics approaches that evaluate miRNA networks to gain the 
most information from the high-dimensional and highly correlated miRNA data 
(Zampetaki et al. 2011).

5.4.3  Comprehensive Profiling of Circulating miRNAs

A range of platforms for miRNA screening were developed. In principle, three dif-
ferent methods are in use: microarray hybridization, amplification-based technolo-
gies and high-throughput sequencing. Circulating miRNAs can also be (semi)
quantified using these technologies, although input requirements render some of 
the platforms unsuitable for larger clinical studies. Compared to longer transcripts, 
quantification of miRNAs requires specific modifications. Mature miRNAs have a 
small size and display relatively low abundance and unequal melting temperatures. 
Additionally, modifications of the detection methods that enable quantification of 
the mature miRNAs but not the primary and precursor miRNA as well as the dis-
crimination of closely related miRNA families that exhibit high sequence similar-
ity are essential. A detailed comparative study of the different platforms 
demonstrated significant variation in terms of reproducibility, sensitivity, accuracy 
and specificity and concluded that each method has its strengths and weaknesses 
(Mestdagh et al. 2014).

5.4.3.1  Microarray-Based miRNA Profiling
Microarrays are an established high-throughput method that can facilitate the 
assessment of multiple known miRNAs in a cost-effective and timely manner. 
However, due to the short length of miRNAs, optimal probe design for miRNA 
microarrays is an important consideration, and critical modifications have to be 
applied to ensure specificity and accuracy of the signal. The capture probes, syn-
thetic oligonucleotides or cDNA fragments that display high specificity and affinity 
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for individual transcripts, have to be adapted to facilitate binding to miRNAs. Due 
to the short length of miRNAs, probes’ melting temperatures (Tm) may vary between 
45 and 74°C. At a medium hybridization temperature, capture probes with lower Tm 
values will yield lower signals, while capture probes with higher Tm values will 
display impaired nucleotide discrimination and lower specificity (Wang et al. 2007). 
Thus, a single hybridization temperature is suboptimal for most miRNA targets 
unless the probe length is adjusted accordingly, so that high specificity of detection 
is obtained for closely related mature miRNAs. The enzymatic labelling had little 
bias as it includes attachment of a single fluorophore-labelled nucleotide to the 3′ 
end of each miRNA with high yield and minimal sample manipulation. Hybridization 
to the microarray is carried out under conditions that result in near-equilibrium 
binding and high hybridization yields for most miRNAs (Wang et al. 2007). This 
platform was shown to be accurate, although some variability can be observed at 
low concentrations (Ach et al. 2008; Sah et al. 2010). No fractionation or amplifica-
tion is required, and 100 ng of total RNA input has been successfully used to assess 
the miRNA profile in plasma samples (Wang et al. 2009).

The inclusion of locked nucleic acids (LNA) in the capture probes can further 
increase the sensitivity and specificity of detection. LNAs are nucleotide analogues 
that are constrained in the ideal conformation for Watson-Crick binding and enable 
more rapid and stable pairing with the complementary nucleotide. This approach 
resulted in a significantly higher accuracy. By modifying the LNA content and 
length of probes, their Tm can be adjusted to facilitate stringent hybridization condi-
tions while maintaining equal affinity. Hence, miRNA profiling is possible with as 
little as 30 ng of total RNA (Castoldi et al. 2008, 2006). LNA miRNA arrays have 
been applied to screen plasma samples from hypertensive patients (Li et al. 2011).

