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General Introduction
General Introduction

The vasculature consists of all the blood vessels that supply our organs with oxygen and nutrients. In
addition, waste products are removed from our organs via these blood vessels. The vasculature is able
to respond to certain stimuli. For example, if there is an increase in demand for oxygen, certain new
blood vessels can arise. Unfortunately, blood vessels can also become clogged due to the build-up of
cholesterol and fat within the vessel wall. The response of the vasculature to certain stimuli is called
vascular remodelling. In this thesis, we investigate the effect of small molecules, called microRNAs, on

different processes of vascular remodelling.
Vascular remodelling

The vasculature is an active organ which is capable of sensing and adapting to environmental stimuli
such as hemodynamic changes. Vascular remodelling is the structural alteration of the vessel wall,
which involves cell growth, cell death, cell migration and extracellular matrix rearrangements, driven by
environmental changes?. This can be either adaptive (e.g increased neovascularization upon ischemia)
or maladaptive (e.g. atherosclerosis and restenosis). The arterial wall consists of three layers, namely
the tunica intima containing endothelial cells, the tunica media consisting mainly of smooth muscle
cells and the tunica adventitia which is the outer layer containing fibroblasts and extracellular matrix
that is rich in collagen. The endothelium plays a prominent part in vascular remodelling, as it is located
at the inner layer of the vasculature and capable of sensing changes in blood flow, inflammatory
mediators, cytokines and chemokines. Activated endothelium can subsequently lead to changes in

the tunica media and tunica adventitia, driving vascular remodelling.

Angiogenesis and arteriogenesis

Angiogenesis and arteriogenesis are both mechanisms of neovascularisation through which blood
vessels arise that can restore blood flow after an ischemic event. Angiogenesis describes the sprouting
of capillaries from pre-existing blood vessels, driven by ischemic and hypoxic signals?. Upon ischemia,
the transcription factor hypoxia inducible factor 1a (HIF1a) becomes available and drives transcription
of pro-angiogenic factors such as vascular endothelial growth factor (VEGF). In response to VEGF,
vascular permeability increases. Proteases such as the urokinase plasminogen activator (uPA) and
matrix metalloproteinases (MMPs) degrade the extracellular matrix and release growth factors such
as bFGF and VEGF which are embedded within the ECM* *. Subsequently, endothelial migration is
facilitated by tip and stalk cells, which form the native, tube like structures (Figure 1A). Tip cells contain
filopodia that sense chemotactic guidance cues (such as ephrins and semaphorins). Stalk cells following
the tip cells will proliferate and form a lumen through which blood can be transported. Fusion of tip
cells with other capillary networks is aided by recruited myeloid cells, allowing for perfusion of the
neovessel*. Finally, pericytes are being recruited to provide support to the newly formed capillaries by
laying down a basement membrane. Angiogenesis is not always beneficial, as it can facilitate tumour

growth and metastasis® as well as accelerate atherosclerosis®.
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Figure 1. During ischemia, pro-angiogenic factors such as VEGF cause vascular permeability. Degradation of the basement
membrane is followed by loosening of endothelial cell (EC) junctions and pericyte (PC) contact. Next, tip cells (TC) will sprout
from the existing blood vessel (A). Proteases cause degradation of the extracellular matrix, releasing growth factors (in green)
embedded within the matrix. Tip cells extend their filopodia to detect chemotactic guidance cues and adhere to the extracellular
matrix to migrate. Stalk cells (SC) follow these tip cells and form a lumen. Fusion of tip cells with other capillary networks is aided by
recruited myeloid cells. (B). Blood can now flow through the neovessel, allowing for re-establishment of the basement membrane
and endothelial cell junctions, recruitment of pericytes and maturation of the newly formed capillary network.

In arteriogenesis, pre-existing arteriolar anastomoses enlarge to form collateral arteries. Collateral
artery formation is driven by changes in shear stress rather than oxygen levels’. Mature collateral
vessels can compensate flow deficits caused by major arterial obstructions, whereas the formation of
new capillaries by angiogenesis is often not sufficient to restore blood flow and oxygen levels in the
affected area. Under normal conditions, there is only a minimal net flow in the arteriolar anastomoses,
due to a high resistance within these anastomoses. However, a sudden occlusion of a major artery
results in an increased pressure gradient over the anastomoses. Blood flow is redistributed through the
pre-existent collateral arterioles, which increases the fluid shear stress to the vascular wall. Increased
shear stress activates endothelial cells, which upregulate the expression of cell adhesion molecules
(such as VCAM-1) on their surface. The endothelium produces cytokines, such as MCP-1, and releases
nitric oxide (NO). The expression of adhesion molecules and release of cytokines lead to the attraction,
adhesion and invasion of monocytes into the collateral wall®°. Several inflammatory cell types have
been demonstrated to play a role in arteriogenesis; monocytes and NK cells are thought to play a role
in the early phases of collateral artery growth, whereas a variety of T-cell subsets have been found to

play a role in a subsequent later phase®.

After infiltration and maturation of monocytes into macrophages, these cells will produce additional
growth factors and cytokines, contributing to the inflammatory environment of the arterioles. Matrix
metalloproteinases (MMPs) produced by macrophages, will degrade the extracellular matrix, creating
space for the expansion of growing collaterals. Smooth muscle cells are now activated and will start
to proliferate. In addition, remodelling of the adventitial layer is established through activation and
proliferation of fibroblasts, the expression of growth factors and extracellular proteolysis. Finally,
enlargement of the collateral artery diameter is established and blood flow to distal tissues is (partially)

restored (Figure 2)8.
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Figure 2. Upon increased shear stress, endothelial cells are activated and the expression of adhesion molecules is upregulated.
Cytokines released by the endothelium will attract and recruit inflammatory cells, such as monocytes, to the vessel wall. Once
invaded into the vessel wall, monocytes will differentiate into macrophages and release growth factors, matrix metalloproteinases
(MMPs) and cytokines. Subsequently, other inflammatory cells are recruited, extracellular matrix is degraded by MMPs and smooth
muscle cells, endothelial cells and fibroblasts will start to proliferate, resulting in collateral growth.

