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Chapter 1 

   

General Introduction  



General introduction 

Cardiovascular disease 

Cardiovascular disease is the collective term for multiple diseases of both the heart and blood 

vessels. It is among the most frequently occurring diseases in the world with high morbidity 

and mortality rates, especially in the western world1. These rates increase with increasing 

welfare of countries due to risk factors that are more common in a modern lifestyle. Examples 

of risk factors for cardiovascular disease are intake of too much salt and fat, a sedentary 

lifestyle and a lack of physical activity. This results in hypertension, hypercholesterolemia, 

obesity and diabetes and could lead to cardiovascular diseases like peripheral arterial disease 

and myocardial infarction. Eventually, end stage peripheral arterial disease could lead to 

severely ischemic lower limbs that need to be amputated in a final stage to save the patient’s 

life. After myocardial infarction, the ischemic heart tissue is not able to contract properly. This 

leads to heart failure, defined by the inability of the heart to pump sufficient blood through 

the whole body to supply all organs with enough oxygen and nutrients. To avoid end stage 

peripheral arterial disease and heart failure, therapeutic interventions are present, but 

nowadays still insufficient to completely save patients from suffering. Therefore, new 

therapeutic options are needed to decrease the burden of cardiovascular diseases. 

 

A common factor in the various types of cardiovascular disease is that some form of vascular 

remodelling occurs. Vascular remodelling processes can be divided into negative and positive 

vascular remodelling. Negative remodelling processes include atherosclerosis, restenosis, 

aneurysm formation and remodelling after arteriovenous fistula formation, all 

disadvantageous for vascular health. Positive remodelling processes comprise angiogenesis 

and arteriogenesis, together called neovascularization and are beneficial adaptive processes. 

 

Negative vascular remodelling 

Atherosclerosis is the complex process of vessel wall thickening. In fact, it is the thickening of 

the intimal layer of the arterial wall. Atheroma formation starts with lipid accumulating cells 

that extravasate and form a fatty streak2. Among the extravasating cells, macrophages (foam 

cells) and T cells are the most common cell types3. Over time, cells accumulate in the intimal 

layer and smooth muscle cells will migrate from the medial layer to the intimal layer to form 

a large extracellular matrix and fibrous cap4. When the atheroma grows, the inner part can 

become necrotic and the fibrous cap loses stability. Such a plaque is called instable and, when 

an instable atherosclerotic plaque ruptures, a thrombus can attach to it in the lumen causing 

a partial or complete occlusion of the artery. The initial vessel wall thickening already 



decreases lumen area and causes a reduced blood flow to downstream tissues. This results in 

deprivation of oxygen and nutrients to the tissues and in peripheral arterial disease a ruptured 

atherosclerotic plaque with arterial occlusion causes clinical features of pain, pallor, 

pulselessness, paresthesia, poikilothermia and paralysis (the six Ps). A ruptured 

atherosclerotic plaque in the carotid artery can lead to ischemic stroke as parts of the carotid 

thrombus can release from it and can obstruct the flow in the smaller downstream branching 

intracranial vessels. In the coronary artery, a thrombus leads to myocardial infarction. 

Ischemic myocardium results in dying myocardial cells with subsequent inability to contract 

and pump sufficient blood through the body. This lack of reaching adequate cardiac output is 

called heart failure and, more specifically, ischemic heart failure in case of myocardial 

infarction. 

 

These acute clinical situations should be treated immediately to save ischemic tissues. Current 

invasive revascularization treatment options for peripheral arterial disease and coronary 

artery disease comprise endovascular interventions or bypass surgery. Endovascular 

therapies include balloon angioplasty with or without stent placement. This treatment is 

effective, however, the disadvantage of this therapy is the high risk of restenosis5. The second 

treatment option, bypass surgery, is less favorable in the acute situation, but recommended 

when endovascular therapies are not possible, not successful or the vessel shows recurrent 

occlusions. Bypasses can be made from the patients own arterial or venous vessels. The latter 

is more common and more easily available, but tends to show higher graft occlusion rates. 

This is called vein graft disease, the formation of an atheromatous plaque in the grafted vein6. 

 

During restenosis, previously stenosed arteries that were treated by an angioplasty procedure 

with or without stenting, are narrowed again. This secondary stenosis is triggered by 

manipulation of the occluded vessel. The response to this manipulation consists of two 

cellular components, namely an inflammatory cell reaction and a reaction by vascular smooth 

muscle cells (VSMCs). Inflammatory cells adhere to the injured vessel wall and cause an 

inflammatory reaction. Macrophages, like in atherosclerosis, are the most common cell type 

that invade into the vessel wall and even further increase the inflammatory reaction. VSMCs 

are the second cell type that is triggered by the manipulation of the occluded vessel wall. 

VSMCs start to proliferate and migrate from the medial layer into the intimal layer, where 

they form a neointimal layer. Furthermore, extracellular matrix remodelling accompanies 

these reactions, resulting in thickened vessel walls. 

 

 



Positive vascular remodelling 

Positive vascular remodelling comprise processes that are beneficial during vascular disease 

and includes angiogenesis and arteriogenesis, together called neovascularization. 

Angiogenesis is the formation of new capillary blood vessels into tissues where no existing 

blood vessels are located and is driven by hypoxia7. Arteriogenesis is the process of blood 

vessel maturation out of small pre-existing vessels by increased shear stress8. Both 

neovascularization processes are needed to restore blood flow to ischemic tissues in 

atherosclerosis or restenosis. Under physiological conditions neovascularization occurs, 

however, this is not sufficient to fully restore blood flow to downstream tissues and should 

be reinforced to form fully functional new blood vessels that function as bypass. 

Neovascularization is not always regarded as a positive vascular remodelling process. In the 

field of oncology, neovascularization to supply blood to the neoplasm is an undesirable 

process and possible therapeutic targets should be investigated for not affecting this 

neovascularization. This thesis will focus on neovascularization as treatment strategy for 

cardiovascular disease and thus as a positive remodelling process. 

 

Taken together, new treatment options are needed for cardiovascular diseases either to 

stimulate the body to improve positive remodelling processes or to inhibit negative vascular 

remodelling processes. Since current interventional treatment options for cardiovascular 

disease are not completely optimal, the aim of research is to find new therapeutic options 

with higher efficacy. Genetic components of cardiovascular disease have been studied widely 

over the last decades. One of these genetic components is the field of noncoding RNAs 

(ncRNAs) and what is known, is yet far from complete. 

 

Noncoding RNAs 

Only a small proportion of the genome encodes for mRNA leading to protein production. The 

majority of the genome (>95%) is not protein-coding9 and therefore called noncoding. Before 

the role of ncRNAs was discovered, this was called junk-DNA. NcRNAs are RNAs that are 

transcribed from DNA, but not further translated into proteins. However, as RNA it regulates 

other RNAs, like messenger RNA (mRNA), transfer RNA (tRNA) or ribosomal RNA (rRNA). 

Thereby, ncRNAs can affect ongoing cellular processes. All ncRNAs can be divided into small 

ncRNAs, including microRNAs and small nucleolar RNAs (snoRNAs), and long noncoding RNAs, 

based on their length in nucleotides. This thesis will focus on microRNAs and snoRNAs. 

 

 



MicroRNAs 

MicroRNAs are small ncRNAs of approximately 22 nucleotides in length and were first 

described in 200110-13. They are transcribed by RNA polymerase II to primary microRNAs and 

subsequently processed by Drosha, a processing complex, into precursor microRNAs. These 

are transported from the nucleus to the cytosol and there the precursor microRNAs are 

cleaved into two mature microRNA strands by the enzyme Dicer14, 15. Mature microRNAs are 

loaded onto the RNA Induced Silencing Complex (RISC) and in this form able to bind 

complementary to the 3’-untranslated region of their target mRNA. By binding to a target 

mRNA, translation is inhibited. Therefore, microRNAs are called post-transcriptional 

regulators of gene expression. One microRNA can have up to several hundreds of target 

genes. If the target genes act in common physiological or pathophysiological processes and 

are targeted by one single microRNA, entire processes can be regulated. This has previously 

been shown for several non-cardiovascular16, 17 and cardiovascular diseases18, 19. MicroRNAs 

tend to occur in clusters and have already shown tissue specific expression patterns20. 

 

Small nucleolar RNAs 

As well as microRNAs, small nucleolar RNAs (snoRNAs) belong to the group of small ncRNAs, 

although they are longer than microRNAs with an average length of 60-200 nucleotides21. 

SnoRNAs can be divided into C/D-box snoRNAs and H/ACA-box snoRNAs based on their 

mechanism of action. C/D-box snoRNAs modulate target ncRNAs via 2’O-ribose-methylation, 

whereas H/ACA-box snoRNAs modulate other ncRNAs via pseudouridylation. Some snoRNAs 

have known cellular functions like in cholesterol trafficking22 and in metabolic stress23, but 

they also target other regulators like rRNAs24 or regulate alternative splicing of mRNAs25. 

However, many snoRNAs do not have known target RNAs and are presumed to have non-

canonical targets. Moreover, the role of snoRNAs in cardiovascular disease has not been 

elucidated and needs to be investigated in depth.  

 

DNA methylation 

DNA methylation is an epigenetic feature that is characterized by the addition of a methyl 

group to a cytosine nucleotide to form a 5-methylcytosine. DNA methylation is subject to 

mutagenic loss, but is conserved in CpG-islands that mainly are located in promotor regions 

of genes26. DNA methylation occurs under the influence of DNA methyltransferases (DNMTs).  

 

 

 



DNMTs can be divided into de novo DNMTs DNMT3A and 3B27, 28, that methylate 

unmethylated DNA, and maintenance DNMT DNTM129, that methylates hemi-methylated 

DNA or preserve preexisting methylation patterns during replication. DNA methylation is 

variable between individuals and that is why CpG-rich regions are called Differentially 

Methylated Regions (DMRs). DNA methylation status can change under the influence of 

pathophysiological conditions, like in cancer30-34, but also in cardiovascular disease35, 36. DNA 

methylation acts mostly by inhibiting gene expression through prevention of transcription, 

but is also known to affect alternative splicing37. 

 

14q32 noncoding RNA cluster 

NcRNAs and DNA methylation appear throughout the whole genome and are factors that 

influence and regulate gene expression. Previously published Reverse Target Prediction 

analysis38, 39 analyzed genes that were known to act in cardiovascular disease, for microRNAs 

by which they were targeted. The result of this was that many microRNAs were located closely 

to each other. In fact, they were located in a large conserved gene cluster on the 14th 

chromosome in humans (14q32 locus)40. Besides 54 microRNAs, the human 14q32 locus 

contains 41 snoRNAs, 3 DMRs, 3 long noncoding RNAs, and 3 coding genes38, 41. The locus is 

shown in Figure 1. The human 14q32 locus is also known as DIO3-DLK1 locus, called after two 

coding genes located along this locus. The murine equivalent of this locus is located on the 

12F1 location40 and contains 61 microRNAs38.  

 

MicroRNAs of this cluster have been studied extensively in several experimental murine 

models. Our group has found that inhibition of miR-494 inhibits atherosclerotic plaque 

development and increases plaque stability39, but inhibition of miR-495 decreases post-

interventional restenosis in mice42. Furthermore, inhibition of miR-329, miR-487b, miR-494 

and miR-495 also increases post-ischemic neovascularization in mice38 and miR-487b plays a 

role in angiotensin II-induced aneurysm formation in rats43. Moreover, other groups also 

found that the 14q32 microRNA cluster is involved in many different vascular remodelling 

processes41, 44, 45.  



 
Figure 1 Schematic presentation of the human 14q32 locus. Protein coding genes are depicted in black, 
long noncoding RNA genes in red, microRNA genes important in vascular remodelling in blue, DMRs 
in green and snoRNA genes in purple. 
 

NcRNAs of the 14q32 locus have functions in cardiovascular disease or vascular remodelling, 

but it is unknown whether all ncRNAs are located in all vessels, healthy or not, or that ncRNAs 

are vessel-specific and actually have their own “fingerprint”. We know that parts of the 

human vasculature are more prone to different types of cardiovascular disease than others. 

Atherosclerosis occurs predominantly in larger arterial walls where disturbed flow is 

present46, while arterial aneurysms occur in the aortic wall or intracranial artery walls47, 48. As 

we know that these processes can be regulated by different 14q32 ncRNAs, it is interesting to 

investigate whether 14q32 ncRNA expression is vascular location specific or even cell layer 

specific, like has been shown for non-14q32 microRNAs miR-12649 and miR-14519, 50. 

