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Abstract
While the discovery of microRNAs has exponentially expanded our understanding of the
regulatory mechanisms governing gene networks in many biological processes, the study of these
tiny RNA powerhouses in cardiovascular disease is in its infancy. To date, there have been over
1200 human microRNAs identified, and they are estimated to affect the expression of over half of
the protein-coding portion of the human genome. In this review, we will discuss miRNAs that are
integral players in processes affecting risk factors for CVD, as well as miRNAs that act at the
level of the vessel wall to affect atherogenesis. We will discuss how microRNAs are not only
advancing the field of cardiovascular biology, but how some miRNAs are at the forefront of drug
development and may be soon advancing into the clinic.
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Introduction
MicroRNAs represent a layer of complexity in addition to transcriptional control of gene
expression that can have profound effects on biological pathways. These non-coding RNAs
are found either within intergenic or intronic regions of host genes, and make up
approximately 10 % of the human genome [1]. Since their discovery in Caenorhabditis
elegans, our understanding of how miRNAs can influence gene expression in humans has
broadened considerably. Over half of the human transcriptome is now predicted to be under
the control of miRNAs, many of which have been highly conserved throughout evolution
[2]. It is estimated that over 1200 miRNAs are present in the human genome, and these are
transcribed by RNA polymerase II as large, >50 nucleotide pri-miRNA containing the
canonical hairpin structure, which renders them an ideal substrate for processing by the
Drosha/DGCR8 complex. These precursor miRNA (pre-miRNA) molecules, approximately
70 nucleotides (nt) in length, are exported out of the nucleus by the nuclear transport protein
Exportin 5 and undergo further processing in the cytoplasm by the enzyme Dicer, resulting
in a 20–22 nt miRNA duplex (miRNA/miRNA*, or miRNA-5p/miRNA-3p). From this
duplex, one mature miRNA molecule is loaded into the miRNA-induced silencing complex
(miRISC), composed of Argonaute 2 and other RNA binding proteins essential for the
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miRNA:mRNA interaction [3]. In this multicomponent complex, the mature miRNA binds
by partial base pairing of the seed region to complementary target sites in the 3′UTR of
mRNAs, reducing protein expression through either mRNA degradation and/or translational
repression [2]. Notably, the 3′UTR of a single mRNA molecule can be targeted by hundreds
of miRNAs; similarly, one miRNA can simultaneously bind and repress multiple target
genes, thereby providing a mechanism to synchronize the regulation of entire networks of
genes. miRNAs thus represent a new class of targets for therapeutic intervention, and offer a
unique approach to treating disease by modulating entire biological pathways.

Although our understanding of how miRNAs function in both normal physiology and
pathophysiology is burgeoning, the fields of lipid metabolism and atherosclerosis have
somewhat lagged behind other fields in uncovering novel roles for miRNAs in previously
well-studied pathways. Here we will give an overview of the miRNAs that are best
understood and their functions in atherogenesis and risk for developing coronary artery
disease (CAD) (Fig. 1).

MicroRNA Regulation of Lipids and Lipoproteins
One of the most common risk factors for the development of cardiovascular disease is an
imbalance between circulating lipoproteins. The plasma level of apoB-containing
lipoproteins [low density lipoprotein (LDL), and its precursor, very low density lipoprotein
(VLDL)] is among the strongest risk factors for CAD. Excessive LDL cholesterol (LDL-C)
in the circulation results in these particles becoming trapped in the vessel wall, where they
can become modified (either aggregated and/or oxidized), eliciting an immune response
from resident and recruited immune cells. If circulating LDL-C remains high, macrophages
in the arterial intima become engorged with lipid and are unable to egress out of the
atheroma, resulting in a chronically inflamed environment that promotes plaque formation.
In an opposing force, high density lipoproteins (HDL) promote the efflux of cholesterol
from these overloaded macrophages and ferries excess cholesterol from peripheral tissues
(like the vessel wall) to the liver for excretion. Thus, the imbalance between high circulating
LDL-C and low HDL-C sets the stage for the development and persistence of inflammatory
atherosclerosis. In particular, even in the setting of managed LDL-C levels, HDL-C is an
independent predictor of CAD, with an increase of just 1 mg/dL in HDL-C carrying with it a
2–3 % decrease in risk [4].