A totally different concept was applied in bead-based chips, where a single 
miRNA-specific oligo (MSO) was used to assess each miRNA on the panel. RNA 
samples were polyadenylated, reverse transcribed to cDNA; MSOs were hybridised 
to the sample, and a solid phase primer extension step was included to increase the 
sensitivity. Following amplification of the extended products and fluorescence 
labelling, these unique MSO sequences were utilised to identify the specific miRNA 
content in the sample (Chen et al. 2008). The address sequence from each MSO was 
used to hybridise specific miRNA products to specific locations on the BeadArray 
substrate for readout. The BeadArray Reader measured the signal intensity at each 
address location corresponding to the quantity of the respective miRNA in the origi-
nal samples. A total of 100–200 ng of total RNA from each sample was sufficient 
for this quantification. This method improved accuracy and can be modified to 
include additional miRNA capture beads to the mixture, allowing detection of 
newly discovered miRNAs (Jay et al. 2007; Lu et al. 2005). However, it required 
enrichment of small RNAs by fractionation, a step that may introduce bias (Liu 
et al. 2008). It may also be prone to false-positive results as indicated by a study that 
utilised this platform for screening differentially expressed miRNAs in a cohort of 
heart failure patients (Tijsen et al. 2010). In the following extensive validation, the 
authors reported several discrepancies between the levels of miRNA expression as 
measured by microarrays and qPCR.
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High sensitivity in the screening has also been obtained using a combination of 
conventional hybridization and an elongation step. The isolated RNA was labelled 
using the ‘klenow’ fragment of DNA polymerase I that is added in the channels of 
a biochip for specific elongation and labelling of hybridised miRNAs (Vorwerk 
et al. 2008). This eliminates the need for a labelling step prior to the hybridization 
and reduces the RNA requirements to as little as 20 ng of total RNA. This method 
was successfully applied for screening of circulating miRNAs in patients with coro-
nary artery disease (Fichtlscherer et al. 2010).

5.4.3.2  Amplification-Based Arrays
The microarray options listed above typically display lower sensitivity than quanti-
tative PCR (qPCR). This observation led to the development of amplification-based 
arrays, whereby RNA was reverse-transcribed and quantification of miRNA content 
was performed using quantitative PCR. Three different methods of reverse tran-
scription have been applied. The use of an miRNA-specific stem-loop reverse tran-
scription (RT) primer and a pool of RT primers in a multiplex reaction is particularly 
popular. The RT primer/ miRNA complexes that are formed display extremely high 
specificity due to the presence of the stem-loop structure. The cDNA that is gener-
ated following extension at the 3′ end of the miRNA is then loaded on a 384-well 
fluidic card that contains a panel of qPCR primers and TaqMan probes for the miR-
NAs of interest. A qPCR reaction is run on a thermocycler, and the amplification 
values are calculated for the entire set of miRNAs. To increase the sensitivity of the 
assay, a preamplification step can be included. This platform has been widely 
applied in screening circulating miRNAs, and its sensitivity was further demon-
strated in assessing the miRNA pools in the HDL fraction that harbour very low 
miRNA content (Mitchell et al. 2008; Vickers et al. 2011; Zampetaki et al. 2010). 
Additionally, it has higher sensitivity than hybridization-based assays as demon-
strated by the lower false-positive rate of differential miRNA expression in the 
qPCR arrays compared to microarrays (Chen et al. 2009).

Alternatively, stem-loop RT primers can be substituted with an LNA-based sys-
tem of reverse transcription (Arroyo et al. 2011) that includes addition of a poly(A) 
tail and the use of a polyT primer with a 3′ degenerate anchor and a 5′ universal tag. 
Subsequently, the cDNA template can be amplified using miRNA-specific LNA 
forward and reverse primers in a SYBR Green-based qPCR reaction that can pro-
vide higher sensitivity (Jensen et al. 2011; Mestdagh et al. 2014). Similar approaches 
are also available in other platforms with the omission of LNA analogues and the 
use of specifically formulated buffers to enhance specificity of the reaction or reli-
ance on adapter ligation at the 5′ end and universal RT primer at the 3′ end to ensure 
accuracy and specificity in a single reaction.