 

Expression regulators of 14q32 microRNAs – (post-)transcriptional regulators 

Previous studies have shown that microRNAs of the 14q32 cluster have multiple functions in 

vascular remodelling processes and that inhibiting them is beneficial, i.e. negative 

remodelling is inhibited and/or positive remodelling is stimulated.  It is possible to directly 

interfere with microRNA expression by administrating microRNA-inhibiting antisense 

oligonucleotides38, 39, 42 or microRNA mimics. However, it would be interesting to find factors 

by which 14q32 microRNA expression is regulated naturally and, thereby, finding targets to 

regulate complete physiological processes instantly. Myocyte Enhancer Factor 2A (MEF2A), 

Cold-Inducible RNA-Binding Protein (CIRBP) and Hydroxyacyl-Coenzyme A Dehydrogenase 

Trifunctional Multienzyme Complex Subunit Beta (HADHB) have already been shown to bind 

14q32 microRNAs post-transcriptionally51, 52 and more in-depth knowledge about the 

mechanism of action of RNA-binding proteins and possible transcriptional factors is needed. 

 



DNA methylation 

DNA methylation is one of the mechanisms that is known to regulate transcription. The three 

DMRs located along the human 14q32 locus are called Intergenic-DMR (IG-DMR), Maternally 

Expressed Gene 3-DMR (MEG3-DMR) and Maternally Expressed Gene 8-DMR (MEG8-DMR). 

IG-DMR is located between the DLK1-gene and the DIO3-gene, but upstream from all ncRNAs. 

MEG3-DMR is partially overlapping the beginning of the lncRNA MEG3-gene and MEG8-DMR 

is located just upstream of the lncRNA MEG8-gene. The murine DMRs are called Dlk1-DMR, 

IG-DMR and Glt2-DMR. DNA methylation of the 14q32 locus is known to change in several 

pathophysiological conditions30, 32, 33, 53 and was also found to be changed in cardiovascular 

disease54. 14q32 DNA methylation has been described to associate with microRNA 

expression31, 54 and it has to be assessed whether individual microRNAs also correlate with 

DNA methylation status within the DMRs. Furthermore, like microRNA expression, DNA 

methylation is disease specific and vascular diseases occur in different locations throughout 

the human vasculature. It could be hypothesized that DNA methylation is altered in a vascular 

location-specific and disease-specific manner. 

 

Myostatin 

Myostatin, also known as Growth Differentiation Factor-8 (GDF-8), is a member of the 

Transforming Growth Factor beta (TGF-β) superfamily and it is a protein that negatively 

regulates skeletal muscle cell proliferation and differentiation. Myostatin knockout in mice 

results in excessive skeletal muscle growth55. It is known that myostatin affects microRNA 

expression of the 14q32 locus, also called the callipyge locus. In fact, mutations in the 

myostatin gene or in the callipyge locus, that result in the inability of myostatin to bind to the 

locus, cause the typical callipyge phenotype. This phenotype is characterized by excessive 

muscle mass and that explains the origination of the name “callipyge”. In ancient Greek the 

word καλλος means beautiful and πυγη means buttocks. This phenotype is favorable in cattle. 

In mice, myostatin knockdown resulted in increased muscle mass and 14q32 microRNA 

upregulation56, whereas myostatin addition led to muscle atrophy57. However, myostatin not 

only acts in skeletal muscle cells, but also in vascular smooth muscle cells (VSMCs)58. Exactly 

this is the cell type to target in restenosis and, more specifically, of which proliferation and 

hyperplasia has to be inhibited. Taken together, it could be hypothesized that myostatin 

administration causes 14q32 microRNA downregulation and, subsequently, restenosis is 

decreased. Together with the fact that a previous study showed that direct inhibition of 14q32 

microRNA miR-495 caused decreased restenosis42, this makes myostatin an even more 

promising target to inhibit restenosis via downregulation of the 14q32 locus in experimental 

restenosis. The effect of myostatin on macrophages has to be investigated, as this previous 



study already found that miR-495 inhibition decreased influx of macrophages into the vessel 

wall in experimental restenosis. 

 

Cold-Inducible RNA-Binding Protein 

Cold-Inducible RNA-Binding Protein (CIRBP) is another 14q32 microRNA expression regulator 

and belongs to the post-transcriptional regulators. RNA-binding proteins (RBPs), as the name 

suggests, are proteins that are able to bind RNAs during post-transcriptional processing59. 

They do not only bind mRNAs, but also microRNAs60. CIRBP was shown to bind to two 14q32 

precursor microRNAs, namely miR-329 and miR-495. By doing this, CIRBP induces processing 

into mature microRNAs51. As already described in 2014 by Welten et al38, these microRNAs 

have an effect on post-ischemic neovascularization. By direct inhibition of these microRNAs 

with antisense oligonucleotides, translation of pro-angiogenic mRNAs is no longer inhibited, 

and therefore post-ischemic neovascularization is promoted upon microRNA inhibition. CIRBP 

is also known to be regulated under hypothermic conditions61-65. Exactly the symptom of cold 

extremities is one of the clinical features of peripheral arterial disease due to insufficient 

blood supply to peripheral tissues. In this situation neovascularization is needed and CIRBP 

has to be investigated as a potential target in promoting post-ischemic neovascularization.  



Thesis outline 

The aim of this thesis is to investigate the expression of 14q32 noncoding RNAs in the 

vasculature and to identify possible regulators of 14q32 microRNA expression in vascular 

remodelling. 

 

The first part of this thesis focusses on the role of 14q32 microRNAs, snoRNAs and DNA 

methylation in cardiovascular diseases and their presence in the human vasculature. 

 

Chapter 2 reviews individual microRNAs and microRNA clusters and families that act in 

various forms of cardiovascular disease. It highlights the multifactorial nature of vascular 

remodelling processes in which microRNAs are acting and regulating their targets. 

 

Chapter 3 is the first study that describes the importance of 14q32 snoRNAs in cardiovascular 

disease. In this chapter we show in a GWAS that single nucleotide polymorphisms (SNPs) in 

the snoRNA cluster were significantly associated with heart failure independently of other 

SNPs along the cluster. This indicates an independent role of the 14q32 snoRNA cluster in 

cardiovascular disease. Furthermore, 14q32 snoRNA expression varied widely throughout the 

human vasculature and expression seemed to be highly vessel location specific. In failing 

human coronary bypasses compared to naïve equivalents, snoRNA expression differed and 

14q32 snoRNA expression was upregulated in plasma samples of ST-Elevation Myocardial 

Infarction patients. Potential mechanisms of action of 14q32 snoRNAs had not been 

uncovered, but in this study an attempt was made to find snoRNA target regulators. 

 

In chapter 4 the findings on intervascular and vascular disease specific 14q32 microRNA 

expression and DNA methylation were reported. We found vessel- and disease specific 

microRNA expression and, even within a vessel wall, different cell layers varied in microRNA 

expression. 14q32 microRNA expression did not associate with 14q32 DNA methylation or 

DNMTs. However, we observed highly vascular disease specific DNA methylation patterns 

suggesting that DNA methylation of the 14q32 locus does not directly affect individual 

microRNA expression, but acts as independent regulator of vascular remodelling. We 

confirmed these findings in a murine model for vein-graft disease and in a tissue ischemia 

mouse model. 

 

The second part of this thesis zooms in on the regulatory mechanisms of 14q32 microRNA 

expression in vascular remodelling. 



 

Chapter 5 focusses on myostatin as negative regulator of muscle cell proliferation and 

possible transcriptional regulator of 14q32 microRNA expression in restenosis. In this chapter, 

we report that addition of myostatin both in vitro and in vivo downregulated 14q32 microRNA 

expression and decreased proliferation marker expression. However, it did not affect post-

interventional restenosis in a murine model, as myostatin did not clearly affect macrophages 

inflammatory properties and its 14q32 microRNA expression. This highlights the importance 

of targeting both the vascular smooth muscle cell proliferation and the macrophage induced 

inflammation in the process of restenosis inhibition.  

 

In chapter 6 we describe cold-inducible RNA binding protein (CIRBP) as post-transcriptional 

regulator of 14q32 microRNAs miR-329 and miR-495 in in vitro angiogenesis. CIRBP was 

known to inhibit precursor to mature microRNA processing and by downregulating the 

mature microRNA by knockdown of CIRBP, both scratch wound healing and tube formation 

were increased. Moreover, during cold-stress, which is a main feature of peripheral tissue in 

peripheral arterial disease, CIRBP was upregulated, but microRNA expression did not alter. 

Moreover, specifically splice variant 1 changed during siRNA mediated knockdown of CIRBP 

and hypothermia, whereas the other splice variants were not shown to be affected. The 

antisense strand of CIRBP contains a long noncoding RNA, CIRBP-AS1, with a yet unknown 

function and this RNA was also shown to be affected similarly by CIRPB knockdown and 

hypothermia. Knockdown of CIRBP-AS1 led to CIRBP downregulation and increased scratch 

wound healing as well. Although the exact pathophysiological mechanisms are not completely 

understood yet, this provides new possible targets for improving neovascularization in 

peripheral arterial disease. 

 

All results of the described studies in this thesis are summarized and discussed in chapter 7. 

This chapter also provides future perspectives of the research described in this thesis.  
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Abstract 

Vascular remodelling is a multifactorial process that involves both adaptive and maladaptive 

changes of the vessel wall through, among 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 ischaemia, 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 (CVD). 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 is important, especially as these microRNAs may have great 

potential as therapeutic targets for treatment of various CVDs.   



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 processes1. 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 play a role in multiple forms of vascular remodelling and 

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 14q32, 

all met these criteria (Figure 1). An overview of confirmed target genes for these microRNAs 

is given in Tables 1 and 2. 

 

Figure 1 The top 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. 



Non-standard abbreviations and acronyms 

3’UTR 3′-untranslated region 

AAA Abdominal aortic aneurysm 

AAV Adeno-associated virus 

AngII Angiotensin II 

CAD Coronary artery disease 

CVD Cardiovascular disease 

EC Endothelial cell 

HDL High-density lipoprotein 

IA 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 A1 

ACAT1  Acyl-CoA cholesterol acyltransferase-1 

ACE  Angiotensin-converting enzyme 

ANGPTL3  Angiopoietin-like 3 

ARF6  ADP ribosylation factor 6 

AT1R  Angiotensin II type 1 receptor 

BCL2/6  B-cell lymphoma 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 

CPT1α  Carnitine palmitoyl transferase 1α 

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 

FOXO3/4  Forkhead box O 3/4 

FSR2  Fibroblast growth factor receptor substrate 2 

FZD4  Frizzled class receptor 4 

GATA2 GATA binding protein 2 

GPAM Glycerol-3-phosphate acyltransferase 1 mitochondrial 

HIF1α/HIF2α Hypoxia inducible factor 1/2, alpha subunit 

HKII Hexokinase II 



HMGB1 HMG box-transcription protein 1 

HMOX1 Heme oxygenase 1 

ICAM1 Intracellular cell adhesion molecule 1 

IGF1 Insulin-like growth factor 1 

IL33 Interleukin 33 

INSIG1 Insulin-induced gene 1 

IRS1/2 Insulin receptor substrate 1/2 

ITGβ8 Integrin β 8 

JAK1 Janus kinase 1 

KLF2/4/5 Krüppel-like factor 2/4/5 

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 

PPARγ 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 

SEMA6A/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-β activated kinase1/MAP3K7 binding protein 2 

TGF-β(2) Transforming growth factor β (2) 

TGF-βR2 TGF-β receptor 2 

TIMP3 Tissue inhibitor of metalloproteinase 3 

TLR4 Toll-like receptor 4 

TNF-α Tumour necrosis factor alpha 

TRIF TIR-domain-containing adapter-inducing interferon-b 

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  

 

 

MicroRNA Confirmed targets Biological process affected 

miR-126 VCAM12, SPRED1, and 
PIK3R23 – 5 

Angiogenesis, vascular integrity 

SDF1/CXCL126,7 Migration of CD34+ progenitor cells 

RGS166 Recruitment of Sca-1+ endothelial progenitor 
cells, atherosclerosis 

FOXO3, BCL2, and IRS18 VSMC turnover 

DLK1 (miR-126-5p)9 Endothelial repair, atherosclerosis 



miR-155 SOCS110 Pro-inflammatory signalling 

TAB211 Anti-inflammatory signalling 

PU.112 Monocyte/macrophage infiltration, T lymphocyte 
activation 

AT1R13, ETS-114 HUVEC activation and migration 

AT1R15, SOCS115 Angiogenesis, Arteriogenesis 

BCL6, CCL216 Atherosclerosis 

HMGB117 Foam cell formation 

MMP1 and MMP318 Matrix degradation 

miR-23-24-
27 

miR-23 and miR-
27 

SEMA6A, SEMA6D, 
SPROUTY219 

EC sprouting, angiogenesis 

miR-23b E2F120  Rb phosphorylation, EC growth arrest 

uPA, SMAD3, FOXO421 VSMC phenotypic switching 

miR-24 GATA2, PAK422 Vascularity, cardiac function, and infarct size after 
myocardial infarction 

NDST123 HSPG sulfation and affinity of HSPGs for VEGF, 
endothelial cell responsiveness to VEGFA 