Despite optimum medical therapy to reduce LDL-C, there remains a substantial burden of
CAD and other metabolic diseases that needs to be addressed. As low HDL remains an
independent risk factor in patients treated with statins to reduce LDL-C, there has been
tremendous interest in therapeutically targeting HDL-C for the treatment of atherosclerosis.
The identification of the gene defect in Tangier disease (in which individuals have
remarkably low HDL-C) as the ATP-binding cassette transporter A1 (ABCA1) brought to
light a key player in HDL pathway, and there has been tremendous focus on targeting this
protein for therapeutic benefit ever since. Through its ability to efflux cholesterol to
apolipoprotein A1, the main protein component of HDL, ABCA1 has two important
functions: In the liver, this action of ABCA1 loads cholesterol onto lipid-poor apoA1 to
generate nascent HDL particles, while in peripheral tissues such as the macrophages trapped
in atherosclerotic plaques, ABCA1 and its related family member ABCG1 export excess
cellular cholesterol onto lipid-poor apoA1 and mature HDL particles, respectively. This
process, termed reverse cholesterol transport (RCT) is thought to be critical to the protective
effects of HDL. However HDL also has anti-inflammatory and anti-oxidant properties,
which can ameliorate the cholesterol-rich, pro-inflammatory plaque macrophages. One of
the most exciting discoveries in this area in recent years has been the identification of
microRNAs that target ABCA1 and the demonstration that these can be manipulated to alter
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HDL levels in mice and non-human primates [5••, 6••, 7, 8]. As discussed below, several
microRNAs have emerged as potent regulators of cholesterol metabolism, and these
discoveries have broadened our understanding of the pathways regulating lipoprotein
metabolism, as well as the potential new opportunities for therapeutic intervention.

miR-122 Identified as the First Cholesterol-Regulatory miRNA
Nearly a decade ago, Chang et al. first reported the presence of an abundantly expressed
miRNA in the liver, miR-122, and noted that it was highly conserved across species [9]. A
multitude of studies in the following years demonstrated that miR-122 is indeed one of the
most highly expressed hepatic miRNAs, accounting for nearly 70 % of all liver miRNAs
[10]. In seminal work by Esau et al. and Elmen et al., inhibition of miR-122 using modified
anti-sense oligonucelotides in both normal and obese mice resulted in an ~30 % decrease in
total plasma cholesterol, seemingly through regulation of genes involved in the cholesterol
biosynthesis pathway [11],[12]. Of note, the cholesterol metabolism genes altered by anti-
miR-122 treatment were not direct targets of miR-122 (i.e., they did not contain sites
complementary to the miR-122 seed sequence in their 3′UTR), but rather their regulation
resulted from secondary effects on miR-122 targets in the liver. Antagonism of miR-122 in
fat-fed mice resulted in a significant improvement in liver steatosis, with decreased liver
triglyceride content and increased oxidation of fatty acids, thus highlighting its potential as a
therapeutic target [11]. These studies in mice paved the way for the use of modified anti-
sense oligonucleotides to be employed in a model highly relevant to humans: African green
monkeys treated with locked-nucleic acid (LNA) anti-miR122 had up to 30 % lower total
plasma cholesterol levels than their control anti-miR counterparts, without showing evidence
of toxicity or histopathological changes in the liver [13]. This generated considerable
excitement and highlighted the promise of anti-miR122 as a therapy in humans to potentially
ameliorate lipid-related disorders. However, given the broad number of miR-122 target
genes altered by anti-miR122 (potentially >100), it remains to be seen whether antagonism
of miR-122 is a viable therapeutic option for hypercholesterolemia and/or hepatosteatosis
[12]. Notably, miR-122 also binds the 5′UTR of the hepatitis C virus (HCV), and is
necessary for viral replication and propagation [14, 15]. Pre-clinical data in non-human
primates showed a profound effect on HCV viral infection and overall pathological
improvement upon treatment with anti-miR122 oligonucleotides, with prolonged effects
beyond the treatment period [16••]. This has lead to the development of antisense miR-122
as the first miRNA therapeutic to enter clinical trials, lead by Santaris Pharma A/S. Indeed,
anti-miR122 therapy, termed miraversen, has completed phase 2a trials and shows a
significant reduction in HCV RNA in all doses used without additional safety or efficacy
concerns. Thus anti-miR122 has the potential to replace or be used in addition to traditional
interferon therapy to treat HCV disease progression.