Atherosclerosis and post-interventional restenosis

The most common cause underlying cardiovascular diseases is atherosclerosis, the build-up of
plaques in the inner walls of the arteries. Atherosclerosis is a chronic, multifactorial disease in which
multiple inflammatory processes and changes in cholesterol homeostasis play a role.!! The formation
of early fatty streaks starts at sites of damaged or activated endothelium caused by for example
dyslipidemia, disturbed flow or hypertension. The activated endothelium increases expression of
adhesion molecules such as VCAM-1 and selectins. Circulating monocytes subsequently adhere and
infiltrate into the arterial wall. Monocytes will then differentiate into macrophages, which are able
to take up lipids via their scavenger receptors, contributing to the formation of foam cells and early
atherosclerotic lesions*?. The continued influx and activation of inflammatory cells such as monocytes,
T cells and mast cells results in the progression of atherosclerosis* . The recognition of modified
lipids (such as oxidized LDL), parts of damaged cells, or modified matrix components by immune cells,
by pattern recognition receptors such as Toll-like receptors (TLRs) results in a chronic inflammatory
state of the affected vessel area. Additionally, the release of cytokines and growth factors stimulates

smooth muscle cells, which start to proliferate and migrate into the intima.
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Here, smooth muscle cells will produce collagen and other extracellular matrix components, forming
a fibrous cap®. Over time, cellular apoptosis can lead to the formation of a necrotic core containing
cellular debris and cholesterol crystals. Atherosclerotic plaques can remain stable and asymptomatic
for years as long as the lesions contain a thick fibrous cap and lumen area is preserved®. However,
progression in growth of the atherosclerotic plaque will eventually lead to narrowing of the lumen,
limiting blood flow and oxygen supply towards distal tissues. Moreover, unstable lesions containing
a large necrotic core and thin fibrous cap are prone to rupture. Plaque rupture will expose the pro-
thrombotic necrotic core to the blood, causing platelet aggregation, the formation of blood clots and
result in occlusive thrombus formation?’. These thrombi can cause an ischemic stroke or myocardial

infarction and thus require surgical intervention to re-open the vessel or thrombolytic therapy to

dissolve the blood clot and restore blood flow (Figure 3).

(= Endothelial cells Extracellular Matrix Cholesterol . Thrombus
<= smooth muscle cells |  Adhesion Molecules @3 Foam cells °
Necrotic core
b 0 Monocyte/ . Lymfocytes Cholesterol crystals
Macrophage

Figure 3. Formation of an atherosclerotic plaque from left to right. Influx of LDL cholesterol into the vessel wall leads to activation
of the endothelium and upregulation of adhesion molecules. Subsequently, monocytes and other inflammatory cells are recruited
to the vessel wall and migrate into the intima. Within the intima, macrophages will take up lipids via their scavenger receptors and
contribute to the formation of fatty streaks. Plaque progression continues with the migration and proliferation of smooth muscle
cells which start to produce collagen and extracellular matrix. A stable plague contains a thick fibrous cap and is rich in smooth
muscle cells, whereas unstable plaques are rich in foam cells and have a weak fibrous cap, making it prone to rupture. Upon
rupture, thrombus formation occurs, which can lead to complications.

Endovascular interventions, such as balloon angioplasty with or without stenting, can be performed to
restore blood flow arteries occluded by atherosclerotic lesions. Unfortunately, success of this strategy
is limited by the fact that a significant number of patients experiences renewed obstruction of the
re-opened vessels. Vascular damage inflicted by balloon angioplasty generates a local inflammatory

reaction, resulting in restenosis of the artery. Restenosis consists of both intimal hyperplasia
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and accelerated atherosclerosis®®. Intimal hyperplasia is characterized by rearrangements of the
extracellular matrix, proliferation and migration of smooth muscle cells and inflammation. On top of
that, accelerated atherosclerosis is observed under hypercholesterolemic conditions, which results in

the uptake of lipids by macrophages in the vessel wall and the subsequent formation of foam cells.

In vivo mouse models for vascular remodelling
The contribution of different molecules, growth factors or cells to vascular remodelling can be studied

using experimental mouse models. Here, | discuss those mouse models that were used in this thesis.

Both angiogenesis and arteriogenesis can be studied using models in which hind limb ischemia is
induced. Single ligation of the left femoral artery in C57BL/6 mice is often used to study factors that are
regulated during neovascularization. Generally, C57BL/6 mice have a good angiogenic and arteriogenic
response and blood flow is restored within 7 days after single ligation of the femoral artery. Therefore,
intervention studies are done in a model for hind limb ischemia where double ligation of the left
femoral artery is performed, as this model provides a substantial therapeutic window which is optimal
for testing new therapeutic approaches. In the adductor muscle, increased shear stress over pre-
existent arterioles leads to arteriogenesis, whereas in the distal gastrocnemius and soleus muscles,

local ischemia induces angiogenesis.

Different models are used to study atherosclerosis formation in mice. One such model is the carotid
collar model. In this model, a semi-constrictive collar is placed around the carotid arteries of
hypercholesterolemic ApoE” mice. Low shear stress and disturbed flow proximal to the site of collar
placement results in endothelial activation and to atherosclerotic lesion formation. Already four weeks
after collar placement, these lesions can be evaluated for numerous parameters, such as necrotic core,

collagen content, smooth muscle cells, inflammatory cells, etc.

The femoral artery cuff model is a suitable model to study post-interventional neointimal hyperplasia.
In this model a non-constrictive collar is placed around the femoral artery of mice. The use of this
model in either normocholesterolemic C57BL/6 mice or hypercholesterolemic mice allow us to study

the contribution of smooth muscle cells, macrophages and other inflammatory cells to this process.
Non-coding RNAs

Non coding RNAs include all functional RNA molecules that are not transcribed and translated into
functional proteins. This class of RNA molecules includes, amongst others, transfer RNAs (tRNAs),
ribosomal RNAs (rRNAs), small nuclear RNAs (snRNAs), small nucleolar RNAs (snoRNAs), small
interfering RNAs (siRNAs), microRNAs, and long non-coding RNAs (IncRNAs). Most of these RNAs are
involved in the regulation of other RNAs, such as snRNAs, which regulate splicing and snoRNAs, which
modify rRNAs. Other RNAs are involved in gene regulation, called RNA interference (RNAi). These
RNAs include microRNAs, siRNAs and IncRNAs?®°,
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Figure 4. Biogenesis of microRNAs. Primary microRNAs are transcribed from individual microRNA genes, from introns of protein
coding genes or from polycistronic transcripts by RNA polymerase Il. These pri-microRNAs are processed by Drosha to form pre-
microRNAs of approximately 70-100 nucleotides long. After transportation by Exportin-5 to the cytoplasm, pre-microRNAs are
cleaved by Dicer into microRNA duplexes. One of the mature microRNA strands is then incorporated into the RISC complex, whereas
the other strand is degraded or loaded into its own RICS complex. Mature microRNAs regulate gene expression via translational
repression or mRNA degradation of their target mRNA.