HMOX124 SMC apoptosis and proliferation 

INSIG125 Lipid accumulation and plasma triglyceride levels 

CHI3L126 Inflammation, AAA formation 

miR-27a VE-cadherin27 Vascular leakage 

miR-27b ABCA1, LPL, ACAT128 Cholesterol efflux, lipid uptake and cholesteryl-
ester formation 

miR-17-92 miR-17-92 TSP1, CTGF29  Tumour angiogenesis 

miR-17/20 JAK130 Angiogenesis 

miR-19a CyclinD131 EC proliferation 

FZD4 and LRP632 WNT signalling, arteriogenesis 

miR-92a KLF2, KLF4, SOCS533 Endothelial homeostasis, atherosclerosis 

ITGA534 Blood flow recovery after ischaemia and LV 
function after myocardial infarction 

KLF4 and MKK35 EC proliferation and migration 

miR-
143/145 

miR-143/145 HKII, ITGβ836 Angiogenesis, vessel stability 

ACE37 Atherosclerosis 

miR-143 ELK138 VSMC proliferation 

AKT39 Angiogenesis, tumourigenesis 

miR-145 IGF-I, IRS140,41 Tumour angiogenesis 

HIF2α42 Angiogenesis 

KLF543 Transdifferentiation of fibroblasts to 
myofibroblasts, neointima formation 

KLF444 VSMC differentiation 

JAMA145 Leukocyte recruitment 

ABCA146 Cholesterol efflux 

14q32 miRs miR-329 MEF2a47, CD14648 Angiogenesis, arteriogenesis, EC proliferation 

miR-494 VEGFA, EFNB2, FGFR247 Angiogenesis, arteriogenesis, myofibroblast 
proliferation 

TIMP3, TGFB2, IL3349 Atherosclerosis 

miR-376b-5p HIF1α/VEGF signalling 
pathway50 

Angiogenesis 

miR-377 VEGFA51 Angiogenesis 

miR-136 PPP2R2A52 VSMC proliferation 

miR-758 ABCA153 Cholesterol efflux 

miR-370 CPT1α54 Fatty acid β oxidation 

miR-487b IRS155 Outward remodelling of the aorta 

Table 2 Overview of confirmed target genes for microRNAs discussed 

 

 

 



Vascular remodelling 

Vascular remodelling comprises beneficial adaptive responses of the vessel wall to changes 

in haemodynamic forces, vasoactive stimuli or growth factors, but also maladaptive 

responses that can lead to CVD56. Thus, vascular remodelling can be divided into adaptive and 

maladaptive processes regarding vessel wall structure and blood supply towards downstream 

tissues57. For this review, we focused on neovascularization on the one hand and on 

atherosclerosis, postinterventional restenosis and aneurysm formation on the other. All of 

these processes are orchestrated by microRNAs57.  

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 function58–62.  

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 mice63. Similarly, miR-21 regulated AAA expansion 

through targeting of PTEN64. 

 

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 cholesterol65. Inhibition or 

deficiency of miR-33a reduced progression of plaques and raised HDL levels in atherosclerotic 

mouse models65 – 67. 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 levels68. The authors also observed the 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 mice68. 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 versa69. 

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 14q32, that play a confirmed role in multiple forms of 

vascular remodelling and are clearly linked to CVD. 

 

miR-126 

MiR-126 is one of the most abundantly expressed microRNAs in endothelial cells (ECs)70. 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 

inflammation71. Platelets are a major source of circulating miR-12672. Consequently, levels of 

circulating miR-126 are influenced by the use of platelet inhibitors, such as aspirin72. 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 function69. Levels of miR-126 are differentially expressed in plasma samples 

of patients with coronary artery disease (CAD)74. 

 

Neovascularization 

The first studies from 2008 that investigated the role of miR-126 in EC function demonstrated 

that miR-126 targets VCAM12. 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-1262. In HUVECs, inhibition of miR-126 

led to increased proliferation and migration3. Furthermore, injection of miR-126 inhibitors 

into zebrafish embryos affected blood vessel integrity, as was demonstrated by collapsed 

lumens and compromised endothelial tube organization3. Studies in mice showed that 

inhibition of miR-126 decreased recovery after myocardial infarction and impaired angiogenic 

capacity in a hindlimb ischaemia model4,5,75. These effects were partially mediated via 

inhibitors of VEGF signalling, namely SPRED1 and PIK3R23–5. Both Spred1 and Pik3r2 are 

upregulated in the absence of miR-126, causing an increase in vascular permeability and 

leakage3,5. MiR-126 was also shown to target CXCL126. Silencing miR-126 induced CXCL12 

expression that enhanced migration of CD34+ progenitor cells in vitro and increased the 

number of circulating bone marrow-derived progenitor cells after hindlimb ischaemia in 

vivo6,7.  

In addition, exosomes from human CD34+ cells, which are rich in miR-126, have great 

angiogenic capacity both in vitro and in vivo76. Mocharla et al. showed that CD34+ peripheral 

blood mononuclear cells (PBMCs) secrete microvesicles and exosomes that are enriched with 

miR-12677. These microvesicles and exosomes are taken up by ECs and facilitate the pro-

angiogenic effects of miR-12677. 

 

Atherosclerosis 

Atherosclerotic plaque progression is often accompanied by apoptosis of (vascular) cells in 

the plaque78. During apoptosis, ECs release microvesicles that are enriched with miR-1266. 

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 atherosclerosis6. 

Vesicle-independent transfer of miR-126 from ECs 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 SMCs8. Subjecting ECs to laminar shear stress 

or miR-126 inhibition abolished these effects. In miR-126-/- mice, neointima formation was 

attenuated compared with wild-type mice after ligation of the left common carotid artery8. 

Recently, the contribution of miR-126-5p to atherosclerosis formation was demonstrated by 

Schober et al9. Hypercholesterolaemic miR-126-/-ApoE-/- and miR-126+/+ApoE-/- mice were 

subjected to endothelial denudation. After 14 and 28 days, lesion area was increased in miR-

126-/-ApoE-/- mice compared with control animals9. Moreover, endothelial recovery of the 



carotid lumen was impaired in miR-126-/-ApoE-/- animals due to reduced EC proliferation9. In 

these animals, expression of multiple miR-126-5p predicted target genes was increased, 

whereas expression of known miR-126-3p targets was not9. The authors confirmed targeting 

of DLK1 by miR-126-5p and demonstrated that inhibition of miR-126-5p increased Dlk1 

expression and reduced EC proliferation9. To identify the specific role of miR-126-3p and    

miR-126-5p in endothelial repair, denuded arteries of ApoE-/- mice were treated with            

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 proliferation9. 

In untreated ApoE-/- mice, disturbed flow led to decreased miR-126-5p levels and increased 

Dlk1 mRNA and protein levels in the carotid artery, whereas miR-126-3p levels were 

unaltered9. 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 sites9. 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 humans9. 

 

Aneurysm 

Although miR-126 is upregulated in AAA and upregulation correlated with decreased TNF-α 

expression, the exact function of miR-126 in AAA pathogenesis is still unknown79. In plasma 

of patients with AAA, miR-126 was significantly downregulated compared with plasma of 

healthy volunteers, but not compared to patients with CAD79.  

 



 
 

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; SPRED1 and 
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 noncoding RNA BIC on human chromosome 

21. MiR-155 is highly expressed by activated B and T cells, but also by monocytes and 

macrophages80,81. In addition, miR-155 is expressed in ECs and SMCs14.  

MiR-155 is upregulated in macrophages via TLR ligands, such as LPS81. MiR-155 exerts pro-

inflammatory effects via targeting of the anti-inflammatory SOCS110. In contrast, anti-



inflammatory effects of miR-155 signalling have also been described via targeting of TAB211 

(Figure 3). 

In 2012, Corsten et al.12 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 myocarditis12. 

 

Neovascularization 

MiR-155 is co-expressed with AT1R in HUVECs and SMCs, where it represses AT1R 

expression13. 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 AT1R13. Overexpression 

of miR-155 reduced migration of HUVECs in response to Angiotensin II (AngII) 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 HUVECs14. ETS-1 and its downstream target genes VCAM1, MCP1, and FLT1 were 

induced in HUVECs upon stimulation with AngII. Overexpression of miR-155 abrogated this 

effect14. 

Recent work by Pankratz et al.15 demonstrated that miR-155 exerts both anti-angiogenic and 

pro-arteriogenic functions after induction of hindlimb ischaemia in mice82. MiR-155 was 

upregulated 7 days after femoral artery ligation in mice. Inhibition of miR-155 in HUVECs 

resulted in increased EC proliferation and tube formation15. These results were confirmed in 

aortic ring assays, as well as in in vivo Matrigel plug assays using miR-155-/- mice.                              

In miR-155-/- 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 AT1R15 (Figure 2). 

Despite the anti-angiogenic properties of miR-155, blood flow recovery after hindlimb 

ischaemia was impaired in miR-155-/- mice. MiR-155 deficiency decreased migration of bone 

marrow-derived macrophages. MiR-155-/- macrophages showed significantly reduced 

expression levels of pro-arteriogenic cytokines and chemokines upon LPS stimulation, 

compared with wild-type 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 pro-arteriogenic cytokine production15. 

 



 
 
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 pro-arteriogenic 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. 
 

Atherosclerosis 

Expression of miR-155 was upregulated in human atherosclerotic plaques, predominantly in 

pro-inflammatory macrophages16,83. However, circulating levels of miR-155 were significantly 

lower in patients with CAD compared with healthy volunteers74. In several studies, treatment 



of macrophages with oxidized LDL and IFN-γ led to upregulation of miR-155, whereas 

suppression of miR-155 by oxLDL treatment has also been reported16,84 – 86. 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-/- 

mice16. Recently, Tian et al.17 showed that miR-155 targets HMGB1, which suppresses 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 

macrophages17. However, opposite findings on the role of miR-155 in atherosclerosis have 

also been reported. LDL-R-/- mice transplanted with miR-155-/- bone marrow developed larger 

lesions compared with mice transplanted with wild-type bone marrow87. Increased numbers 

of macrophages and neutrophils were present in these lesions as well as increased numbers 

of granulocytes and inflammatory monocytes in the circulation87. Apparently, miR-155 can 

have opposite effects in macrophages, being either pro- or anti-inflammatory (Figure 3). 

 

Aneurysm 

MiR-155 is significantly upregulated in AAA tissue79. However, expression of miR-155 was 

lower in plasma of patients with AAA compared with plasma levels of healthy controls and of 

patients with CAD79. In models for rheumatoid arthritis, overexpression of miR-155 led to 

downregulation of MMP1 and MMP318. This suggests that overexpression of miR-155 in AAA 

may function as an endogenous rescue mechanism that inhibits matrix degradation and 

progression of aneurysm formation18. 

 

miR-17-92 cluster 

The miR-17-92 gene cluster is located within intron 3 of the C13orf25 gene on human 

chromosome 13 and encodes six individual microRNAs, namely miR-17, miR-18a, miR-19a, 

miR-20a, miR-19b-1, and miR-92a88 (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 pathway89. Upon 

stimulation, expression of miR-17-92 contributed to endothelial proliferation and angiogenic 

sprouting in vitro and physiological angiogenesis in vivo89. 

 

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 hindlimb ischaemia34. ITGA5 was identified as 

a direct target of miR-92a34. To elucidate the specific function of the other members of the 

miR-17-92 cluster in angiogenesis, Doebele et al.30 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 spheroids30. 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 angiogenesis30. 

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-1730. 

The contribution of the miR-17-92 cluster to physiological and pathological arteriogenesis was 

studied by Landskroner-Eiger et al32. 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 ischaemia. MiR-19a targets components 

of WNT signalling, namely FZD4 and LRP6. Inhibition of miR-19a improved post-ischaemic 

blood flow recovery32. 

Expression of the miR-17-92 cluster is repressed by HDAC9 in ECs90. Inhibition of HDAC9 

reduced neovascularization in vitro and in vivo. Inhibition of HDAC9, using either a broad 

spectrum HDAC inhibitor or siRNAs against HDAC9, increased expression of the miR-17-92 

cluster, suggesting that the anti-angiogenic 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 ECs90. 

 

Atherosclerosis 

Several studies showed that miR-17-92 cluster members are regulated by changes in shear 

stress20,31. Upregulation of miR-19a by laminar shear stress has an anti-proliferative effect on 

ECs via targeting of Cyclin D131. MiR-92a expression was reduced in HUVECs that were 

subjected to atheroprotective laminar shear stress, leading to upregulation of KLF291. 

Expression of KLF2 targets eNOS and thrombomodulin were decreased upon miR-92a 

overexpression91. 

MicroRNA expression profiling in HUVECs revealed upregulation of miR-92a upon low shear 

stress conditions and the presence of oxLDL33. Accordingly, miR-92a expression was higher in 

the vasculature of both mice and humans in atheroprone regions with low shear stress33.  

MiR-92a inhibition reduced atherosclerosis formation in hypercholesterolaemic LDLR-/- mice. 

Expression of target genes Klf2 and Klf4 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 inflammation33. 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 formation33. 

Interestingly, inhibition of miR-92a in rats reduced neointima formation in carotid arteries 

after vascular injury35. 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 inhibition35. MiR-92a is a promising therapeutic target to reduce 

atherosclerosis development and postinterventional restenosis. 