miR-33: Regulation of HDL Biosynthesis, Triglyceride Metabolism and Atherosclerosis
A recent flurry of studies by a number of groups, including our own, uncovered a novel
pathway involving cooperative regulation of metabolic networks by the sterol-response
element binding protein (SREBP) genes that code for transcription factors that regulate
sterol control, and a family of microRNAs miR-33a/b embedded within these loci. We
reported that encoded within intron 16 of the SREBP-2 gene is miR-33a, a highly conserved
microRNA that is conserved in humans through frogs, and is even present in Drosophila. A
closely related microRNA, miR-33b, is also embedded in intron 17 of the SREBP-1 gene,
however miR-33b is present in a more restricted number species (humans, non-human
primates, pigs, but not rodents or rabbits) [6••]. miR-33a/b bind the 3′UTR, and thus
controls the expression, of a number of cholesterol transport proteins, including ABCA1,
ABCG1 and NPC1—all of which are essential players in the removal of cholesterol from the
cell and into the RCT pathway [5••, 6••, 7, 17, 18]. Interestingly, these genes provide an
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opposing force to SREBP2, which initiates the transcription of genes involved in cholesterol
synthesis and uptake, and thus their repression by miR-33a would help to enforce the action
of its host gene. This cooperativity represents the first such example of a transcription factor/
miRNA regulatory circuit. Using a variety of approaches to inhibit miR-33a in mice, from
lentiviral delivery, LNA silencing and even a gene knock-out strategy, the silencing of this
microRNA was shown to cause an increase in circulating HDL-cholesterol, ranging from 25
% to 40 %