MicroRNAs and their role in vascular remodelling

MicroRNAs are short endogenous RNA molecules of ~22 nucleotides long that regulate gene
expression. MicroRNA genes are located either intergenic or intragenic (within introns of coding or
noncoding genes). Some microRNAs have their own promoters and are expressed independently,
while other microRNAs are organized in clusters and share the same transcriptional regulation®.
MicroRNA genes are transcribed as primary microRNAs (pri-microRNAs) by RNA polymerase Il and
form stem-loop structures (Figure 4)?*. These pri-microRNAs enter a nuclear complex consisting of
Drosha (RNAse Il enzyme) and cofactor DGCR8, where they are cleaved to form pre-microRNAs of

about 70 nucleotides long?2. Pre-microRNAs are transported to the cytoplasm by Exportin-5, where
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they are processed by the enzyme Dicer into mature microRNA duplexes. From this microRNA duplex,
one strand (the guide strand)is generally preferred for association with an Argonaute (AGO) protein
and incorporation into the RNA induced silencing complex (RISC), whereas the other strand (the
passenger strand) is rapidly removed and degraded?. However, accumulating evidence suggests that
the passenger strand can also be loaded into the RICS?* %, Mature microRNAs guide the RISC complex
to target sites in the 3’ untranslated region of their target mRNAs. Binding of a microRNA to the 3’
UTR of a target mRNA can either lead to degradation of the mRNA or lead to translational repression
of the mRNA target?®. Messenger RNA degradation is usually seen in plant cells and takes place when
microRNA binding occurs with perfect complementarity to the mRNA target. Either way, binding of a
microRNA to the 3’ UTR of a target mRNA leads to downregulation of the expression of that gene. The
first 2 to 8 nucleotides from the 5’ portion of a microRNA, is important for target recognition and is

referred to as the seed sequence of the microRNA?,

During development, many microRNAs are expressed in a tissue specific manner, suggesting the
involvement of microRNAs in determining and maintaining tissue identity?’. Each microRNA has the
ability to regulate hundreds of targets and by doing so, specific microRNAs can regulate complex,
multifactorial physiological processes such as vascular remodelling. The development and progression
of cardiovascular disease has been linked to the dysregulation of many individual microRNAs and
multiple microRNAs have been found to be modulators of atherosclerosis, lipoprotein metabolism,
inflammation and vascular remodelling?. For example, the miR-33 family consisting of miR-33a/b,
targets the cholesterol transporter ABCA1 and inhibition of miR-33a/b reduced in vivo progression
of atherosclerotic plagque formation®. The miR-17-92 gene cluster has a well described role in
angiogenesis, as well as arteriogenesis®*> 3, In addition, microRNAs from this cluster contribute to

atherosclerosis and neointima formation3 3,
The 14932 non-coding RNA cluster

The 14932 genomic region is located on human chromosome 14, chromosome 12F1 in mice. This
region hosts one of the largest microRNA clusters in the genome, containing 54 microRNAs and is
highly conserved in mammals®. Extensive hypomethylation of the 14932 locus was observed in
human atherosclerotic plaques, which resulted in upregulation of 14932 microRNAs and suggesting a
role for epigenetic modulation of the 14932 microRNA cluster in atherosclerosis®.

In addition, the human 14q32 locus contains three IncRNAs and 41 snoRNAs (Figure 5). MEG3, one
of the 14932 IncRNAs, is upregulated in endothelial cells under hypoxia®’. Deletion of MEG3 in mice
(MEG3” mice) leads to increased VEGF expression and cortical microvessel density in these animals®.
The 14932 snoRNAs are orphan snoRNAs of the C/D box subtype and can be divided into three highly
related copy-sets, namely SNORD112 (1 copy), SNORD113 (9 copies) and SNORD114 (31 copies).
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Figure 5. A schematic overview of the human 14932 and murine 12F1 locus. In humans, the 14g32 locus contains 54 microRNAs,
3 IncRNAs (MEG3, MEG8 and SNHG23) and 41 snoRNAs to date. In mice, the cluster contains 61 microRNAs, 2 IcnRNAs (Meg3 and
Rian) and 7 snoRNAs. Colors indicate whether murine microRNAs were early (red), late (green) or non-responders (blue) after hind
limb ischemia in mice. Coding (thick bars) and noncoding (thin bars) genes are indicated in black.
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Outline of this thesis

The aim of this thesis is to investigate the role of 14932 microRNAs in vascular remodelling, as well as

to identify microRNAs as new therapeutic targets for the treatment of cardiovascular diseases.

The first part of this thesis focuses on the role of microRNAs in vascular remodelling and in particular
that of microRNAs from the 14q32 cluster, by studying their involvement in arteriogenesis and
angiogenesis, atherosclerosis and restenosis.

Chapter 2 reviews the multifactorial nature of microRNAs in the vasculature, emphasizing the multiple
roles microRNAs can have in different forms of vascular remodelling. Often, the effect of microRNA
manipulation is ascribed to regulation of a single target gene. However, it should be taken into account
that microRNAs are able to target numerous genes and modulation of a single microRNA can have
diverse effects in different disease models.

Chapter 3 describes the use of a Reversed Target Prediction (RTP) strategy to identify microRNAs
that affect arteriogenesis and angiogenesis. In this chapter, we report the role of 14932 microRNAs
miR-329, miR-487b, miR-494 and miR-495 in post-ischemic blood flow recovery. Upregulation of
microRNAs from the 14g32 cluster was observed after single ligation of the femoral artery, following
three different expression patterns (Figure 5). Selecting microRNAs from each expression pattern (miR-
329 as a late responder, miR-487b and miR-494 as early responders and miR-495 as non-responder),
we demonstrated increased blood flow recovery and neovascularization after inhibition of these
microRNAs using Gene Silencing Oligonucleotides (GSOs) in an hind limb ischemia model.

In Chapter 4, we made use of the same RTP strategy to identify microRNAs that could affect
atherosclerosis. Again, the 14q32 cluster was predicted to target genes that influence atherosclerosis.
We observed increased expression of 14932 microRNA miR-494 in unstable human atherosclerotic
plaques compared to stable lesions. Inhibition of miR-494 in the carotid collar model for atherosclerosis
resulted in reduced lesion formation, while plaque stability was increased. Multiple target genes of
miR-494 were upregulated both in vitro and in vivo.

In Chapter 5 the role of 14932 microRNAs in post-interventional vascular remodelling or restenosis is
investigated. Restenosis consist of intimal hyperplasia and accelerated atherosclerosis. Non-constrictive
cuffs were placed around the femoral artery of mice to induce intimal hyperplasia. Accelerated
atherosclerosis was induced in hypercholesterolemic ApoE mice by placing semi-constrictive collars
around both carotid arteries. GSOs against miR-329, miR-494 and miR-495 were used to inhibit these
microRNAs in both experimental models for restenosis. GSO-495 treated animals showed decreased
intimal hyperplasia compared to control animals after cuff placement, whereas GSO-329 and GSO-494
treatment had less profound effects on intimal hyperplasia. In the accelerated atherosclerosis model,
GS0-495 treatment resulted in smaller atherosclerotic lesions which had smaller necrotic cores and

increased collagen content.