 

 
 
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. 
ITGA5 is targeted by miR-92a. In addition, miR-92a targets KLF2, KLF4, and SOCS5, promoting 
atherosclerosis formation. Proliferation and migration of endothelial cells are regulated by targeting 
of MKK4 and KLF4 by miR-92a. MiR-19a has an anti-proliferative 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 blood flow recovery after ischaemia. 
Arrows indicate upregulation. Capped lines indicate inhibition. EC, endothelial cell. For full target gene 
names, see Table 1. 

 



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 confirmed79. 

 

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 humans19,92. Members of the miR-23/24/27 family are 

highly expressed in vascularized tissues and ECs93 (Figure 5). Laminar flow and unidirectional 

shear stress increase the expression of miR-23b, miR-27a/b, and miR-24 in ECs20,94,95. 

Increased expression of miR-23b and miR-27b by pulsatile shear flow was found to correlate 

with EC growth arrest. The expression of cell cycle gene E2F1 was downregulated by miR-23b 

and miR-27b20. Moreover, phosphorylation of the Rb protein was blocked by miR-23b. 

Decreased Rb-phosphorylation reduces EC proliferation and inhibits cell cycle progression20. 

Anti-miR-23b, but not antimiR-27, treatment of HUVECs resulted in partial reversal of shear 

stress-induced growth arrest90. 

 

Neovascularization 

Knockdown of miR-23a/b and miR-27a/b decreased in vitro EC sprouting and ex vivo aortic 

ring sprouting19. Anti-angiogenic genes SEMA6A, SEMA6D, and SPROUTY2 are targeted by 

miR-23a/b and miR-27a/b, as shown by luciferase gene reporter assays19. Urbich et al. showed 

that in vivo angiogenesis was also affected upon inhibition of miR-27a/b. Anti-miR-27a/b 

treatment decreased the number of perfused vessels in Matrigel plugs96. Moreover, inhibition 

of miR-27a/b impaired vasculogenesis in zebrafish embryos. In vitro experiments showed 

additional targeting of SEMA3B but in vivo, only SEMA6A was a target of miR-27 a/b96. Young 

et al.27 showed that miR-27a also targets VE-cadherin, both in vitro and in vivo.  

MiR-24 is expressed in cardiac ECs22. The expression of miR-24 is induced upon hypoxia and 

miR-24 is enriched in cardiac ECs compared with other cardiac cells after cardiac 

ischaemia22,24. Overexpression of miR-24 in HUVECs increased apoptosis and impaired tube 

formation, sprouting, migration, and proliferation22. The endothelium-enriched transcription 

factors GATA2 and PAK4 were validated as targets of miR-24. Inhibition of miR-24 increased 

vascularity and decreased myocardial infarct size in mice22. Another confirmed target gene 

for miR-24 in ECs is NDST1. Inhibition of NDST1 by miR-24 decreased sulfation of HSPGs and 

subsequently the binding affinity of HSPGs for VEGFA. MiR-24-mediated suppression of 

NDST1 lowered VEGFR2 levels and reduced EC responsiveness to VEGFA23. Via these 



mechanisms, miR-24 affects EC responsiveness to VEGFA. MiR-24 also affected apoptosis, 

proliferation and function of SMCs, partially through HMOX124. 

 

 
 
Figure 5 Different roles in vascular remodelling for microRNAs of the miR-23/24/27 family. The miR-
23/24/27 family consists of two miR clusters, namely the miR-23a-27a-24-2 cluster and the miR-23b-
27b-24-1 cluster. MiR-23a/b and miR-27a/b target the anti-angiogenic genes SEMA6A, SEMA6D, and 
SPROUTY2. In addition, miR-27a inhibits expression of VE-cadherin. MiR-24 inhibits proliferation, 
migration, and sprouting of HUVECs via the endothelium-enriched transcription factor GATA2, PAK4, 
and NDST1. Moreover, miR-24 affects SMC apoptosis, proliferation, and function via HMOX1. 
Expression of miR-23b in SMCs was found to target uPA, SMAD3, and FOXO4, which results in 
decreased proliferation and migration of SMCs. Overexpression of miR-23b decreases neointima 
formation upon balloon injury in rats. Members of the miR-23/24/27 family also play an important 
role in lipid metabolism. Cholesterol metabolism is affected by miR-27a/b through suppression of 
ACAT1, ABCA1, and LPL in macrophages. In the liver, miR-27b targets the lipogenic genes GPAM and 
ANGPTL3, whereas miR-24 suppresses expression of INSIG1. Of the miR-23/24/27 family members, 
only miR-24 has been described to affect AAA formation. MiR-24 is expressed in macrophages in the 
adventitia of murine aneurysmal tissue, where it is co-localized with and inhibits expression of the 
CHI3L1 gene. Arrows indicate up-regulation. Capped lines indicate inhibition. The dashed lines indicate 
an interaction that has not been confirmed yet. (HUV)EC, (human umbilical venous) endothelial cell; 
SMC, smooth muscle cell. For full target gene names, see Table 1. 

 

 

 



Atherosclerosis, restenosis and lipid metabolism 

The effects of miR-24 and 27b as described here are predominantly on lipid metabolism, 

which will ultimately also influence atherosclerosis25,28,97. MiR-24 and miR-27b are 

upregulated in livers of high-fat diet (HFD)-fed mice25,97. Inhibition of miR-24 in HFD-fed mice 

reduced plasma triglyceride levels and lipid accumulation in the liver, but did not affect 

plasma cholesterol levels. This effect was mediated via increased expression of INSIG1 in the 

liver and subsequent decreased expression of SREBPs and other lipogenic genes25. 

MiR-27b targets several additional lipogenic genes, including PPARγ, ANGPTL3, and GPAM. 

However, direct binding of miR-27b to the 3′UTR of the mRNAs of these genes was not 

demonstrated97. Upregulation of hepatic miR-27b was observed in HFD ApoE-/- mice, and 

expression of miR-27b target genes Angptl3 and Gpam was reduced97. Experiments 

performed in the THP-1 human monocyte cell line showed that miR-27a/b regulates 

cholesterol homeostasis28. MiR-27a/b targeting of ABCA1 affected apoA1-mediated 

cholesterol efflux in macrophages28. Lipid uptake was also affected by miR-27a/b, as was 

shown by reduced oxLDL binding to macrophages after miR-27a/b overexpression. This was 

mediated by miR-27a/b target gene LPL. Finally, cholesteryl-ester formation was reduced by 

miR-27a/b via targeting of ACAT128. 

The contribution of miR-23b to SMC phenotypic switching upon vascular injury was recently 

reported by Iaconetti et al21. Expression of miR-23b was reduced after carotid injury in rats. 

Increased proliferation and migration of SMCs was observed upon miR-23b inhibition, 

whereas overexpression of miR-23b led to reduced proliferation and migration21. 

Overexpression of miR-23b resulted in decreased neointima formation in rat carotid arteries 

after balloon angioplasty and target genes uPA, SMAD3, and FOXO4 were downregulated in 

these animals21. 

 

Aneurysm 

MicroRNA expression profiling revealed decreased expression of the miR-23b/miR-24-1 

cluster, in human intracranial aneurysmal (IA) samples98,99. In murine AAA models, the         

miR-23b-27b-24 cluster is also downregulated. MiR-24 was most significantly downregulated, 

leading to upregulation of the inflammatory target gene CHI3L126. In situ hybridization 

showed localization of miR-24 in adventitial macrophages of aneurysmal aortic mouse tissue. 

MiR-24 co-localized with CHI3L1 in activated macrophages, where CHI3L1 drives 

inflammatory gene expression26. Modulation of miR-24 levels in murine AAA models using 

either pre-miR-24 or anti-miR-24 led to reduced and increased AAA formation, respectively26. 

In summary, miR-23b-24-27b family members are downregulated in human IA samples and 

murine AAA models and modulation of miR-24 influences aortic inflammation, thereby 



contributing to AAA development26,98,99. This renders the miR-23-24-27 family a potentially 

interesting therapeutic target for AAA treatment. 

 

miR-143/145 cluster 

The miR-143/145 gene cluster contains two highly conserved microRNAs, which are located 

on human chromosome 5. In 2007, these microRNAs were first described as downregulated 

in rat carotid arteries after induction of balloon injury100. Restoration of miR-143 and miR-145 

expression levels using an adenoviral vector reduced neointima formation upon balloon injury 

in rat carotids101,102. MiR-145 is the most abundantly expressed microRNA in healthy rat 

carotid arteries, where it is predominantly localized in SMCs103. During SMC differentiation 

from multipotent stem cells, high transcript levels of miR-143 and miR-145 are observed44. 

Upregulation of these microRNAs allows for SMC differentiation, whereas their expression is 

downregulated upon proliferation44. Together, these microRNAs play an important role in the 

differentiation and proliferation of SMCs. Differentiation of SMCs is induced via SRF, 

myocardin and myocardin-related transcription factors, but can also be induced via the        

Jag-1/Notch signaling pathway38,104. These factors also regulate the transcription of the      

miR-143/145 cluster, further promoting differentiation of SMCs38,104 (Figure 6, upper panel). 

Expression of contractile genes is mediated via (among other factors) KLF4, which is directly 

targeted by miR-14544. Inhibition of KLF4 by miR-145 increases expression of SMC markers44. 

MiR-143 can directly inhibit proliferation of SMCs via targeting of ELK138. 

In accordance with these findings, Boettger et al.37 described that miR-143/145-deficient mice 

have a thinner arterial medial layer and a decreased blood pressure. In general, the                

miR-143/145 cluster has proven essential for SMC function and controls the phenotypic 

switch of contractile SMCs towards synthetic VSMCs37,44,101,103 (Figure 6, upper panel).  

 

Neovascularization 

MiR-145 inhibits tumour angiogenesis via targeting of IGF1, the IRS1 pathway, and its 

downstream genes N-RAS and VEGFA40,41. MiR-143 was found to inactivate AKT, which is a 

downstream signalling molecule in the IGF1 receptor pathway and thereby regulates 

angiogenesis and tumourigenesis39. Inactivation of AKT by miR-143 resulted in decreased 

protein levels of HIF-1α and reduced VEGFA expression39. In neuroblastoma samples,           

miR-145 expression was also downregulated, which was inversely correlated with HIF-2α 

expression42. The authors showed that miR-145 can directly target HIF-2α and suppress 

angiogenesis, which was demonstrated by tube formation of neuroblastoma cells42. 

Although these findings relate mainly to pathological angiogenesis, many fundamental 

mechanisms are shared with physiological angiogenesis, such as receptor signalling cascades 



(e.g. HIF-1α), proliferation, and migration of vascular cells and tube formation105. Indeed, 

Wang et al.43 found that miR-145 was transiently downregulated in vivo following coronary 

artery occlusion in mice and in vitro upon hypoxia treatment of cardiac fibroblasts. Inhibition 

of miR-145 increased infarct scar size at 7 and 28 days after myocardial infarction in mice. 

However, reduced differentiation of cardiac fibroblasts towards myofibroblasts, and not 

decreased angiogenesis, most likely mediated these effects43. The authors demonstrated that 

transfection with miR-145 increased the number of α-SMA positive cells in fibroblast cultures, 

thus inducing transdifferentiation of fibroblasts into myofibroblasts. KLF5 is a direct target of 

miR-145. Transfection with miR-145 decreased expression of KLF5 and increased myocardin 

expression. These data suggest that miR-145 mediates differentiation of cardiac fibroblasts 

to myofibroblasts through the KLF5-myocardin pathway43. 

Work by Climent et al.36 suggests that miR-143 and miR-145 are transferred from SMCs to ECs 

via membrane protrusions. TGF-β induces the transfer of miR-143/145, as inhibition of either 

the TGF-β pathway or TGF-βR2 reduced miR-143/145 transfer towards ECs36. Overexpression 

of miR-143 and miR-145 in ECs reduced proliferation and the ability to form capillary-like 

structures on Matrigel36. The authors identified HKII and ITGβ8 as direct targets of                   

miR-143/145 that modulate the angiogenic potential of ECs36 (Figure 6). 

 

Atherosclerosis and restenosis 

MiR-143/145-/- mice develop spontaneous neointimal lesions in the femoral arteries at older 

age37. Angiotensin-converting enzyme (ACE) was identified as a target for miR-143/145. 

Increased expression of ACE in miR-143/145-/- mice resulted in increased AngII levels, which 

subsequently contributed to the synthetic phenotype of miR-143/145-/- SMCs37. ApoE-/- mice 

treated with SMC-specific lentiviral miR-145 showed a reduction in plaque size and an 

increase in atherosclerotic plaque stability106. This is in line with the finding that 

overexpression of miR-145 decreased neointima formation in balloon injured arteries by 

modulation of KLF5 expression102. However, reduced neointima formation after carotid artery 

ligation in miR-143/145-/- mice has also been reported107. The authors explained this by the 

fact that the SMCs in their knockout model were already deficient in miR-145 at the onset of 

injury, whereas in the overexpression model, miR-145 expression was normal at the onset of 

the experiment107. 