In a related example, miR-33a/b also repress the expression of genes involved in fatty acid
oxidation (CPT1A, CROT, HADHB, PRKAA1) pathways, and inhibition of miR-33b
results in an increased rate of fatty-acid β oxidation [17, 19]. As in the example of miR-33a/
SREBP2, miR-33b appears to reinforce the actions of SREBP-1 in inducing fatty acid
synthesis by blocking the oxidation of the newly synthesized fatty acids, thereby preventing
futile cycling. However, studies of the miR-33b/SREBP1 axis in animals models were
somewhat hampered by the lack of miR-33b in rodents and rabbits. To overcome this, we
treated African green monkeys with anti-miR33 oligonucleotides that effectively inhibit
both miR-33a and miR-33b, which differ by only 2 of 19 nucleotides in their mature form.
In this study, systemic delivery of an anti-miR-33 oligonucleotide for 12 weeks recapitulated
the 40 % increase in HDL-cholesterol observed previously in mice, but also resulted in a 50
% decrease in serum VLDL-associated triglyceride [8]. These alterations in plasma
lipoproteins were apparent as early as 4 weeks of treatment, and reached a maximum
reduction of 50 % after 12 weeks, during which no adverse effects of anti-miR treatment
were reported. Fractionation of plasma lipoproteins revealed that the decrease in plasma
triglycerides derived from reduced VLDL-associated triglycerides, primarily the large
VLDL particles that are newly secreted from the liver. At a molecular level, inhibition of
endogenous miR-33 in the liver resulted in de-repression of ABCA1 mRNA and protein, as
well as key members of the fatty acid oxidation pathway, CPT1A, CROT and HADHB. In
addition, there was also a marked decrease of SREBP-1 at both the mRNA and protein level.
The reduction of this key regulator of fatty acid synthesis, and host gene of miR-33b, was
surprising as it is not a direct target of miR-33. However, further analyses identified an
increase in hepatic expression of AMPK1 alpha (encoded by PRKAA1), which is a negative
regulator of the SREBP-1 pathway and also a direct target of miR-33. This secondary
targeting of SREBP-1 resulted in a decrease in expression of key genes involved in fatty
acid synthesis downstream of this transcription factor, including fatty acid synthase (FASN),
ATP citrate lyase (ACLY) and acetyl-CoA carboxylase alpha (ACACA) in the livers of anti-
miR33 treated monkeys. Thus, by simultaneously increasing fatty acid oxidation via
derepression of HADHB, CPT1A and CROT, and decreasing fatty acid synthesis via
inhibition of the SREBP-1 pathway (SREBF1, FASN, ACLY, ACACA), anti-miR-33
treatment results in a pronounced reduction in plasma VLDL triglyceride. These findings
established, in a model highly relevant to humans, that pharmacological inhibition of
miR-33a and b is a promising therapeutic strategy to raise plasma HDL and lower VLDL
triglycerides for the treatment of dyslipidemias that increase cardiovascular disease risk. As
low HDL and high VLDL triglycerides are commonly associated with metabolic syndrome
[20], miR-33 inhibitors may have clinical utility for the treatment of this growing health
concern.

Bioinformatic analyses predict that miR-33a and miR-33b largely repress the same subset of
genes, and to date, there have been no genes identified that are specifically targeted by
miR-33a versus miR-33b. However, as these microRNAs are co-transcribed with their host
genes, the relative abundance of miR-33a and b is likely to be regulated by conditions that
induce SREBP-2 and SREBP-1, and thus may be quite different. Interestingly, the relative
expression of SREBP-2 mRNA in the liver is significantly less than that of SREBP-1 [21];
and thus, it would be predicted that miR-33a would also be less abundant than miR-33b.
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This was confirmed to be true in non-human primates, where levels of miR-33b were
approximately three-fold greater than miR-33a [8]. Furthermore, under conditions that cause
SREBP-1 transcription to be elevated, such as hyperinsulinemia, miR-33b levels may be
dramatically increased, and lead to strong repression of its target genes. Of note, two of the
hallmarks of the metabolic syndrome are high plasma insulin levels and low levels of HDL-
C [20], and it is interesting to speculate that this may be due in part to increased hepatic
transcription of SREBP-1/miR-33b, and a resulting decrease in ABCA1 expression. While
this provocative hypothesis remains to be tested, it is illustrative of how a single miRNA
might have profound consequences on both normal physiology and pathological states.