The second part of this thesis investigates the (post)transcriptional regulation of 14932 microRNA

expression.
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Chapter 6 focuses on Myocyte Enhancer Factor 2a (MEF2a) in post-ischemic neovascularization.
A recent study showed transcriptional regulation of the 1432 region by MEF2a“. Therefore, we
hypothesized that inhibition of MEF2a could improve post-ischemic neovascularization via inhibition of
14932 microRNAs. Indeed, GSO-Mef2a treatment led to improved blood flow recovery and increased
arteriogenesis and angiogenesis after hind limb ischemia in mice. Moreover, reduced expression of
14932 microRNAs miR-329 and miR-494 was observed in these animals, which could partially explain
the observed effects. However, we could not confirm transcriptional regulation of 14932 microRNAs
by Mef2a, but we did show that Mef2a could act as RNA binding protein, regulating the expression of
14932 microRNAs at the post-transcriptional level.

In Chapter 7, we zoom in on the differential expression of 14932 microRNAs observed after ischemia.
By evaluating the expression levels of pri-microRNAs, pre-microRNAs and mature microRNAs after
induction of ischemia, we found clues that the differential regulation of these microRNAs occurs
from pre-microRNA to mature microRNA processing. Using Stable Isotope Labelling of Amino Acids
(SILAC), followed by RNA pull down and Mass Spectrometry on 3T3 cells under serum starvation, we
determined which RNA-Binding Proteins (RBPs) are responsible for the differential post-transcriptional
regulation of 14932 microRNAs. We identified CIRBP and HADHB as post-transcriptional regulators of

14932 microRNA milR-329 expression under ischemia.

In the third and last part of this thesis, the expression of microRNAs in subcutaneous adipose tissue
of critical limb ischemia patients is discussed and the potential use of microRNAs as biomarker to
predict the risk of amputation in these patients is evaluated. In the past, microRNAs have been
reported as suitable biomarkers for the diagnosis and prognosis of cardiovascular disease including
acute myocardial infarction, heart failure and peripheral arterial disease. Moreover, their small size
protects them from endogenous RNase activity, which contributes to the high stability of microRNAs.
In Chapter 8 we determined local microRNA expression in subcutaneous and perivascular adipose
tissues of critical limb ischemia patients that underwent major amputation compared to healthy
controls. Whereas most microRNAs were downregulated in amputation samples, eight microRNAs
were upregulated in these patients. Six out of eight upregulated microRNAs belong to the 14q32
microRNA cluster. We show that increased expression of these six 14932 microRNAs can be used as

biomarkers to identify CLI patients at risk of major amputation.

The results of all studies described in this thesis, as well as future perspectives, are discussed in

Chapter 9. Figure 6 summarizes the outline of this thesis.
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Figure 6. Graphical summary of the thesis outline. Part | of this thesis investigates the role of 14932 microRNAs in different processes
of vascular remodelling, namely arteriogenesis and angiogenesis, (accelerated) atherosclerosis and intimal hyperplasia (restenosis).
Part Il discusses several (post)transcriptional mechanisms that could regulate 14932 microRNA expression. In Part lll, microRNA
expression in adipose tissue of critical limb ischemia patients is studied and the possible use of 14932 microRNAs as biomarker for
identification of critical limb ischemia patients at risk of amputation is evaluated.
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Chapter 2

Abstract

Vascular remodelling is a multifactorial process which involves both adaptive and maladaptive changes
of the vessel wall through amongst others, cell proliferation and migration, but also apoptosis and
necrosis of the various cell types in the vessel wall. Vascular remodelling can be beneficial e.g. during
neovascularization after ischemia, as well as pathological e.g. during atherosclerosis and aneurysm
formation. In recent years, it has become clear that microRNAs are able to target many genes that
are involved in vascular remodelling processes and either can promote or inhibit structural changes
of the vessel wall. Since many different processes of vascular remodelling are regulated by similar
mechanisms and factors, both positive and negative vascular remodelling can be affected by the same
microRNAs. A large number of microRNAs has been linked to various aspects of vascular remodelling
and indeed, several of these microRNAs regulate multiple vascular remodelling processes, including
both the adaptive processes angiogenesis and arteriogenesis as well as maladaptive processes
of atherosclerosis, restenosis and aneurysm formation. Here, we discuss the multifactorial role of
microRNAs and microRNA clusters that were reported to play a role in multiple forms of vascular
remodelling and are clearly linked to cardiovascular disease. The microRNAs reviewed are miR-126,
miR-155 and the microRNA gene clusters 17-92, 23/24/27, 143/145 and 14q32. Understanding the
contribution of these microRNAs to the entire spectrum of vascular remodelling processes isimportant,
especially as these microRNAs may have great potential as therapeutic targets for treatment of various

cardiovascular diseases.
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Introduction

MicroRNAs

MicroRNAs are a class of endogenous noncoding RNA molecules of approximately 22 nucleotides
in length. MicroRNAs inhibit translation of mRNAs into proteins by binding to specific sites in the
3’untranslated region (3'UTR) of their target mRNAs. Rather than completely silencing their target
gene, binding of a microRNA leads to modest target downregulation. However, a single microRNA is
able to downregulate the expression of numerous target genes, and by doing so, that single microRNA
can regulate complex, multifactorial physiological processes’. MicroRNAs have been shown to play an
important role in human diseases, including cardiovascular disease (CVD). In this review, we describe
the multifactorial nature of microRNAs in the regulation of vascular remodelling, by discussing the
different target genes and regulatory mechanisms that have been described for these microRNAs.
Although many microRNAs play a role in some aspects of vascular remodelling, we focused on those
microRNAs that to play a role in multiple forms of vascular remodelling dnd are clearly linked to
CVD. The individual microRNAs miR-126 and miR-155, the microRNA gene clusters 17-92, 23/24/27,
143/145, and the largest known microRNA gene cluster 1432, all met these criteria (Figure 1). An

overview of confirmed target genes for these microRNAs is given in Table 1 and 2.

Vascular remodelling

Vascular remodelling comprises beneficial adaptive responses of the vessel wall to changes in
hemodynamic forces, vasoactive stimuli or growth factors, but also maladaptive responses that can
lead to CVD2. Thus, vascular remodelling can be divided into adaptive and maladaptive processes
regarding vessel wall structure and blood supply towards downstream tissues?. For this review, we
focused on neovascularization on the one hand and on atherosclerosis, post-interventional restenosis
and aneurysm formation on the other. All of these processes are orchestrated by microRNAs®.