In humans, miR-145 levels were significantly lower in plaques than in atherosclerosis-free 

regions106. Cholesterol loading of mouse aortic SMCs resulted in downregulation of SMC 

markers, whereas expression of macrophage markers was increased108. Expression of          

miR-143 and miR-145, as well as the expression of SRF and myocardin, was downregulated108. 

Cholesterol loading, via downregulation of the miR-143/145/SRF/Myocardin axis, causes 



reprogramming of SMCs towards a macrophage-like phenotype108. Moreover, statin 

treatment, which is the most common form of anti-atherosclerotic therapy today, increases 

expression of miR-143/145 in ECs109. 

In addition to intercellular transfer of miR-143/145 from SMCS to ECs, transport of miR-

143/145 in the opposite direction has also been described36. Increases in laminar shear stress 

lead to upregulation of KLF2, which subsequently induces transcription of the miR-143/145 

cluster in ECs109. Upregulation of miR-145 in ECs was shown to repress JAM-A, which reduces 

leukocyte recruitment and infiltration and thus atherosclerosis formation45. KLF2 also 

triggered release of EC-derived MVs, which transfer miR-143/145 from ECs to SMCs. Injection 

of MVs that are rich in miR-143/145 in HFD-fed mice led to a reduction of plaque formation109. 

In contrast, miR-143/145-/- mice developed smaller atherosclerotic lesions compared with 

LDLR-/- controls46. Plaques of miR-143/145-/- mice contained less macrophages and analysis of 

plasma cholesterol levels revealed decreased VLDL and LDL fractions. ABCA1 was confirmed 

as miR-145 target in this study, but this was not reflected by increased HDL levels in                

miR-143/145-/- mice46. 

 

Aneurysm 

MiR-145 was downregulated in IA tissues98. Elia et al.101 demonstrated that both miR-143 and 

miR-145 were reduced in human thoracic aorta aneurysms, which correlated with SMC 

function110. In AAA however, expression levels of miR-145 and miR-143 were similar to those 

in normal abdominal aortic tissues79. Homozygous miR-143/145-/- mice showed structural 

defects in the SMC layer of the aorta21. Additionally, the SMCs in the media of aortas from 

miR-143/145-/- mice had a dedifferentiated phenotype, demonstrated by increased migration 

and proliferation and an increased protein synthesis21. 



 
 

Figure 6 The miR-143/145 cluster in vascular remodelling. MiR-143 and miR-145 control SMC 
phenotype. Differentiation of SMCs is regulated by SRF, Myocardin and myocardin-related 
transcription factors (MRTFs). Via a feedback loop, these factors also regulate expression of the       
miR-143/miR-145 cluster itself (upper panel). Inhibition of KLF4 and KLF5 by miR-145 results, via 
Myocardin, in SMC differentiation and myofibroblast transdifferentiation, whereas targeting of ELK1 
by miR-143 inhibits proliferation of SMCs. TGF-β and BMP4 are also able to activate expression of the 
miR-143/miR-145 cluster (not shown here). In addition, high shear stress, via KLF2, increases 
expression of miR-143/miR-145 in ECs (Figure 6, lower panel). In tumours, miR-145 suppresses IGF1 
and the IRS1 pathway, affecting angiogenesis. In addition, miR-145 targets HIF2α and suppresses 
angiogenesis. MiR-143 targets AKT, thereby decreasing HIF1α and VEGFA expression. Transfer of miR-
143/145 from VSMCs to ECs via membrane protrusions (MP) decreases the expression of HKII and 
ITGβ8 and via this mechanism presumably modulates angiogenesis. Intercellular transfer of miR-
143/145 via MVs has also been described. MVs rich in miR-143/145 inhibit atherosclerotic plaque 
formation. ACE is another target of miR-143/145 which affects atherosclerosis. Arrows indicate 
upregulation. Capped lines indicate inhibition. The dashed lines indicate interactions that have not 
been confirmed yet. MP, membrane protrusion; MV, microvesicle; EC, endothelial cell; SMC, smooth 
muscle cell. For full target gene names, see Table 1. 

 

 



14q32 microRNA gene cluster 

The 14q32 microRNA cluster is the largest known mammalian microRNA gene cluster, located 

on human chromosome 14 and mouse chromosome 12. The cluster consists of 54 microRNAs 

in humans and 61 in mice47,111 (Figure 7). It is assumed that transcription of the 14q32 

microRNA gene cluster is controlled by the long noncoding RNA MEG3, also located on human 

chromosome 14, as deletion of MEG3 leads to downregulation of 14q32 microRNAs, as was 

shown in MEG3-/- mice112. MEG3-/- embryos have increased expression of VEGF pathway genes 

and increased cortical microvessel density112 . 

 

Neovascularization 

Using a reverse target prediction analysis, where we looked for putative microRNA binding 

sites in the 3′UTRs of a set of nearly 200 neovascularization genes, our research group 

observed enrichment of binding sites for 14q32 microRNAs in the 3′UTRs of these genes. 

Microarray analyses performed on adductor muscle tissue of mice that underwent single 

ligation of the femoral artery as a model for effective neovascularization showed upregulation 

of 14q32 microRNAs following three different expression patterns47. We observed so-called 

early responders, microRNAs whose expression was upregulated 24 h after induction of 

ischaemia, late responders whose expression was upregulated from 72 h after ischaemia 

induction and non-responders. Inhibition of early responders miR-487b, miR-494, late 

responder miR-329, and non-responder miR-495 led to increased neovascularization and an 

improved blood flow recovery after hindlimb ischaemia in mice. Inhibition of miR-329, miR-

487b, and miR-495 increased proliferation of human umbilical arterial ECs47. In vivo, inhibition 

of miR-329 led to upregulation of target genes TLR4, VEGFA, FGFR2, and MEF2A, whereas 

TLR4, VEGFA, ARF6, EFNB2, and FGFR2 were upregulated upon inhibition of miR-494. Using 

dual luciferase reporter gene assays, direct binding of miR-494 to the 3′UTRs of VEGFA, 

EFNB2, and FGFR2 was demonstrated. MiR-329 directly targets MEF2a and although VEGFA 

was regulated by miR-329, this was an indirect effect47. MiR-495 directly targets the 3′UTR of 

CCL2 and via this mechanism, proliferation, and apoptosis of HUVECs is affected113. Inhibition 

of miR-329, miR-487b, miR-494, and miR-495 also increased sprouting in aortic ring assays47. 

Wang et al. showed that miR-329 is a negative regulator of angiogenesis by targeting CD146, 

which functions as co-receptor for VEGFR2. Inhibition of miR-329 increased angiogenesis in 

this study, both in vitro and in vivo48. 

In a model for cerebral ischaemia, 14q32 miR-376b-5p also regulates angiogenesis. Expression 

of miR-376b-5p was decreased following middle cerebral artery occlusion (MCAO) in rats and 

miR-376b-5p inhibited angiogenesis in vivo, as well as in HUVEC cultures, via targeting of the 

HIF-1α-mediated VEGFA/Notch-1 signalling pathway50. In another study, 14q32 microRNA 



miR-377 was identified as the most significantly downregulated microRNA in hypoxia-treated 

mesenchymal stem cells (MSCs) in rats51. Knockdown of miR-377 in HUVECs promoted 

angiogenesis in vitro, via direct targeting of VEGFA. To elucidate whether hypoxia-associated 

miR-377-regulated MSC induced myocardial angiogenesis in ischaemic hearts, the authors 

transduced rat MSCs with lentiviral vectors to overexpress or suppress miR-377 expression. 

MSCs with lentiviral miR-377, anti-miR-377, or empty vector were then injected into 

ischaemic rat hearts after ligation of the left anterior descending coronary artery. Inhibition 

of miR-377 in MSCs enhanced angiogenesis, decreased the area of fibrosis, and improved 

cardiac function of these animals51. 

 

Atherosclerosis 

MicroRNA expression profiling in symptomatic vs. asymptomatic human atherosclerotic 

plaques showed upregulated expression of 14q32 microRNA miR-127114. Our group also 

investigated expression of 14q32 microRNAs in stable vs. unstable plaques of patients who 

underwent carotid endarterectomy surgery. We observed upregulation of 14q32 miR-494 in 

unstable atherosclerotic plaques. Inhibition of miR-494 led to reduced plaque formation in 

mice, while plaque stability was increased49. Moreover, total plasma cholesterol and VLDL 

fractions were decreased in these animals. Inhibition of miR-494 led to upregulation of target 

genes TGFB2, TIMP3, and IL33. 

In addition, 14q32 microRNA miR-136 was upregulated in human atherosclerotic plaques. 

This microRNA is also highly expressed in synthetic SMCs in vitro52. MiR-136 targets PPP2R2A, 

resulting in increased ERK1/2 phosphorylation and increased proliferation of SMCs. The 

authors proposed that via this mechanism, miR-136 contributes to abnormal proliferation of 

SMCs, which is often observed in atherosclerosis52. 

In a study performed by Ramirez et al., the 14q32 microRNA miR-758 regulated ABCA1 in 

macrophages. Transfection of J774-macrophages with miR-758 reduced cholesterol efflux53. 

MiR-758 levels were furthermore regulated by dietary cholesterol in vivo. High dietary fat 

repressed miR-758 expression in the liver as well as in peritoneal macrophages, whereas 

ABCA1 levels were increased53. In another study, miR-758 levels were upregulated in 

hypercholesterolaemic human plaques compared with normocholesterolaemic plaques115. 

ABCA1 mRNA levels were also increased in hypercholesterolaemic patients, whereas protein 

levels were similar to normocholesterolaemic patients, suggesting strong posttranscriptional 

regulation of ABCA1 by miR-758. These human data suggest a role for miR-758 as ABCA1 

modulator in human atherosclerotis115. 

A role for the 14q32 microRNA miR-370 in lipid metabolism and atherosclerosis was first 

described by Iloupoulos et al., mainly via direct targeting of CPT1α, an important enzyme in 



fatty acid β-oxidation54. Other lipogenic genes such as SREBP-1c and DGAT2 were also 

regulated by miR-370. Using transfection experiments with sense and antisense miR-370, this 

regulation was mediated indirectly via miR-12254. 

Finally, extensive hypomethylation of the 14q32 locus was observed in human atherosclerotic 

plaques, which resulted in upregulation of several 14q32 microRNAs116. These findings 

suggest a role for epigenetic modulation of the 14q32 microRNA cluster in atherosclerosis116. 

 

 

 

Figure 7 Roles for 14q32 miRs in vascular remodelling. MiR-329 inhibits angiogenesis and 
arteriogenesis via targeting of the co-receptor for VEGFR2, CD136, and MEF2a. Arteriogenesis and 
angiogenesis are also inhibited by miR-494, which suppresses VEGFA, EFNB2, and FGFR2. MiR-495 
inhibits both arteriogenesis and angiogenesis. Proliferation and migration of HUVECs are affected by 
miR-495, via targeting of CCL2. VEGF signalling is further influenced through targeting of the HIF1α-
mediated VEGF/Notch signalling pathway by miR-376-5p and via direct targeting of VEGF by miR-377. 
MiR-494 also influences atherosclerosis, through the inhibition of several target genes namely TIMP3, 
TGF-β2, and IL33. MiR-136 is up-regulated in human atherosclerotic plaques, where it targets 
PPP2R2A. Furthermore, cholesterol metabolism is affected by miR-758 through suppression of ABCA1 
and by miR-370 via direct targeting of CPT1α. MiR-487b is highly expressed in the adventitia of rat 
aortae during chronic hypertension. Here, miR-487b targets IRS1, where it is thought to contribute to 
outward remodelling of the aorta. Arrows indicate up-regulation. Capped lines indicate inhibition. 
(HUV)EC, (human umbilical venous) endothelial cell. For full target names, see Table 1. 

 



Aneurysm 

MiR-487b is involved in hypertension-induced outward remodelling of the aorta. Chronic 

hypertension induced via AngII infusion led to significant upregulation of miR-487b in the 

aortae of rats55. MiR-487b was predominantly expressed in the adventitia and co-localized 

with the vasoactive IRS1. Using luciferase reporter gene assays, miR-487b was shown to 

directly target the IRS1 3′UTR, both in rats and in humans. MiR-487b downregulated 

expression of IRS1 in aortae of hypertensive rats, both at mRNA and at protein level55. 

Although further research into this extraordinarily large microRNA cluster is necessary, it is 

clear that the 14q32 microRNAs play important but diverse roles in the multiple processes of 

vascular remodelling, opening up new possibilities for prevention, detection, and treatment 

of CVD117 (Figure 7).  

 

Circulating microRNAs 

Several of the microRNAs discussed in this review are also expressed in the circulation and 

could be used as biomarkers for vascular remodelling and CVD. For example, circulating miR-

155 was expressed at significantly lower levels in CAD patients compared with healthy 

volunteers73. Likewise, circulating levels of miR-126, miR-17, and miR-92a were decreased in 

these patients73,117. Several miRs, including miR-126, were significantly increased in plasma of 

patients with insufficient collateral artery function118. Furthermore, circulating levels of 

several 14q32 microRNAs, including miR-134, miR-328, miR-370, miR-487a ,and miR-480 may 

have a diagnostic value for acute myocardial infarction, CAD, and cardiac death119 – 123. 14q32 

miR-487b was increased in circulating leukocytes of patients with acute ischaemic stroke124. 