Plasma HDL cholesterol levels bear a strong inverse correlation with cardiovascular disease
risk, and previous studies have shown that direct infusion of HDL in apolipoprotein E–
deficient mice, cholesterol-fed rabbits, or human subjects with established atherosclerosis
reduces both plaque size and complexity. Given the clinical desirability of raising HDL to
both prevent and regress cardiovascular disease, we tested whether anti-miR33 treatment
could ameliorate pre-existing atherosclerosis in mice. Ldlr−/− mice with large, complex
existing atherosclerotic lesions were treated with saline, control anti-miR or anti-miR33
oligonucleotides for 4 weeks. In this mouse model of atherosclerosis, miR-33 inhibition
increased hepatic ABCA1 and plasma HDL-C by 35 % as previously seen in wild type mice
[22••]. However, as there is growing evidence that the absolute levels of plasma HDL-C are
less important than the ability of the HDL to promote removal of cholesterol from peripheral
tissues (such as macrophages in atherosclerotic plaques) into the feces for excretion- a
process known as reverse cholesterol transport—it was important to also measure HDL
functionality in these mice. Using an in vivo assay to measure the efficiency of reverse
cholesterol transport, we established that the HDL generated by miR-33 inhibition increased
the transport of radiolabeled cholesterol from macrophage foam cells to the plasma, liver,
and feces by up to 80 %. Furthermore, the anti-miR33 generated HDL retained its anti-
inflammatory properties, particularly its ability to promote macrophage cholesterol efflux
and to protect endothelial cells from cytokine induced inflammation. Likely as a result of
these positive attributes, anti-miR-33 treatment caused a marked regression of
atherosclerosis in just 4 weeks that was characterized by a 35 % reduction in plaque size,
decreased lipid and macrophage content, and a transition to a more stable plaque phenotype.
Of particularly interest, immunohistochemical detection of the modified anti-miRs showed
that the oligonucleotides penetrated macrophages within the atherosclerotic plaque, where
they directly increased ABCA1 mRNA expression, likely increasing cholesterol efflux from
these cells and reducing overall plaque cholesterol content. Further analyses of plaque
macrophages isolated by laser capture microdissection showed a reduction in inflammatory
gene expression in anti-miR-33 treated mice. Thus, the benefit of anti-miR33 therapy is two-
fold: it increases hepatic ABCA1 expression, circulating HDL and reverse cholesterol
transport, and simultaneously increases macrophage cholesterol efflux from the plaque,
resulting in lesion regression and a less inflammatory plaque milieu. Together, these studies
suggested that miR-33 inhibition may be a promising therapeutic modality for the treatment
of atherosclerosis.

Therapeutic targeting of ABCA1 by anti-miR-33 is also actively being studied in
Alzheimer’s disease, where levels of ABCA1 have been shown to correlate inversely with
amyloid load [23]. In the brain, ABCA1 effluxes cholesterol to apolipoprotein E, which is
the major apolipoprotein in this tissue and an established genetic risk factor for Alzheimer’s
disease [23]. There is also significant interest in identifying other microRNAs that target
ABCA1 that may work in a complementary or synergistic manner with miR-33. A recent
study showed that the 3′UTR of ABCA1 is also targeted by miR-758, and like miR-33,
overexpression of miR-758 represses expression of ABCA1 in human and mouse
macrophage and hepatic cell lines, thereby altering cellular cholesterol efflux to apoA1 [24].

Rayner and Moore Page 5

Curr Atheroscler Rep. Author manuscript; available in PMC 2013 October 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



miR-758 is an intergenic miRNA that like miR-33 is down-regulated after cholesterol
loading in macrophages and in most tissues from mice fed with high cholesterol diet. Thus,
both miR-33 and miR-758 may cooperate to down-regulate ABCA1 under low cholesterol
conditions, however the presence of three miR-33 binding sites at the beginning of the
ABCA1 3′UTR indicates that miR-33a/b may target ABCA1 with higher efficacy. The post-
transcriptional regulation of ABCA1 expression will likely involve several different
miRNAs and the physiological relevance of each miRNA may thus be determined by its
relative tissue expression. However, one tissue in which miR-758 may predominate is the
brain, where it is more highly expressed than miR-33 [24].