5.4.3.3  High-Throughput Sequencing
Next-generation sequencing (NGS) is a powerful platform that enables the profil-
ing of known sequences and also the discovery of novel small noncoding RNAs 
with unprecedented sensitivity (Creighton et al. 2009; Metzker 2010; Tam et al. 
2014). Differential expression of miRNAs and importantly detection of novel 
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miRNAs or sequence variations (isomiRs) can be obtained (Ozsolak and Milos 
2011). Initially, adapters specifically modified to target miRNAs and other small 
RNAs that have a 3′ hydroxyl group are ligated to each end of the RNA mole-
cules, and an RT reaction is used to generate single-stranded cDNA that is then 
PCR amplified. Sequencing data of libraries generated by RNA ligases revealed 
secondary preferences of these enzymes. A strong bias towards certain small 
RNAs has been reported thereby preventing determination of absolute numbers of 
small RNAs (Linsen et al. 2009). This bias was systematic and highly reproduc-
ible and was shown to be independent of the sequencing platform but strongly 
determined by the method of small RNA library preparation (Tang et al. 2013). 
The technical error in small libraries can be reduced with the introduction of 
primers containing index sequences during the PCR amplification of the 
cDNA. Gel purification to prepare a library product for subsequent cluster genera-
tion will follow (Sorefan et al. 2012). Recently, improved protocols that require 
lower RNA input were developed. This is particularly important for circulating 
miRNAs as they display low abundance. Nevertheless, in most cases, 2–3 ml of 
plasma or serum must be processed for each sample, limiting the use of this 
method to the discovery phase in a limited number of pooled samples (Li et al. 
2012; Nielsen et al. 2012), rather than applying it routinely in clinical cohorts. 
Further improvements may involve combination of microfluidic technology 
(Streets et al. 2014) and high-throughput sequencing and could offer more feasi-
ble solutions for larger studies. Recently, NGS workflows designed and optimised 
specifically for serum and plasma samples that utilise a smaller volume of input 
material, as little as 500 μl, became commercially available. However, one should 
exercise caution as these platforms have not been extensively tested. In addition, 
the overall cost is still substantially higher compared to other platforms, and bio-
informatics support for the computational analysis and interpretation is required. 
Normalisation of the sequencing data can be challenging as a highly abundant 
miRNA in a sequencing sample may affect the number of sequencing reads that 
are available for detection and quantification for other miRNAs in the sample. The 
abundance of a given target can be represented as a percent of total reads, pro-
vided that the distribution of miRNA reads does not change substantially. The 
addition of a spike-in synthetic control during library preparation is an alternative 
approach. A good correlation between the input material and output reads, a 
reduction in systematic error and improved accuracy of base quality scores has 
been demonstrated (Jiang et al. 2011; Zook et al. 2012).

Inter-assay studies demonstrated that the various miRNA profiling technologies 
display significant differences in specificity, sensitivity, dynamic range and accu-
racy. On several occasions, poor correlation was observed between the diverse plat-
forms suggesting that the interpretation of population studies performed using 
different technologies would be hampered by these technical limitations (Ach et al. 
2008; Git et al. 2010; Jensen et al. 2011; Mestdagh et al. 2014; Tam et al. 2014). 
Hence, there is an apparent need for advances in technology and bioinformatics to 
establish a ‘universal standard’ that can accurately monitor the miRNA profile in the 
circulation and track expression differences with high sensitivity.

A. Zampetaki and M. Mayr



95

5.5  Quantification of Circulating miRNAs

5.5.1  Quantitative Real-Time PCR

Quantitative real-time PCR (qPCR) remains the gold standard for validating the 
data derived from miRNA profiling experiments. Several characteristics of the 
mature miRNAs required the establishment of novel protocols for reverse transcrip-
tion. The mature miRNAs are small in size, lack a poly(A) tail and encompass 
sequences that are present in the precursor transcripts and in the genomic 
DNA. Additionally, the reverse transcription system should be highly sensitive and 
able to discriminate among related miRNAs that only differ in a single nucleotide.

The use of stem-loop primers and the TaqMan technology led to the development 
of a very sensitive and accurate platform for miRNA validation. The stem-loop 
structure forms an RT primer/mature miRNA chimaera that extends the 3′ end of the 
miRNA. The derived cDNA is the template for a TaqMan qPCR reaction that 
includes an miRNA-specific forward primer, a reverse primer and a dye-labelled 
TaqMan probe (Chen et al. 2005; Mestdagh et al. 2008). Compared to conventional 
linear primers, stem-loop RT primers show better specificity and sensitivity, proba-
bly due to the base stacking and spatial constraint of the stem-loop structure. This 
may also prevent binding to double-stranded genomic DNA molecules (Chen et al. 
2005). Multiplexing assays that include pools of stem-loop primers are now avail-
able and can be applied to facilitate the simultaneous reverse transcription of mul-
tiple mature miRNAs. An additional step of preamplification of the RT product 
consisting of 10–14 cycles of PCR amplification can be included to increase the 
sensitivity of detection. A forward primer specifically designed for the target 
miRNA and a reverse universal primer are used in the preamplification reaction. 
Although there is an excellent correlation in the expression levels for the most abun-
dant miRNAs obtained with or without preamplification, some variation is observed 
for the low-abundant miRNAs (Mestdagh et al. 2008). The directionality of the dif-
ferential gene expression though is consistent, indicating that preamplification 
products are suitable for the analysis of relative miRNA expression. Further studies 
confirmed that the systematic bias does not prohibit the comparison of relative 
miRNA levels between samples (Linsen et al. 2009).