When studying the role of microRNAs in these processes, there are several microRNAs that have been
very well described. For example, one of the most promising microRNAs as therapeutic target for
the treatment of atherosclerotic disease is miR-33a/b, (discussed below), as it controls cholesterol
metabolism, a crucial mechanism in CVD. The phenotype of smooth muscle cells (SMCs), either
contractile or proliferative, is also imperative for vascular remodelling and neointima formation.
Several microRNAs, including miR-133, miR-125b, miR-26a, miR-663 and miR-1, have been shown to
control SMC phenotype and function®®,

In aneurysm formation, the miR-29 family has been shown to play a major role by targeting genes that
are involved in extracellular matrix homeostasis. Inhibition of miR-29b in two murine abdominal aortic
aneurysm (AAA) models increased expression of genes encoding for collagen and elastin and reduced
expression of matrix metalloproteinases, resulting in decreased aneurysm progression in these mice®.

Similarly, miR-21 regulated AAA expansion through targeting of PTEN.

29



Chapter 2

Therapeutic potential of microRNAs

Several microRNAs that gave promising results as therapeutic targets in murine models of CVD are now
being studied in larger animal models. A relevant example is the miR-33 family, consisting of miR-33a
and miR-33b. Both miR-33a and miR-33b regulate the expression of cholesterol transporter ABCA1,
which mediates the efflux of cholesterol. Inhibition or deficiency of miR-33a reduced progression
of plaques and raised HDL levels in atherosclerotic mouse models!**3, Since rodents lack miR-33b,
extrapolation of these results to a human situation was not straightforward. Systemic inhibition of
miR-33a/b in African green monkeys, which do express miR-33b, led to increased expression of ABCA1
in the liver of treated animals and increased plasma HDL levels**. The authors also observed regulation
of other genes involved in fatty acid oxidation and fatty acid synthesis, leading to a decrease in plasma
VLDL levels, an effect that was not observed in mice!*. Moreover, no overt toxicity was observed in
animals treated with anti-miRs, supporting the development of anti-miR-33 therapeutics for treatment

of atherosclerosis.

Janus phenomenon

However, caution is wanted when intervening in individual processes of vascular remodelling. This is
best illustrated by the Janus phenomenon, named after the two-faced Roman deity Janus. The Janus
phenomenon was first described by Epstein et al., who noticed that interventions used to stimulate
arteriogenesis also increased atherosclerosis and vice versa®®. The phenomenon is explained by the
fact that there is a strong overlap in the mechanisms that underlie the various forms of vascular
remodelling. One of the important mechanisms shared in vascular remodelling are the inflammatory
responses. Since microRNAs can target numerous genes that may be involved in many processes,
modulation of one microRNA could influence more than one form of vascular remodelling. This could
be positive, for example when targeting a single microRNA inhibits various forms of maladaptive
remodelling simultaneously. However, an unwanted effect could be that anti-atherogenic microRNAs
also have anti-arteriogenic effects due to common pathways in atherosclerosis and arteriogenesis.
The Janus phenomenon is a major drawback for many novel therapeutics designed to modulate
vascular remodelling and must also be taken into account when exploring the therapeutic potential

of microRNAs.
Therefore, we chose to discuss those microRNAs, miR-126, miR-155 and microRNA gene clusters 17-

92,23/24/27, 143/145 and 14932, that play a confirmed role in multiple forms of vascular remodelling
and are clearly linked to CVD.
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Non-standard Abbreviations and Acronyms

3’UTR 3’untranslated region

AAA Abdominal aortic aneurysm
AAV Adeno-associated virus

Angll Angiotensin ||

CAD Coronary artery disease

CVD Cardiovascular disease

EC Endothelial cell

HDL High density lipoprotein

1A Intracranial aneurysm

LNA Locked nucleic acid

miR MicroRNA

MO Morpholino

MP/MV Microparticle/Microvesicle
MSC Mesenchymal stem cell

oxLDL Oxidized low density lipoprotein
PBMC Peripheral blood mononuclear cell
SiRNA Small interfering RNA

TLR Toll-like receptor

(V)LDL (very) low density lipoprotein
(V)smc (vascular) smooth muscle cell

Abbreviations of NCBI-Annotated Target Genes

ABCA1 ATP-binding cassette transporter Al

ACAT1 Acyl-CoA cholesterol acyltransferase-1

ACE Angiotensin converting enzyme

ANGPTL3 Angiopoietin-like 3

ARF6 ADP ribosylation factor 6

AT1R Angiotensin Il type 1 receptor

BCL2/6 B-cell ymphoma 2 /6

bFGF Basic fibroblast growth factor

BIC B cell integration cluster

BMP4 Bone morphogenetic protein 4

CCL2/MCP1 Monocyte chemoattractant protein 1

CD146 Cluster of differentiation 146 (melanoma cell adhesion molecule)
CDK4 Cyclin dependent kinase 4

CPTla Carnitine palmitoyl transferase 1a
CXCL12/SDF1 Stromal derived factor-1

CXCR4 Chemokine (C-X-C motif) receptor 4

DGAT2 Diacylglycerol O-acyltransferase 2

DLK1 NOTCH1 inhibitor delta-like 1 homolog

E2F1 E2F transcription factor 1

EFNB2 Ephrin B2

eNOS Endothelial nitric oxide synthase

ERK1/2 Extracellular-signal-related kinase 1/2

ETS-1 V-ets avian erythroblastosis virus E26 oncogene homolog 1
FGFGR2 Fibroblast growth factor receptor 2

FLT1 VEGF receptor fms-related tyrosine kinase 1
FOX03 /4 Forkhead box 03 /4

FSR2 Fibroblast growth factor receptor substrate 2
FZD4 Frizzled class receptor 4

GATA2 GATA Binding Protein 2

GPAM glycerol-3-phosphate acyltransferase 1 mitochondrial
HIFla / HIF2a Hypoxia inducible factor 1/ 2, alpha subunit
HKII Hexokinase Il

HMGB1 HMG box-transcription protein 1

HMOX1 Heme oxygenase 1

ICAM1 Intracellular cell adhesion molecule 1

IGF1 Insulin-like growth factor 1
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L33 Interleukin 33

INSIG1 Insulin induced gene 1

IRS1/2 Insulin receptor substrate 1/ 2

ITGB8 Integrin p 8

JAK1 Janus Kinase 1

KLF2/4/5 Krippel-like factor2 /4 /5

LPL Lipoprotein lipase

LRP6 LDL receptor related protein 6

MCP1/CCL2 Monocyte chemoattractant protein 1

MEF2a Myocyte enhancer factor 2

MEG3 Maternally expressed gene 3

MIF Macrophage migration inhibitory factor

MKK4 Mitogen-Activated Protein Kinase Kinase 4
MMP1 /3 Matrix metalloproteinase 1/ 3

MRTFA Myocardin related transcription factor A
Myd88 myeloid differentiation primary response gene
PAK4 p21-activated kinase 4