Another emerging area of interest in anti-miR-33 therapy is the role of this microRNA in
glucose metabolism and insulin secretion. Elevated islet cholesterol levels have been shown
to contribute to impaired β-cell function and glucose tolerance in mice and humans, and
therapies that upregulate ABCA1 are thought to hold promise for the maintenance of normal
islet function in diabetes. Recently, miR-33 was shown to be expressed in pancreatic islets
and β-cells, where it upregulates ABCA1, and its inhibition reduced islet cholesterol levels
and improved insulin secretion in Apoe−/− mice. Conversely, miR-33 overexpression
decreased glucose-stimulated insulin secretion in human and mouse islets. These findings
suggest that anti-miR33 upregulation of ABCA1 may be therapeutically beneficial for
individuals with combined defects in β-cell function and cholesterol homeostasis.
Furthermore, miR-33 has been shown to directly impact insulin signaling by targeting the
insulin receptor substrate 2 (IRS2) and FSR-2 genes, which participate in the signaling
cascade that mediates the effects of insulin[25], as well as other genes involved in glucose
metabolism such as sirtuin-6 (SIRT6)[25]. miR-33a/b over-expression reduces IRS2 levels
and inhibits the activation of downstream messenger cascades, including AKT[25], and in
both mice and monkeys, inhibition of miR-33 increased hepatic expression of IRS2. While
the animals used in studies to date were normoglycemic, future studies in animal models of
obesity/diabetes will be important to fully understand the impact of miR-33 on insulin
signaling and diabetes.

Vessel-Wall miRNAs and Their Therapeutic Potential
miRNAs in Vessel Wall Homeostasis

Our understanding of how miRNAs might be involved in the development of vascular
dysfunctions come predominantly from studies of miRNAs that regulate vessel wall health
and integrity. For example, SMCs are critical players in the pathological progression of
atherosclerosis, and in a seminal discovery, Cordes et al. described how the miRNA cluster
containing miR-143 and miR-145 control SMC phenotype [26••]. They showed that the
cardiac- and smooth muscle-specific miR-143/miR-145 suppress the expression of Kruppel-
like factor 4 (Klf4) and Elk-1 to maintain SMCs in a differentiated, non-proliferative
quiescent state. Notably, miR-143/145 are downregulated in human atherosclerotic plaques,
and gene rescue experiments using over-expression of miR-143/145 increased focal
adhesion sites and contractility, thus strengthening the plaque [27]. It was recently
postulated that miR-143/145 therapy might enhance SMC contractility and fibrous cap
formation, while suppressing SMCs proliferation and synthetic function, ultimately leading
to a more stable plaque [28]. In a provocative finding, miR-143/145 were also shown to be
secreted into the extracellular space by endothelial cells and subsequently taken up by SMCs
in vitro [29•]. Such a transfer in vivo would protect from atherosclerosis, and in support of
this, miR-143/145-containing microvesicles from ECs in culture reduced disease
progression when delivered to atherosclerosis-prone mice. These exciting findings
established that functional miRNA-mediated transfer from the extracellular space could
result in gene silencing in the recipient cell and altered plaque phenotype [29•].
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Endothelial cells are considered the gatekeepers for vascular inflammation and overall
vessel wall health. When intact and healthy, they maintain vessel wall dilation and prevent
inflammatory cell infiltration, which ultimately prevents atherosclerotic plaque progression.
Although a variety of miRNAs have been shown to play a role in EC-mediated
angiogenesis, there are a select few miRNAs that may play more relevant roles in pro- and
anti-atherosclerotic functions. For example, miR-21 was recently shown by two groups to be
induced by differential flow conditions in the vessel wall. The first report of miR-21 in
maintaining vessel wall integrity came from a group showing that miR-21 was induced by
laminar shear stress (i.e., protective flow) in vitro, which increased expression of the
vasodilator eNos and reduced EC apoptosis [30]. More recently, miR-21 was also reported
to be induced by oscillatory (i.e., athero-prone) shear stress and linked to endothelial cell
inflammatory marker expression [31]. Although these findings appear to be contradictory,
both suggest that miR-21 plays an important role in modulating EC responses to
hemodynamic forces, perhaps through targeting of different gene expression pathways in
different regions of the aorta.