Other 14q32 microRNAs, including miR-665 and miR-541, have been reported to play a role 

in heart failure and cardiac hypertrophy, respectively125,126. Nevertheless, these findings need 

to be confirmed in large prospective cohort studies to determine the potential use of these 

microRNAs as biomarkers for CVD. 

 

Future perspectives 

In this review, we have described the multifactorial nature of microRNAs in vascular 

remodelling, as demonstrated by their role in multiple remodelling processes. Adaptive 

remodelling, such as arteriogenesis and angiogenesis, is stimulated by miR-126 and by the 

miR-23/24/27 family. Correspondingly, these microRNAs inhibit pathological remodelling, 

including atherosclerosis and restenosis. MiR-17/92, the 14q32 miRs, and miR-143/145 

induce pathological remodelling, while they inhibit adaptive remodelling (except                     

miR-143/145, for which different effects on pathological remodelling have been described).      



MiR-155 was found to inhibit angiogenesis but stimulated arteriogenesis and was also 

reported to play contradicting roles in atherosclerosis formation. 

The role of these microRNAs in the molecular mechanisms leading to aneurysm formation 

however is still poorly described; except for miR-24 and miR-487b, the microRNAs discussed 

here were only described to be differentially regulated in aneurysms, and a causative role has 

yet to be elucidated (Figure 8). As mentioned in the introduction, a single microRNA is able to 

target numerous genes and can regulate complex (patho)physiological processes. Often in 

literature, a single target gene is validated to explain the observed in vivo and in vitro effects 

upon microRNA modulation. However, it is far more plausible that the observed effects are 

caused by modulation of many genes involved in these (patho)physiological processes rather 

than one gene. Since microRNAs only modestly downregulate the expression of their target 

genes, it can be difficult to confirm significant changes in target gene expression. 

Nevertheless, the multifactorial nature of microRNAs in both adaptive and maladaptive 

vascular remodelling offers great opportunities for development of future therapeutics for 

treatment and prevention of CVD. In conclusion, the multifactorial effects on vascular 

remodelling observed for the microRNAs discussed here will hopefully stimulate the 

continued efforts to explore the potential of microRNAs as therapeutic target. 

 

 

Figure 8 Graphical abstract. Several vascular microRNAs can influence multiple processes of vascular 
remodelling. MiR-126 is both pro-angiogenic as well as anti-atherosclerotic, like the miR-23-24-27 
family. On the other hand, the 17-92 microRNA cluster and 14q32 miRs are anti-angiogenic, but pro-
atherosclerotic. For miR-155 and miR-143/145, both pro- and anti-angiogenic functions have been 
reported, as well as pro- and anti-atherosclerotic roles. Green arrows indicate a stimulatory function, 
whereas red arrows represent an inhibitory function. Blue arrows are used when both stimulatory as 
well as inhibitory roles have been reported.  
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Abstract 

Aims: We have shown that 14q32 microRNAs are highly involved in vascular remodelling 

and cardiovascular disease. However, the 14q32 locus also encodes 41 ‘orphan’ small 

nucleolar RNAs (snoRNAs). We aimed to gather evidence for an independent role for 14q32 

snoRNAs in human cardiovascular disease. 

Methods and results: We performed a lookup of the 14q32 region within the dataset of a 

genome wide association scan in 5244 participants of the PROspective Study of Pravastatin 

in the Elderly at Risk (PROSPER). Single nucleotide polymorphisms (SNPs) in the 

snoRNA-cluster were significantly associated with heart failure. These snoRNA-cluster SNPs 

were not linked to SNPs in the microRNA-cluster or in MEG3, indicating that snoRNAs 

modify the risk of cardiovascular disease independently. We looked at expression of 14q32 

snoRNAs throughout the human cardio-vasculature. Expression profiles of the 14q32 

snoRNAs appeared highly vessel specific. When we compared expression levels of 14q32 

snoRNAs in human vena saphena magna (VSM) with those in failed VSM-coronary bypasses, 

we found that 14q32 snoRNAs were up-regulated. SNORD113.2, which showed a 17-fold 

up-regulation in failed bypasses, was also up-regulated two-fold in plasma samples drawn 

from patients with ST-elevation myocardial infarction directly after hospitalization 

compared with 30 days after start of treatment. However, fitting with the genomic 

associations, 14q32 snoRNA expression was highest in failing human hearts. In vitro studies 

show that the 14q32 snoRNAs bind predominantly to methyl-transferase Fibrillarin, 

indicating that they act through canonical mechanisms, but on non-canonical RNA targets. 

The canonical C/D-box snoRNA seed sequences were highly conserved between humans 

and mice. 

Conclusions: 14q32 snoRNAs appear to play an independent role in cardiovascular 

pathology. 14q32 snoRNAs are specifically regulated throughout the human vasculature and 

their expression is up-regulated during cardiovascular disease. Our data demonstrate that 

snoRNAs merit increased effort and attention in future basic and clinical cardiovascular 

research. 



Introduction 

Noncoding RNAs (ncRNAs) are a booming topic of research. Formerly seen as ‘junk RNA’, 

ncRNAs have been shown to be important regulators of gene expression. Of all ncRNAs, 

microRNAs have been studied most extensively over the past decade. MicroRNAs bind the 

3’UTR of their target messenger RNA (mRNA) to inhibit translation1. The fact that 

microRNAs can fine-tune expression levels of large sets of target genes, up to several 

hundred genes per microRNA, makes them attractive therapeutic targets for multifactorial 

pathophysiological processes, including cardiovascular disease. We have recently discovered 

that a large gene cluster of 54 microRNAs transcribed from the long arm of human 

chromosome 14 (14q32) is highly involved in cardiovascular pathology2,3. Inhibition of 

individual 14q32 microRNAs led to increases in post-ischaemic blood flow recovery and 

tissue perfusion in mice via increased neovascularization4. At the same time, inhibition of 

these microRNAs also decreased plasma cholesterol and atherosclerotic lesion formation, 

whereas increasing plaque stability in atherosclerosis-prone mice5.  

Besides 54 microRNAs, the human 14q32 locus also encodes genes for two other types of 

ncRNAs, namely three long noncoding RNAs (lncRNAs) and 41 small nucleolar RNAs 

(snoRNAs). Interestingly, one of these lncRNAs, MEG3, was found to be up-regulated in 

activated endothelial cells under hypoxia6 and play a role in angiogenesis7. LncRNAs have 

caught the attention of many research groups. Even though their mechanisms-of-action are 

still poorly understood, the number of publications on lncRNAs in cardiovascular disease is 

increasing exponentially8–19. SnoRNAs on the other hand are still relatively unknown and 

understudied. Like microRNAs, snoRNAs are a class of highly conserved small ncRNA 

molecules20. SnoRNAs are typically between 60 nucleotides and 300 nucleotides long and 

can be divided into two subtypes. ‘H/ACA box’ snoRNAs modulate other ncRNAs via 

pseudouridylation. ‘C/D box’ snoRNAs modulate ncRNAs via 2’O-ribose-methylation. 

However, snoRNAs have also been found to act via non-canonical pathways. SnoRNAs 

influence metabolic stress, lipotoxicity, and intracellular cholesterol trafficking, independent 

of their canonical function21,22. Moreover, there are snoRNAs that have no known RNA 

targets at all. These snoRNAs most likely have mostly non-canonical functions and are 

referred to as ‘orphan snoRNAs’. All 14q32 snoRNAs are orphan snoRNAs of the C/D box 

subtype23. With the increasing research attention for lncRNAs, we aimed to investigate 

whether orphan snoRNAs merit similar attention. First, we found significant associations of 

genetic variations specifically in the snoRNA region of the 14q32 locus with human 

cardiovascular disease. Second, we observed differential expression of 14q32 snoRNA levels 

throughout the human vasculature. And third, we demonstrate that snoRNA expression is 

regulated during cardiovascular disease, both in vascular tissue samples and in plasma, as 



well in a murine model for vein graft disease. Overall, our data demonstrate that snoRNAs 

indeed merit similar effort and attention in future basic and clinical cardiovascular research 

as microRNAs and lncRNAs do. 

 

Methods 

PROspective study of pravastatin in the elderly at risk 

PROspective study of pravastatin in the elderly at risk (PROSPER) was a prospective 

multicentre randomized placebo-controlled trial to assess whether treatment with 

pravastatin diminishes the risk of major vascular events in elderly24. Between December 

1997 and May 1999, we screened and enrolled subjects in Scotland (Glasgow), Ireland 

(Cork), and the Netherlands (Leiden). Men and women aged 70–82 years were recruited if 

they had pre-existing vascular disease or increased risk of such disease because of smoking, 

hypertension, or diabetes. A total number of 5804 subjects were randomly assigned to 

pravastatin or placebo. The protocol meets the criteria of the Declaration of Helsinki and 

was approved by the medical ethics committees of each participating institution. Written 

informed consent was obtained from all participating subjects. All data have been 

anonymized. 

The primary endpoint in the study was the combined endpoint of death from coronary heart 

disease, non-fatal myocardial infarction (MI), and occurrence of clinical stroke, either fatal 

or non-fatal. When death occurred following a non-fatal stroke within a period of 28 days, it 

was regarded as a fatal stroke. Secondary endpoints were the separate coronary and 

cerebrovascular components of the primary endpoint. Heart failure hospitalization was a 

tertiary endpoint. All endpoints were adjudicated by the study endpoint committee. More 

details about the diagnosis of the cerebrovascular and coronary events within the PROSPER 

study has been published elsewhere25. A whole genome wide screening had been 

performed in the sequential PHASE project26. Of 5763 subjects, DNA was available for 

genotyping. Genotyping was performed with the Illumina 660K beadchip, after QC (call rate 

<95%) 5244 subjects and 557 192 single nucleotide polymorphism (SNPs) were left for 

analysis. These SNPs were imputed to 2.5 million SNPs based on the HAPMAP build 

36withMACH imputation software. For this study, we performed a candidate gene study. 

We extracted all SNPs within the genomic region of the 14q32 cluster from the 2.5 million 

SNP database with use of the PLINK software 

(http://pngu.mgh.harvard.edu/~purcell/plink/download.shtml#download). 

As confirmation of our findings, data on associations between 14q32 SNPs and coronary 

artery disease/MI have been contributed by CARDIoGRAMplusC4D investigators and have 

been downloaded from http://www.cardiogramplusc4d.org. 



Collection of human vascular tissues 

Human vascular tissue samples, including vena saphena magna (VSM) samples, were 

collected during general surgery for various implications. Only surplus material, discarded 

after surgery, was collected and stored at -80°C. Failed coronary bypasses were collected 

during autopsy, formalin-fixed, and paraffin-embedded. 

All samples were anonymized and no data were recorded that trace back to an individual’s 

identity. Collection, storage, and processing of the samples were performed in compliance 

with the Medical Treatment Contracts Act (WGBO, 1995) and the Code of Conduct for 

Health Research using Body Material (Good Practice Code, Dutch Federation of Biomedical 

Scientific Societies, 2002) and the Dutch Personal Data Protection Act (WBP, 2001). 

 

Human plasma samples 

From a Danish cohort study on G-CSF treatment in ST-elevation myocardial infarction 

(STEMI) patients27, 23 placebo-treated STEMI patients (21 men, two women) aged 54 ± 8 

years (mean ± standard deviation) who had been treated successfully with primary 

percutaneous coronary intervention within 12 h after symptom onset were included in our 

study. STEMI was diagnosed from typical angina for more than 30min, the presence of 

ST-elevations >0.4mV in at least two contiguous leads on a standard 12-lead ECG and a 

significant rise in MI serum markers. Further inclusion criteria included age between 20 

years to 70 years, a proximal lesion in a coronary artery branch and either serum creatine 

kinase-MB above 100lL/L or significant Q-wave development. Patients were excluded if they 

had a prior MI, significant non-culprit stenosis, ventricular arrhythmia after percutaneous 

coronary intervention, pregnancy, diagnosed, or suspected cancer, New York Heart 

Association class 3–4 heart failure symptoms or severe claustrophobia. 

Blood samples were drawn from the antecubital vein using EDTA-coated tubes. Samples 

were kept on ice and processed within 30min after collection. Plasma was obtained from 

the samples by centrifugation at 3000g for 10min, with the plasma closest to the buffy coat 

being discarded. After centrifugation, the plasma samples were aliquoted and stored at 

-80°C until analysis. 

The study was approved by the ethics committee at Rigshospitalet, Copenhagen, Denmark 

(KF 01-239/02). All patients received oral and written information about the study, and 

written informed consent was obtained before inclusion in the study, which conformed to 

the Declaration of Helsinki. 