PIK3R2 Phosphoinositide-3-kinase, regulatory subunit 2
PPARY Proliferator-activator receptor gamma
PPP2R2A Protein phosphatase 2 regulatory subunit B, alpha
RGS16 Regulator of G protein signalling 16
SDF1/CXCL12 Stromal derived factor-1

SEMAGA /6D / 3B Semaphorin 6A /6D / 3B

SMAD3 SMAD family member 3

SOCS1/5 Suppressor of cytokine signalling 1 /5

SPRED1 Sprouty-related, EVH1 domain containing 1
SREBPs Sterol regulatory element-binding proteins

SRF Serum response factor

TAB2 TGF-B activated kinase1l/MAP3K7 binding protein 2
TGFB(2) Transforming growth factor beta (2)

TGFBR2 TGFB receptor 2

TIMP3 Tissue inhibitor of metalloproteinase 3

TLR4 Toll like receptor 4

TNF-a Tumor necrosis factor alpha

TRIF TIR-domain-containing adapter-inducing interferon-g
uPA urokinase-type plasminogen activator

VCAM1 Vascular cell adhesion molecule 1

VE-cadherin Vascular endothelial cadherin

VEGF Vascular endothelial growth factor

Table 1. Non standard abbreviations and acronyms.
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Figure 1. The top 5 microRNAs reported to play a role in each of the following vascular remodelling processes, atherosclerosis and
restenosis formation, aneurysm formation and neovascularization, are shown. MicroRNAs that were reported to play a role in
multiple forms of these processes were selected for this review and shown here in bold.
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miR-126

MiR-126 is one of the most abundantly expressed microRNAs in endothelial cells (ECs)*. The miR-
126 gene is located on human chromosome 9 and gives rise to two mature microRNAs, miR-126-3p
and miR-126-5p. Generally, the role of miR-126 in vascular remodelling as described in the literature
corresponds to miR-126-3p (Figure 2). MiR-126 is also abundantly expressed in platelets, suggesting
a role for miR-126 in vascular homeostasis and inflammation’®. Platelets are a major source of
circulating miR-126. Consequently, levels of circulating miR-126 are influenced by the use of platelet
inhibitors, such as aspirin’’. The delivery of miR-126 by platelet microparticles (MPs) to primary
human macrophages was reported recently and miR-126 derived from these platelet MPs influences
macrophage gene expression and function®®. Levels of miR-126 are differentially expressed in plasma

samples of patients with coronary artery disease (CAD)*.

Neovascularization

The first studies from 2008 that investigated the role of miR-126 in EC function demonstrated that
miR-126 targets VCAM1%, Increased expression of adhesion molecules such as VCAM1 and increased
leukocyte adherence to ECs are necessary for the initiation of angiogenesis. Both mechanisms are
stimulated by inhibition of miR-126%. In HUVECs, inhibition of miR-126 led to increased proliferation
and migration?. Furthermore, injection of miR-126 inhibitors into zebrafish embryos affected blood
vessel integrity, as was demonstrated by collapsed lumens and compromised endothelial tube
organization®.Studies in mice showed that inhibition of miR-126 decreased recovery after myocardial
infarction and impaired angiogenic capacity in a hind limb ischemia model?*?. These effects were
partially mediated via inhibitors of VEGF-signalling, namely SPRED1 and PIK3R22*2, Both Spred1l
and Pik3r2 are upregulated in absence of miR-126, causing an increase in vascular permeability and
leakage?¥2%. MiR-126 was also shown to target CXCL12%. Silencing miR-126 induced CXCL12 expression
which enhanced migration of CD34* progenitor cells in vitro and increased the number of circulating
bone marrow-derived progenitor cells after hind limb ischemia in vivo® 2.

In addition, exosomes from human CD34* cells, which are rich in miR-126, have great angiogenic
capacity both in vitro and in vivo?’. Mocharla et al. showed that CD34* peripheral blood mononuclear
cells (PBMCs) secrete microvesicles and exosomes that are enriched with miR-126%. These

microvesicles and exosomes are taken up by ECs and facilitate the proangiogenic effects of miR-126%,

Atherosclerosis

Atherosclerotic plaque progression is often accompanied by apoptosis of (vascular) cells in the
plague®. During apoptosis, ECs release microvesicles that are enriched with miR-126%. Delivery
of miR-126 to recipient vascular cells inhibits the progression of atherosclerosis, presumably via
suppression of RGS16, which is a negative regulator of CXCR4. Subsequent upregulation of CXCR4 led
to the production of CXCL12. This reduced lesion formation by decreasing the number of macrophages
and apoptotic cells in the plaque and increasing the recruitment of endothelial progenitor cells for

repair in a mouse model for atherosclerosis®. Vesicle-independent transfer of miR-126 from ECs
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to SMCs was also reported, increasing miR-126 levels in SMCs (Figure 2). Decreased expression of
miR-126 target genes FOXO3, BCL2 and IRS1 led to increased proliferation of SMCs*°. Subjecting ECs
to laminar shear stress or miR-126 inhibition abolished these effects. In miR-1267" mice, neointima
formation was attenuated compared to wildtype mice after ligation of the left common carotid
artery®. Recently, the contribution of miR-126-5p to atherosclerosis formation was demonstrated by
Schober et al.?!. Hypercholesterolemic miR-1267ApoE” and miR-126**ApoE”" mice were subjected
to endothelial denudation. After 14 and 28 days, lesion area was increased in miR-1267ApoE” mice
compared to control animals®. Moreover, endothelial recovery of the carotid lumen was impaired in
miR-1267ApoE” animals due to reduced EC proliferation®.. In these animals, expression of multiple
miR-126-5p predicted target genes was increased, whereas expression of known miR-126-3p targets
was not3%. The authors confirmed targeting of DLK1 by miR-126-5p and demonstrated that inhibition
of miR-126-5p increased DIkl expression and reduced EC proliferation®'. To identify the specific role
of miR-126-3p and miR-126-5p in endothelial repair, denuded arteries of ApoE”- mice were treated
with either miR-126-3p-, miR-126-5p- or control-miR inhibitors. Treatment with anti-miR-126-5p,
but not anti-miR-126-3p, significantly increased the lesion area and impaired endothelial recovery
and EC proliferation®.. In untreated ApoE”" mice, disturbed flow led to decreased miR-126-5p levels
and increased DIkl mRNA and protein levels in the carotid artery, whereas miR-126-3p levels were
unaltered®. The authors proposed that miR-126-5p plays a role in regulating EC proliferation at
non-predilection sites, whereas miR-126-3p presumably regulates the replicative capacity of ECs at
predilection sites®.. Finally, in human atherosclerotic lesions miR-126-5p levels were found to inversely
correlate with DLK1 expression and the number of lesional macrophages and positively correlated with

EC proliferation, suggesting an atheroprotective effect of increased miR-126-5p levels in humans3.