In a series of papers in 2008, miR-126 was identified as an endothelial-specific miRNA
embedded in the EGF-like 7 gene, that blunts the cellular response to vascular endothelial
growth factor (VEGF) [32–34]. Deletion of miR-126 in mice [33] and zebrafish [34] caused
leaky vessels and an overall loss of vascular EC function, due to miR-126 targeting of
Sprouty-related protein SPRED1 and phosphoinositol-3 kinase pathway. This represented
one of the first examples of a concerted mechanism of an intronic miRNA and its host gene:
Egfl7 is expressed during vascular tube formation and is necessary for vasculogenesis, while
miR-126 is simultaneously expressed to maintain vessel wall integrity during this process
[35]. The importance of miR-126 in the pathogenesis of atherosclerosis lies in its ability to
inhibit TNFα-induced vascular cell adhesion molecule-1 (VCAM-1) expression in ECs,
reducing inflammatory cell adhesion and spreading [34]. Interestingly, apoptotic bodies
within the atherosclerotic plaque have been shown to deliver miR-126 to neighboring cells,
thereby increasing the expression of the anti-inflammatory chemokine CXCL12 and
reducing atherosclerotic lesion development [36]. This study suggests that delivering
miR-126 may be beneficial for the treatment or prevention of atherosclerosis, though this
has not yet been investigated in humans.

The Vulnerable Plaque: Made Weaker by miRNA?
As atherosclerotic plaques progress, the vessel wall continues to undergo insults such as
inflammatory cell accumulation, loss of SMC contractility and increased EC leakiness. The
protective fibrous cap, primarily composed of extracellular matrix (ECM) proteins and
SMC, becomes thinner over time, rendering it susceptible to rupture, thrombosis and
ultimately, myocardial infarction. In addition to the miRNAs described above involved in
vascular cell health and homeostasis that may become dysregulated, it is perhaps no surprise
that miRNAs also contribute centrally to the initiation of the vulnerable plaque [37, 38]. In
an attempt to gain insight into the age-dependent weakening of the vessel wall and the
miRNAs that might modulate this process, Boon et al. identified the miR-29 family as
among the most up-regulated miRNAs in old versus young aortic tissue [39•]. In a variety of
animal models of aortic aneurysm, as well as human thoracic aneurysm tissue, miR-29 was
found to be aberrantly expressed and inversely correlated with levels of stabilizing
extracellular matrix proteins [39•]. Treatment with LNA-modified anti-miR-29 recovered
ECM loss and protected against vessel-wall dilation, indicating that inhibitors targeting
miR-29, or other similar as yet unidentified microRNAs, may hold promise for the
stabilization of vulnerable plaques.
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Extracellular miRNA: Exponential Complexity
Recently, a number of studies have identified miRNAs in the circulation of patients
suffering from a variety of symptomatic and asymptomatic cardiovascular diseases [40].
However, as is the case with any biomarker, it is difficult to reach a consensus among these
studies as to which miRNAs (if any) would provide a clear indication of an underlying
disease or event, and which may be causal of this pathology. In an interesting study, Vickers
et al. demonstrated that HDL particles carry miRNA in the circulation, and that the profile of
miRNAs carried on the lipoproteins from healthy versus diseased individuals varies [41]. By
this mechanism, miRNAs may be used as a form of communication between the liver (the
site of HDL biogenesis, and potentially miRNA incorporation) and distant tissues. While the
exact pathophysiological consequences of this HDL-based miRNA targeting are unknown, it
highlights the complexity of miRNA networks and how much is awaiting discovery.