 

 

 



Collection of human heart failure tissues 

Biopsies were collected from explanted end-stage failing human hearts, caused by dilatory 

cardiomyopathy (N= 9), ischaemic cardiomyopathy (N= 6), right ventricular dysplasia (N= 1), 

or congenital heart disease (N= 2). Samples were collected from both the apex and the 

affected ventricle. As we found no differences, average expression levels from the apex and 

ventricles were used for each patient in further analyses. All human material was obtained 

and processed according to the recommendations of the hospital’s ethics committee and 

security board, including informed consent and in accordance with the Declaration of 

Helsinki. RNA was isolated from heart tissue using an automated Maxwell System with the 

respective mRNA tissue kit (Promega, WI, USA). cDNA was generated from equal amounts of 

RNA per experiment using a Promega GoScript reverse transcription system (Promega). 

 

Murine vein graft model 

All animal experiments have been approved by the Leiden University Medical Center animal 

ethics committee (Dier Ethische Commissie) and all animal procedures were performed 

conform to the guidelines from Directive 2010/63/EU of the European Parliament on the 

protection of animals used for scientific purposes. Male ApoE3*Leiden mice, aged 10weeks 

to 20weeks were housed with water and chow ad libitum. Mice were fed a western-type 

diet (ABdiets), which resulted in plasma cholesterol levels between 12mmol/L and 

24mmol/L, as determined before surgery and after surgery (Roche Diagnostics). 

Vein graft surgery was performed by donor caval vein interpositioning (caval vein of ~2mm 

length) in the carotid artery of recipient mice28. Before surgery, mice were anaesthetized 

with midazolam (5mg/kg, Roche Diagnostics), medetomidine (0.5mg/kg, Orion), and 

fentanyl (0.05mg/kg, Janssen Pharmaceutical). The adequacy of the anaesthesia was 

monitored by keeping track of the breathing frequency and the response to toe pinching of 

the mice. After the procedure, the mice were antagonized with atipamezol (2.5mg/kg, 

Orion) and fluminasenil (0.5mg/kg Fresenius Kabi). Buprenorphine (0.1mg/kg, MSD Animal 

Health) was given after surgery to relieve pain. Mice were sacrificed after 3 days, 7 days, 14 

days, or 28 days (four mice per time point) by exsanguination under anaesthesia; 12 

untransplanted caval veins were collected as time point 0; three caval veins were pooled 

yielding four samples. The vein grafts and caval veins were removed and snap frozen. 

 

RNA isolation and rt/qPCR 

Fresh-frozen human vascular tissue samples and murine vein graft/caval vein were 

submerged in liquid nitrogen and homogenized by use of pestle and mortar. After complete 

evaporation of the liquid nitrogen, total RNA was isolated by standard TRIzol-chloroform 



extraction. From cells, the medium was removed and cells were washed in PBS, after which 

the cells were lysed in TRIzol and RNA isolated by standard TRIzol-chloroform extraction. 

From paraffin embedded human coronary bypasses, total RNA was isolated using the 

RNeasy FFPE Kit according to manufacturer’s protocol (Qiagen). From human plasma 

samples, total RNA from 100μL of plasma was extracted using the miRCURY RNA Isolation 

Kit—Biofluids (Exiqon) according to manufacturer’s protocol, including rDNase treatment to 

prevent DNA contamination. RNA quantity and purity were checked using nanodrop 

(Nanodrop® Technologies). 

RNA was reverse transcribed using ‘high-capacity RNA to cDNA kit’ (ThermoFisher) and 

quantified by qPCR using SybrGreen reagents (Qiagen) on the VIIa7 (ThermoFisher). SnoRNA 

expression was normalized against U6 alone or U6 and GAPDH together, to warrant 

reference gene stability over samples, using the 2-dCt method. Human snoRNA primer 

sequences were taken from a study by Valleron et al29. Although the snoRNAs and U6 could 

be reliably and reproducibly measured in RNA isolated from paraffin-embedded human 

failed coronary bypass tissues, longer RNAs, including MEG3, MEG8, could not, most likely 

due to degradation of longer RNAs by RNases. Shorter RNAs are protected from RNase 

digestion, as they are in complex with RNA Binding Proteins30. All qPCR primers used are 

given in Supplementary data, Table S5. 

 

Isolation of human umbilical venous and arterial endothelial cells, arterial smooth muscle 

cells, and arterial fibroblasts 

Umbilical cords were collected from full-term pregnancies and stored in sterile PBS at 4°C 

and subsequently used for cell isolation within 7 days. For human umbilical venous 

endothelial cell/human umbilical arterial endothelial cell (HUVEC/HUAEC) isolation, a 

cannula was inserted in the umbilical vein or in one of the umbilical arteries and flushed 

with sterile PBS. The vessels were infused with 0.075% collagenase Type II (Worthington, 

Lakewood, NJ, USA) and incubated at 37°C for 20min. The collagenase solution was 

collected and the vessels were flushed with PBS in order to collect all detached endothelial 

cells. The cell suspensions were centrifuged at 400g for 5min, and the pellet was 

resuspended in HUVEC/HUAEC culture medium [M199 (PAA, Pasching, Austria), 10% heat 

inactivated human serum (PAA), 10% heat inactivated newborn calf serum (PAA), 1% 

penicillin/streptomycin (MP Biomedicals, Solon, OH, USA), 150mg/mL endothelial cell 

growth factor (kindly provided by Dr Koolwijk, VU Medical Center, Amsterdam, the 

Netherlands), and 0.1% heparin (LEO Pharma, Ballerup Danmark)]. HUAECs were cultured in 

plates coated with 1% gelatin. 



The second artery was removed and cleaned from remaining connective tissue. Endothelial 

cells were removed by gently rolling the artery over a blunted needle. The tunica adventitia 

and tunica media were separated using surgical forceps. After overnight incubation in 

human umbilical arterial smooth muscle cell/human umbilical arterial fibroblast 

(HUASMC/HUAF) culture medium [DMEM GlutaMAXTM (Invitrogen, GIBCO, Auckland, New 

Zealand), 10% heat inactivated foetal bovine serum (PAA), 10% heat inactivated human 

serum, 1% penicillin/streptomycin, and 1% non-essential amino acids (PAA)], both tunicae 

were incubated separately in a 2mg/mL collagenase Type II solution (Worthington) at 37°C. 

Cell suspensions were filtered over a 70 mm cell strainer and centrifuged at 400 g for 10min. 

Cell pellets were resuspended and plated in culture medium. Cells isolated from the tunica 

adventitia were washed with culture medium after 90 min to remove slow-adhering 

non-fibroblast cells. 

 

Primary cell culture 

Cells were cultured at 37°C in a humidified 5% CO2 environment. Culture medium was 

refreshed every 2–3 days. Cells were passed using trypsin-EDTA (Sigma, Steinheim, 

Germany) at 90–100% (HUVECs, HUAECs, and HUASMCs) or 70–80% confluency (HUAFs). 

HUVECs, HUASMCs, and HUAFs were used up to passage six and HUAECs up to passage 

three. Stock solutions of isolated HUVECs, HUASMCs, and HUAFs up to passage four, and 

HUAECs up to passage two were stored at -180°C in DMEM GlutaMAXTM containing 20% FBS 

and 10% DMSO (Sigma). 

 

3T3 cell culture 

3T3 cells were cultured at 37°C under 5% CO2. Cells were grown in DMEM (PAA) with high 

glucose and stable L-glutamine, supplemented with 10% foetal calf serum and 

penicillin/streptomycin.  

 

Primary mouse fibroblasts culture 

Murine primary fibroblasts were isolated from ear-clippings of 3-week old C57BL/6 mice. 

Ear clippings were cut into small pieces, which were embedded in 0.2% gelatin in 10 cm2 

plates and covered in DMEM supplemented with 20% FCSi and 1% NEAA for approximately 

7 days, cells were expanded to passage 3 and frozen down in liquid nitrogen for later use. 

Fibroblasts from P4 were trypsinized and passed into 12-wells plates for scratch-wound 

healing assays. Cells were used up to passage P5–P7. 

 



RBP-immunoprecipitation 

For RNA binding protein (RBP)-immunoprecipitation (RIP), either HUAFs or 3T3 cells were 

grown to 70–80% confluence in T-175 culture flasks, one flask per RBP-pull-down, in normal 

culture medium. We used the EZ-Magna RIP RNA-Binding Protein Immunoprecipitation Kit 

(Merck-Millipore) for cell lysis, sample preparation and RBP-pull-down, according to 

manufacturer’s protocol. We used antibodies against SNRP70 (provided with EZ-Magna RIP 

kit), Dicer, AGO1, Fibrillarin, and a negative control IgG (all by Abcam) for RBP-pull-down. 

RNA was isolated using standard TRIzol-chloroform extraction and snoRNA expression was 

measured by rt/qPCR as described above. Expression was normalized to expression in a 10% 

input sample, using the 2-dCt method; after cell lysis, but before RBP-pull-down, 10% (100 

mL) of each lysate was collected and used for RNA extraction directly. 

 

SnoRNA upregulation in vitro and scratch-wound healing assay 

Primary murine fibroblasts were seeded in 12-well plates at 50 000 cells per well in normal 

culture medium. The next day, cells were incubated with 10ng/mL 3rd generation antisense 

molecules (3GAs) in medium with 0.5% foetal calf serum for 24 h. Sequences of all 3GAs 

used are given in Supplementary data, Table S4. After 24 h, medium was aspirated and a 

scratch-wound was made across the diameter of each well using a p200 pipet tip. Next, cells 

were washed with PBS, and fresh low serum medium containing 3GAs was added. In order 

to monitor wound closure, live phase-contrast microscopy (Axiovert 40C, Carl Zeiss) was 

used for taking pictures immediately after (0 h) and 12 h after introducing the 

scratch-wound. Pictures were taken at two different locations in each well and averaged for 

analysis. Scratch size was calculated at 0 h and 12 h using the wound healing tool macro for 

ImageJ. Finally, cells were washed with PBS and TRIzol was added for RNA isolation. 

 

Statistical analyses 

For the candidate gene study, logistic regression was used to associate the 14q32 SNPs with 

cardiovascular outcomes adjusted for sex, age, country, and pravastatin treatment. All 

statistical analyses were performed with PLINK statistical software 

(http://pngu.mgh.harvard.edu/~purcell/plink/download.shtml#download). P-values <0.05 

were considered statistically significant. 

SNPs were pruned based on linkage, using LDLink software 

(https://analysistools.nci.nih.gov/LDlink/)31,32. For pruning, we used the CEU population as 

reference which corresponds to the PROSPER population (r2= 0.3, MAF= 0.01).We 

performed correction for multiple testing, using both Bonferroni and false discovery rate 

(FDR) corrections within each gene region of the 14q32 locus, as our a priori interest lays 



with the snoRNA gene region and the other regions were included to allow for correction of 

potential confounding by linkage. An FDR of 10% was chosen. We also performed correction 

for multiple testing on the pruned SNPs in the locus as a whole with a global test, using the 

tail strength method, including all genes in the 14q32 locus, looking at associations with 

heart failure. The tail strength measures how much P-values in a set differ from the 

expected uniform distribution under the null hypothesis and sums up these differences into 

single-test statistics33. We used a cutoff of 10% and 20% for missingness in individuals and 

markers, respectively. The global P-value was calculated using a logistic regression model on 

each SNP and summarizing the P-values using the tail strength. To account for residual LD 

between SNPs, 104 permutations were used to derive an empirical P-value. R version 3.5.0 

was used for all calculations.  

Normalized relative expression levels of noncoding RNAs expressed as mean + SEM. 

Differences between groups were assessed using student’s t-tests. Because of large 

inter-sample variation, a Grubbs’ test was used to identify significant outliers (α < 0.05) in 

human 14q32 ncRNA expression levels, resulting in exclusion of three individual 

measurements. In the STEMI samples, the variance over time was analyzed using repeated 

measures one-way analyses of variance (ANOVA). Tukey’s range test was used as a post hoc 

test to find significant variation between two measurement time points. 

For in vitro assays two-tailed Student’s t-tests or two-way ANOVA were used to compare 

groups. A level of P-value <0.05 was considered significant. A Grubbs’ test was used to 

identify significant outliers (α = 0.05), resulting in exclusion of two individual scratch assays. 

However, the data still include a minimum of three independent experiments for each 

snoRNA. 

 



Results 

Association of 14q32 genetic variations with cardiovascular disease 

The 14q32 locus is depicted in Figure 1. To establish a role of 14q32 snoRNAs in human 

cardiovascular disease, we focused on SNPs in the 14q32 locus that were genotyped in 5244 

participants of the PROSPER study. Characteristics of PROSPER participants are given in 

Supplementary data, Table S1, all data on extracted 14q32 SNPs are given in the 

Supplementary data, Data S2 file. When zooming in on the different genes in the locus, six 

SNPs in the protein coding gene DLK1 were included, of which one associated with coronary 

events; 53 SNPs in the lncRNA MEG3 gene were included, of which eight associated with 

cardiovascular endpoints; seven SNPs in the lncRNA MEG8 gene were included, of which 

one associated with heart failure; and 11 SNPs in the lncRNA MEG9 gene were included of 

which three associated with vascular mortality and two with all-cause mortality. In the two 

regions that encode the vast majority of the snoRNAs and microRNAs within the locus, 51 

and 42 SNPs were included in the array, respectively, of which 17 and 13 associated with 

cardiovascular endpoints and of these, 14 and 9 SNPs, respectively, associated with heart 

failure (Figure 2). 