Aneurysm

Although miR-126 is upregulated in AAA and upregulation correlated with decreased TNF-a
expression, the exact function of miR-126 in AAA pathogenesis is still unknown32. In plasma of patients
with AAA, miR-126 was significantly downregulated compared to plasma of healthy volunteers, but

not compared to patients with CAD32.
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o Microvesicles
produced by ECs or PBMCs

angiogenesis &: A
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. (miR-126-5p)
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Figure 2. The role of endothelial miR-126 in vascular remodelling. MiR-126 regulates angiogenesis and vascular integrity via
targeting of VCAM1 and targeting the inhibitors of VEGF signalling;SPRED1and PIK3R2. Via microvesicle-mediated delivery from ECs
to neighbouring vascular cells, miR-126 inhibits RGS16, an inhibitor of CXCR4, resulting in the expression of CXCL12 and reducing
atherosclerosis. Paracrine secretion of miR-126 from ECs to SMCs leads to inhibition of FOXO3, BCL2 and IRS1 target genes and
increases proliferation of SMCs, which contributes to the atherogenic actions of miR-126. In addition, miR-126-5p suppresses
the NOTCH1 inhibitor DLK1, thereby limiting atherosclerosis. Arrows indicate upregulation. Capped lines indicate inhibition. MV;
microvesicle, EC; endothelial cell, SMC; smooth muscle cell. PBMCs; peripheral blood mononuclear cells. For full target gene names,
see Table 1.

miR-155

The miR-155 gene is located within an exon of the non-coding RNA BIC on human chromosome 21.
MIiR-155 is highly expressed by activated B and T cells, but also by monocytes and macrophages® 3. In
addition, miR-155 is expressed in ECs and SMCs*.

MiR-155 is upregulated in macrophages via TLR ligands, such as LPS**. MiR-155 exerts pro-inflammatory
effects via targeting of the anti-inflammatory SOCS1%®. In contrast, anti-inflammatory effects of miR-
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155 signalling have also been described via targeting of TAB2% (Figure 3).

In 2012, Corsten et al. described a role for miR-155 in CVD, demonstrating upregulation of miR-155
during the acute inflammatory phase of viral myocarditis®®. Systemic inhibition of miR-155 reduced
cardiac monocyte/macrophage infiltration, decreased T lymphocyte activation and reduced myocardial

damage in a mouse model of acute viral myocarditis®.

Neovascularization

MiR-155 is co-expressed with ATIR in HUVECs and SMCs, where it represses AT1R expression®.
Interestingly, a single nucleotide polymorphism (+1166 A/C), which is associated with CVD, was found
to disrupt a miR-155 target site in the 3’UTR of AT1R3. Overexpression of miR-155 reduced migration
of HUVECs in response to Angiotensin Il (Angll) via targeting of the AT1R.

ETS-1 has two potential binding sites for miR-155 in its 3’UTR and is another target of miR-155 in
HUVECs®. ETS-1 and its downstream target genes VCAM1, MCP1 and FLT1 were induced in HUVECs
upon stimulation with Angll. Overexpression of miR-155 abrogated this effect®.

Recent work by Pankratz et al. demonstrated that miR-155 exerts both antiangiogenic and
proarteriogenic functions after induction of hind limb ischemia in mice*#, MiR-155 was upregulated
seven days after femoral artery ligation in mice. Inhibition of miR-155 in HUVECs resulted in increased
EC proliferation and tube formation*. These results were confirmed in aortic ring assays, as well as in
in vivo matrigel plug assays using miR-1557- mice. In miR-1557 ECs, expression of AT1R was increased.
AT1R expression could be manipulated by overexpression or inhibition of miR-155 in both human
and murine ECs. The authors concluded that the antiangiogenic properties of miR-155 are mediated
via AT1R* (Figure 2). Despite the antiangiogenic properties of miR-155, blood flow recovery after
hind limb ischemia was impaired in miR-1557- mice. MiR-155 deficiency decreased migration of bone-
marrow derived macrophages. MiR-1557" macrophages showed significantly reduced expression
levels of proarteriogenic cytokines and chemokines upon LPS stimulation, compared to wildtype cells.
SOCS1 was identified as a potential mediator, as this was the most upregulated target gene in miR-155
- BMDMs. Knockdown of SOCS1 indeed reversed the effects of miR-155 deficiency on proarteriogenic

cytokine production®.

Atherosclerosis

Expression of miR-155 was upregulated in human atherosclerotic plaques, predominantly in pro-
inflammatory macrophages** . However, circulating levels of miR-155 were significantly lower in
patients with CAD compared to healthy volunteers®. In several studies, treatment of macrophages
with oxidized LDL and IFN-y led to upregulation of miR-155, whereas suppression of miR-155 by oxLDL
treatment has also been reported** 4+, Nazari-Jahantigh et al. demonstrated that miR-155 targets
BCL6, a transcription factor that attenuates pro-inflammatory NF-kB signalling and directly represses
CCL2. Leukocyte-specific deletion of miR-155 decreased Ccl2 signalling and reduced atherosclerotic
plaque formation in ApoE”-mice*. Recently, Tian et al. showed that miR-155 targets HMGB1, which
supresses MIF and increases uptake of oxLDL by macrophages®. Elevated miR-155 levels enhanced
oxLDL induced foam cell formation by targeting HMGB1. Systemic inhibition of miR-155 in ApoE”- mice

resulted in smaller atherosclerotic plaques that contained less lipid-laden macrophages*’. However,
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opposite findings on the role of miR-155 in atherosclerosis have also been reported. LDL-R”" mice
transplanted with miR-1557 bone marrow developed larger lesions compared to mice transplanted
with wildtype bone marrow*. Increased numbers of macrophages and neutrophils were present
in these lesions as well as increased numbers of granulocytes and inflammatory monocytes in the
circulation“®. Apparently, miR-155 can have opposite effects in macrophages, being either pro- or anti-

inflammatory (Figure 3).
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Figure 3. The inflammatory miR-155 in vascular remodelling. MiR-155 is co-expressed with AT1R in HUVECs and SMCs and inhibits
expression of AT1R in these cells. ETS1 transcription factor is also targeted by miR-155 in HUVECs. Via these targets, miR-155
affects angiogenesis. In addition, miR-155 has been demonstrated to affect arteriogenesis. This effect is mediated by inhibition of
SOCS1 in macrophages, resulting in upregulation of proarteriogenic cytokines. MiR-155 in atherosclerotic plaques is predominantly
expressed in (pro-inflammatory) macrophages, where it suppresses the transcription factor BCL6. In addition, miR-155 targets
HMGB1, increasing oxLDL uptake by macrophages. MiR-155 reduces matrix metalloproteinases MMP-1 and MMP-3, which could
reduce matrix degradation and progression of aneurysm formation. Arrows indicate upregulation. Capped lines indicate inhibition.
The dashed line indicates possible interactions that have not been confirmed yet. (HUV)EC; (human umbilical venous) endothelial
cell, SMC; smooth muscle cell. For full target gene names, see Table 1.
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Aneurysm