Therapeutic Future for miRNAs in Cardiometabolic Diseases?
As we begin to understand more about how miRNAs function in the progression of
atherosclerosis, the answers to some of the mechanistic questions that have plagued the field
for decades may finally be in sight. miRNAs are predicted to regulate almost half of the
human genome; given that atherosclerosis is a multi-factorial, genetically complex trait,
miRNAs are likely to have a major impact on the many different processes driving this
disease. As we have discussed, miRNAs regulate multiple pathways that contribute to
cardiovascular disease risk, at times conferring resistance, and at other times offering
protection. But as we foray into developing new therapeutics to treat this disease, how much
do we truly understand? To date, the only miRNA-based therapeutic in the clinic has
targeted miR-122 for the treatment of HCV infection, successfully and without safety
concerns. However, given the multiple targets of miR-122, it is unlikely that this will be
pursued as a therapeutic for preventing metabolic diseases that affect a broader population,
despite its cholesterol-lowering capabilities. In contrast, anti-miR33 therapy is gaining
considerable attention for its ability to simultaneously increase HDL-C and lower VLDL-
triglycerides, without affecting LDL-C. It would be predicted that using anti-miR33 as a
combination therapy with statins to increase HDL-C may be even more beneficial, as statins
upregulate SREBP2 and hence miR-33, and may indirectly keep HDL levels low [6••].
Although miRNA therapies offer a unique approach to treating disease by modulating
biological pathways, one concern may be understanding the complement of actual targets of
a particular miRNA. There are some reports that miR-33 can function as a tumor suppressor
by downregulating the oncogenic Pim-1 pathway [42], while others claim miR-33 increases
stem cell proliferation via p53 inhibition [43]. Additionally, some reports link miR-33 to the
cell cycle by its regulation of cyclin-dependent kinase 6 (CDK6) [44], while other studies
have shown CDK6 is not targeted by miR-33 [42]. It is likely that miRNA function (both
expression of the miRNA and its targets) has tissue specific contexts, and may very well be
dysregulated in neoplasms [45]. Nevertheless, profiles from non-human primates treated
with anti-miR33 show no upregulation of tumorigenic genes, including potential miR-33
targets like p53 or CDK6, nor any abnormal liver pathology [8]. In fact, there are relatively
few gene expression changes after treatment with anti-miR33, suggesting that miR-33
targeting is quite specific, providing an optimistic outlook on the path ahead.

While the majority of examples discussed above have involved miRNAs whose functions it
would be desirable to silence, some miRNA-based therapies to treat atherosclerosis may
require miRNA over-expression for potential therapeutic benefit. To date, this has proved to
be a logistical challenge: miRNA mimics are double-stranded RNA molecules, making them
more recognizable to the immune system and more degradable by exo/endonucleases than
their single-stranded anti-miRNA counterparts. This is in part an explanation of why anti-
miR therapies have moved into the clinic with relative ease. Nonetheless, pharmaceutical
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companies are developing delivery strategies for double-stranded RNA and have achieved
some success with siRNA-based therapies. In contrast to the more potent, one-target effects
of siRNA, miRNAs are considered “fine-tuners” of multiple genes in a given regulatory
network, without the one-for-all effect that characterizes siRNA. This may prove to be more
effective at improving complex diseases like atherosclerosis, which involve many pathways
and would benefit from a multi-modal therapeutic. Regardless, miRNA mimic therapy
awaits the development of an effective delivery method, preferably one that can target cells
within the atherosclerotic plaque as well as the liver, as a means to improve disease most
efficiently (Fig. 1).
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Fig. 1.
miRNAs regulating vessel wall homeostasis and lipoprotein metabolism in the liver. In the
liver, miR-33a/b act to repress genes involved in fatty acid b- oxidation [CROT HADHB,
CPT1A and PRKAA1 (AMPKa)], and miR-33a/b and miR-758 inhibit ABCA1 –a key
transport that effluxes cholesterol to generate nascent HDL particles. This HDL can travel to
the artery wall to promote reverse cholesterol transport from the plaque, where miR-33a/b
also functions to upregulate ABCA1 in macrophage foam cells. Roles for miR-21 and
miR-126 have been reported in endothelial cells, whereas miR-143/145 act in smooth
muscle cells to regulate vascular function
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