Besides stem-loop primers, polyadenylation of the mature miRNAs by poly(A) 
polymerase has been successfully applied for the reverse transcription of mature 
miRNAs. Oligo-dT primers that have a 3′ degenerate anchor and a universal tag 
sequence on the 5′ end are subsequently used to obtain the cDNA. This system is 
used in combination with SYBR Green to enable sensitive and specific quantifica-
tion of mature miRNAs by qPCR. The combination of polyadenylation and the 
addition of a universal tag eliminate the risk of detecting genomic DNA (Tijsen 
et al. 2010; Wang et al. 2009, 2010). In a similar manner, LNA analogues can be 
introduced to the primers to increase specificity and detection efficiency. In this 
case, cDNA is synthesised using an miRNA-specific RT primer and a sensitive sta-
ble reverse transcriptase. Subsequently, the cDNA is amplified by qPCR using 
SYBR Green. LNA be incorporated in miRNA-specific primers in both the RT and 
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qPCR reaction (Arroyo et al. 2011; Bryant et al. 2012; Jensen et al. 2011). This can 
increase PCR sensitivity and amplification efficiency and is particularly useful in 
multiplexing to specifically target the mature miRNAs of interest (Ballantyne et al. 
2008). However, care must be taken with the design of LNA primers, as the number 
and position of LNA bases can substantially influence the outcome of the amplifica-
tion and result in false positives (Latorra et al. 2003; Levin et al. 2006).

5.5.2  Digital PCR

Absolute quantification of nucleic acids can be determined using digital PCR 
(dPCR). This method is based on partitioning the sample into many replicate reac-
tions at a limiting dilution resulting in one or zero molecules in each. Digital PCR 
is an endpoint measurement that provides the ability to quantify nucleic acids with-
out the use of standard curves. This has many advantages over qPCR as it eliminates 
the need for normalisation controls and is more robust against reagents that may 
interfere with the efficiency of the PCR reaction (Vogelstein and Kinzler 1999). 
Droplet digital polymerase chain reaction (ddPCR), the latest technology of dPCR 
that measures absolute quantities of nucleic acid molecules encapsulated in dis-
crete, volumetrically defined, water-in-oil droplet partitions, was also applied for 
circulating the miRNAs and the miRNA content of exosomes (Chevillet et al. 2014; 
Pinheiro et al. 2012). A systematic comparison of ddPCR and qPCR performance 
for the quantification of miRNAs was performed using synthetic miRNAs as well as 
sera from 20 patients with advance prostate cancer and 20 age-matched healthy 
controls (Hindson et al. 2013). The diagnostic sensitivity and specificity of the 
ddPCR were demonstrated in a platform that used a 20 µl reaction loaded into an 
eight-channel droplet generation cartridge, each channel dispensed into 20,000 
droplets. Discrimination between droplets that did not contain the target (negative) 
and those that did (positives) was achieved by applying a global fluorescence ampli-
tude threshold. The two methods displayed comparable sensitivity, but ddPCR had 
greater precision and higher reproducibility than qPCR.

5.6  Future Directions

Despite the encouraging early findings, the clinical potential of circulating miRNAs 
as novel diagnostic and prognostic tools with clinical utility remains to be deter-
mined. Several technical aspects need to be resolved, and robust protocols need to 
be established that can overcome errors introduced by pre-analytical differences in 
sample preparation and processing. Detailed evaluation of the different profiling 
technologies in terms of sensitivity, accuracy and reproducibility will allow a more 
standardised execution of miRNA measurements. Notwithstanding the potential 
challenges, circulating miRNAs may offer unique insights into the pathophysiology 
of cardiovascular diseases and enable the identification of novel pathogenic mecha-
nisms that include miRNAs.
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