MIiR-155 is significantly upregulated in AAA tissue®’. However, expression of miR-155 was lower in
plasma of patients with AAA compared to plasma levels of healthy controls and of patients with CAD?2,
In models for rheumatoid arthritis, overexpression of miR-155 led to downregulation of MMP1 and
MMP3%. This suggests that overexpression of miR-155 in AAA may function as an endogenous rescue

mechanism that inhibits matrix degradation and progression of aneurysm formation®.

miR-17-92 cluster

The miR-17-92 gene cluster is located within intron 3 of the C130rf25 gene on human chromosome
13 and encodes six individual microRNAs, namely miR-17, miR-18a, miR-19a, miR-20a, miR-19b-1
and miR-92a* (Figure 4). Recently, it was shown that expression of the miR-17-92 cluster in ECs is
stimulated by VEGF, via activation of the Erk/Elk1 pathway®. Upon stimulation, expression of miR-
17-92 contributed to endothelial proliferation and angiogenic sprouting in vitro and physiological

angiogenesis in vivo®!.

Neovascularization

In 2009, Bonauer et al. showed that miR-92a is highly expressed in human ECs and overexpression of
miR-92a in ECs blocked sprouting in a three-dimensional angiogenesis model. In vivo inhibition of miR-
92a increased the number of perfused vessels in matrigel plugs and improved blood flow recovery
after hind limb ischemia®. ITGAS5 was identified as a direct target of miR-92a%. To elucidate the specific
function of the other members of the miR-17-92 cluster in angiogenesis, Doebele et al. overexpressed
or blocked individual members of the cluster both in vitro and in vivo®. In vitro inhibition of all miR-17-
92 members, except miR-19, resulted in increased sprouting of EC spheroids®. Combined inhibition of
miR-17 and miR-20a was shown to promote angiogenesis in matrigel plugs in vivo, whereas inhibition
of other members showed trends but no significant effects on angiogenesis®. Expression of JAK1 was
reduced at mRNA and protein level upon miR-17 overexpression and inhibition of JAK1 using siRNAs
was shown to reduce in vitro angiogenesis. Using luciferase assays, JAK1 was confirmed as a direct
target of miR-17°3,

The contribution of the miR-17-92 cluster to physiological and pathological arteriogenesis was studied
by Landskroner-Eiger et al.>*. Endothelial specific knockout of miR-17-92 in mice showed that these
animals had more pre-existent collateral arterioles. Consequently, these animals showed improved
blood flow recovery after ischemia. MiR-19a targets components of WNT signalling, namely FZD4 and
LRP6. Inhibition of miR-19a improved post-ischemic blood flow recovery®*.

Expression of the miR-17-92 cluster is repressed by HDAC9Y in ECs*. Inhibition of HDAC9 reduced
neovascularization in vitro and in vivo. Inhibition of HDAC9, using either a broad spectrum HDAC
inhibitor or siRNAs against HDACY, increased expression of the miR-17-92 cluster, suggesting that
the antiangiogenic effects of HDAC9 inhibition are mediated through the miR-17-92 cluster. Indeed,
inhibition of miR-17-20a combined, but not of miR-17 alone, completely rescued the reduced sprouting

and network formation in HDAC9 deficient ECs*®.
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Atherosclerosis

Several studies showed that miR-17-92 cluster members are regulated by changes in shear stress®®
57, Upregulation of miR-19a by laminar shear stress has an antiproliferative effect on ECs via targeting
of Cyclin D1%7. MiR-92a expression was reduced in HUVECs that were subjected to atheroprotective
laminar shear stress, leading to upregulation of KLF2%8, Expression of KLF2 targets eNOS and
thrombomodulin were decreased upon miR-92a overexpression.

MicroRNA expression profiling in HUVECs revealed upregulation of miR-92a upon low shear stress
conditions and the presence of oxLDL*. Accordingly, miR-92a expression was higher in the vasculature
of both mice and humans in atheroprone regions with low shear stress*°. MiR-92a inhibition reduced
atherosclerosis formation in hypercholesterolemic LDLR”- mice. Expression of target genes KIf2 and
KIf4 was increased upon anti-miR-92a treatment. The authors identified SOCS5 as a novel target of
miR-92a, which is involved in the regulation of endothelial inflammation®. Furthermore, circulating
ICAM-1 levels were reduced in anti-miR-92a treated animals. These results suggest that upregulation
of miR-92a by oxLDL in atheroprone regions promotes endothelial dysfunction and atherosclerosis
formation®.

Interestingly, inhibition of miR-92a in rats reduced neointima formation in carotid arteries after vascular
injury®®. MiR-92a inhibition increased EC proliferation and migration, improving reendothelialization
after balloon injury or arterial stenting. Expression of KLF4 and MKK was upregulated by miR-92a
inhibition®. MiR-92a is a promising therapeutic target to reduce atherosclerosis development and

post-interventional restenosis.
Aneurysm

Two members of the 17-92 cluster, miR-20a and miR-92a, were significantly upregulated in ECs of AAA

tissue, but a causative role has yet to be confirmed?.
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Figure 4. The role of the miR-17-92 cluster in vascular remodelling. MiR-17-92 cluster members regulate angiogenesis via
suppression of several target genes. MiR-17 reduces expression of JAK1. ITGAS is targeted by miR-92a. In addition, miR-92a
targets KLF2, KLF4 and SOCSS, promoting atherosclerosis formation. Proliferation and migration of endothelial cells is regulated
by targeting of MKK4 and KLF4 by miR-92a. MiR-19a has an antiproliferative effect in ECs via suppression of Cyclin D1. Other target
genes of miR-19a include FZD4 and LRP6, regulators of WNT signalling. Targeting of these genes by miR-19a affects collateral artery
formation and bloodflow recovery after ischemia. Arrows indicate upregulation. Capped lines indicate inhibition. EC; endothelial
cell. For full target gene names, see Table 1.

angiogenesis

miR-23/24/27 family

The miR-23/24/27 family consists of two separate microRNA gene clusters. The mouse intergenic miR-
23a-27a-24-2 cluster lies on chromosome 8; in humans this cluster is located on chromosome 19.
The miR-23b-27b-24-1 cluster has an intronic location on mouse chromosome 13, chromosome 9
in humans® 552 Members of the miR-23/24/27 family are highly expressed 