 

 
Figure 1 Schematic representation of the imprinted human 14q32 and murine 12F1 loci. Protein 
coding genes are depicted in black, lncRNA genes in red, microRNA genes in green, and snoRNA 
genes in blue. 

 



We then pruned SNPs based on linkage, to correct for multiple testing. For DLK1, MEG3, 

RTL1, MEG8, the snoRNA region, the microRNA region, and MEG9, 6, 17, 3, 4, 8, 14, and 2 

SNPs were kept, respectively. Data on kept and pruned SNPs per gene are given in the 

Supplementary data, Data S3 file. After Bonferroni correction per gene, one SNP in the 

snoRNA region (rs2145501) was significantly associated with heart failure. After FDR 

correction per gene, four SNPs in the snoRNA region were significantly associated with heart 

failure (rs2145501, rs2145504, rs2295657, and rs10133948). After both Bonferroni and FDR 

correction per gene, two SNPs in the MEG9 gene (rs2295655 and rs3742406) were 

significantly associated with vascular mortality and one SNP with all-cause mortality 

(rs2295655). The odds ratios, P-values, and corrected P-value thresholds are shown in 

Supplementary data, Table S2B. Multiple correction testing data on all pruned SNPs per 

gene are given in the Supplementary data, Data S4 file.  

We also performed a global test on SNPs kept after pruning using the tail strength method 

to correct for multiple testing over the locus as a whole, looking at associations with heart 

failure. The global P-value was 0.018, meaning that the null-hypothesis of no associated 

SNPs in the locus is rejected and that the 14q32 locus associates significantly with heart 

failure. 

SNPs in the locus were selected from a genome wide screening array dataset, in which SNPs 

are selected more or less evenly over the length of the genome and preferably in coding 

sequences. Since there are no coding sequences on the positive strand of the 14q32 locus, 

except for DLK1, none of the SNPs included in the analyses were located directly in a 

snoRNA gene. Therefore, we rely on the fact that SNPs that are located in proximity of each 

other are often inherited together, also referred to as linkage. Non-functional SNPs can be 

associated with cardiovascular endpoints because they are linked to a different, functional 

SNP. We determined r2 values, a measure of linkage between SNPs. We found evidence of 

linkage within the MEG3 gene, within the microRNA-cluster, and within the snoRNA-cluster, 

which underlines their individual biological importance. However, we also found that there 

was virtually no linkage between the SNPs in the snoRNA-cluster and those in the 

microRNA-cluster. In fact, there is a recombination hotspot in between both clusters. There 

is another recombination hotspot between MEG3 and the snoRNA-cluster, as well as one 

between the microRNA-cluster and MEG9. This is in fact a crucial finding, because it 

demonstrates that the 14q32 snoRNAs associate with cardiovascular endpoints, 

independently of the microRNAs and MEG3 (Supplementary data, Figure S1A–C). A more 

detailed view of linkage within the snoRNA-cluster is given in Supplementary data, Figure 

S2. 



As confirmation of our genetic association data, we performed a lookup of 14q32 SNPs in 

the publicly available meta-analysis dataset of cardiogram (www.cardiogramplusc4d.org). 

To our knowledge, public data on heart failure specifically are not available yet, but 

cardiogram focuses on coronary artery disease. All extracted cardiogram data are provided 

in the Supplementary data, Data S5 file, and significant associations directly in (the vicinity 

of) 14q32 noncoding RNA genes are given in Supplementary data, Table S6. 

 

 
 

Figure 2 14q32 SNPs and heart failure. Odds ratios, ± standard errors, are given of SNPs that 
associate significantly with heart failure. SNPs are given in order of their chromosomal location and 
accolades indicate their respective regions in the 14q32 locus. Only the four SNPs outlined in red 
remain significant after correction for multiple testing.  
 

Global expression of 14q32 snoRNAs 

The cluster contains three highly related copy-sets of SNORD112 (one copy), SNORD113 

(nine copies) and SNORD114 (31 copies). Since the snoRNAs are highly similar in sequences, 

rt/qPCR primers can only reliably discriminate 7 of the 41 snoRNAs, namely SNORD112, 

SNORD113.2, SNORD113.6, SNORD113.7, SNORD113.8, SNORD113.9, and SNORD114.1. We 

measured these seven snoRNAs in a biobank of 95 human vascular tissue samples, collected 



during general surgery within the LUMC (Supplementary data, Table S3). With the exception 

of SNORD113.2, all measured 14q32 snoRNAs were abundantly expressed throughout the 

vasculature (Supplementary data, Figure S3A–G). Global snoRNA expression was highest 

however in the arteries and veins of the head and neck, again with the exception of 

SNORD113.2, which was expressed most abundantly in vessels of the lower limbs and in 

mammarian arteries (Figure 3). 

Samples were collected during general surgery for any indication. However, most vessels 

were collected during vascular surgery for peripheral artery disease and coronary artery 

bypass grafting on the one hand or tumour resections on the other. However, none of the 

snoRNAs were differentially expressed between benign and perimalignant vessels. Nor did 

snoRNA expression associate with age or sex (data not shown). 

We also assessed 14q32 snoRNA expression in four types of human primary vascular cells, 

isolated from the umbilical cord, namely HUVECs, HUAECs, HUASMCs, and HUAFs. Although 

we observed consistent snoRNA expression in all four cell types, expression was clearly 

enriched in HUASMCs (Supplementary data, Figure S4). 

 

Figure 3 Heatmap of snoRNA expression in human vasculature. SnoRNAs are grouped in vessel origin 
and in order of their genetic localization. For every snoRNA, relative expression, calculated using the 
2-dCt method, in each vessel group was normalized against the average expression in all samples. 
Relative expression below average is green, around average is yellow, and above average is orange 
to red. The total number of vessels included was 95. 
 



14q32 snoRNA expression in failed human coronary arterial-venous bypass grafts 

We compared 14q32 snoRNA expression in naive VSMs and failed arterial-venous bypasses. 

Naïve VSMs were harvested during bypass surgery and served as ‘baseline’ controls for 

failed coronary arterial-venous bypass grafts. In failed bypasses, expression levels of 14q32 

snoRNAs SNORD112 and SNORD113.6 remained more or less stable. Expression levels of 

SNORD113.2, SNORD113.7, SNORD113.8, SNORD113.9, and SNORD114.1 on the other hand 

appeared upregulated between two-fold and 20-fold (Figure 4A–G). 

 

 
 
Figure 4 Regulation of the 14q32 small ncRNAs in human vein graft disease and expression in human 
failing hearts (A–G). Relative expression, calculated using the 2-dCt method, of 14q32 microRNAs and 
snoRNAs in failed coronary bypasses (right bars; N= 20), compared with naive vena saphena magna 
harvested during bypass surgery (left bars; N= 8), as well as expression levels in human end-stage 
failing hearts (N= 18). Mean values are given and errors bars represent SEMs. #P<0.1; *P<0.05; 
**P<0.01; ***P<0.001 (t-test). 

 



14q32 snoRNA expression in end-stage failing human hearts 

As we observed the strongest association between SNPs in the snoRNA region and heart 

failure, we also looked at snoRNA expression in tissue samples from explanted end-stage 

failing human hearts. For obvious reasons, we had no healthy heart tissue samples for 

comparison. However, as shown in Figure 4A–G, all measured 14q32 snoRNAs were 

expressed in failing human hearts. When compared with expression in failing bypass grafts, 

expression was higher in heart failure samples for five out seven measured snoRNAs 

[SNORD112: 3.8-fold (P> 0.001); SNORD113.2: 1.7-fold (P = 0.07); SNORD113.6: 3.2-fold  

(P> 0.01); SNORD113.8: 5.1-fold (P> 0.001); and SNORD114.1: 2.8-fold (P < 0.001), and 

similar for the remaining SNORD113.7 (P = 0.13) and SNORD113.9 (P=0.91)].  

 

 

 

 

Figure 5 Regulation of the 12F1 snoRNAs in murine vein grafts (A–F). Relative expression, calculated 
using the 2-dCt method, over time, relative to naive venae cavae, in vein grafts in ApoE*3L mice. 
Mean values are given and errors bars represent SEMs. *P<0.05; **P<0.01 (t-test). Each time point 
includes vein grafts from four mice, except for time point 0, which contains four pools of naive caval 
veins from three mice (12 mice in total). 
 



Murine snoRNA expression in a model for arteriovenous bypass failure 

The 14q32 noncoding RNA cluster is conserved in eutheria and is transcribed from the 

imprinted 12F1 locus in mice (Figure 1).We compared expression of six different 12F1 

snoRNAs in murine vein grafts, a model for arterial-venous bypass failure. Expression of all 

12F1 snoRNAs increases after vein graft surgery and peaks at 7 days after vein grafting. After 

7 days, levels decrease, but they do not normalize and remain elevated until Day 28 (Figure 

5).  

 
Figure 6 Regulation of circulating 14q32 snoRNA expression (A–G). Relative expression, calculated 
using the 2-dCt method, of 14q32 snoRNAs, in plasma of patients with STEMI, collected over time. 
Mean values are given and errors bars represent SEMs. P-value for ANOVA is given for SNORD113.2. 
Although 23 patients were included in all measurements, some snoRNAs remained below detection 
levels in some patient samples. 



14q32 circulating snoRNAs in ST-elevation myocardial infarction 

In our STEMI-patient cohort, we measured the same seven 14q32 snoRNAs in plasma, 

drawn at hospitalization, and on Day 4, Day 7, and Day 30 after hospitalization. All seven 

snoRNAs could be detected in plasma, albeit in low levels (some snoRNAs remained below 

the detection limit in some individuals). SNORD113.2 levels were regulated over time in 

response to STEMI [P= 0.0364; F(3,22) = 3.381]. SNORD113.2 levels were increased two-fold 

between Day 4 and Day 30 (P = 0.0424), suggesting a sub-acute increased expression at Day 

4 in comparison to the assumed normal expression levels at Day 30 (Figure 6B). Remaining 

snoRNAs appeared regulated over time as well but significant changes in expression were 

not observed (Figure 6A and C–G). 

 

Potential mechanisms of action 

To gain more insight into the potential role of 14q32 snoRNAs in cardiovascular pathology, 

we looked at different aspects of snoRNA biology. We performed RIP in both human and 

murine cells to determine which RBPs can bind the 14q32/12F1 snoRNAs. We found no 

evidence of snoRNA-binding to the spliceosome in either human or murine cells (SNRNP70; 

data not shown). In primary human umbilical arterial adventitial fibroblasts (HUAAFs), all 

14q32 snoRNAs measured were bound to Fibrillarin and to a lesser extent also to AGO1. 

Binding to Fibrillarin was consistent and outspoken for all 14q32 snoRNAs measured, even 

though expression of SNORD113.2 was relatively low in all fractions, including the whole-cell 

lysate (10% input) (Figure 7A). 14q32 snoRNAs were clearly enriched in the Fibrillarin 

fraction compared to the Fibrillarin target U6 (U6 is a snRNA that methylated by Fibrillarin), 

even though U6 expression in human fibroblasts is approximately 1000-fold higher than 

14q32 snoRNA expression (Supplementary data, Figure S4). 

The murine 12F1 snoRNAs did not bind to Ago1, but all 12F1 snoRNAs, with the exception of 

DQ267101, were clearly enriched in the Fibrillarin fraction (Figure 7B). Fibrillarin is the 

methyltransferase that performs snoRNA-directed 2’O-ribose-methylation of target ncRNAs. 

Therefore, these data indicate that 14q32/12F1 snoRNAs direct 2’O-ribose-methylation via 

Fibrillarin of non-canonical RNA targets. Furthermore, 14q32 snoRNAs may interact with the 

microRNA processor protein AGO1. 

3GAs [formerly known as Gene Silencing Oligonucleotides (GSOs)], which have proven very 

reliable in microRNA-inhibition4, proved less efficient as snoRNA-inhibitors; 3GAs directed 

towards the 5’-end of the snoRNA knocked-down snoRNA expression by 40–80% (data not 

shown). SnoRNAs have proven notoriously difficult to inhibit, likely due to their 

predominantly nucleolar localization and more complex structures34. However, 3GAs 

directed to the 3’-end lead to up-regulation of all 12F1 snoRNAs, except for AF3574276, 



which showed virtually no expression in murine fibroblasts (Figure 7C). SnoRNAs are 

processed by exonucleases35,36 and 3GA-binding to the 3’-end may protect against 

exonuclease digestion. 

We then used 3’-end-directed 3GAs to overexpress the 12F1 snoRNAs individually in mouse 

fibroblasts and performed scratch wound healing assays to assess changes in proliferation 

and migration. Upregulation of snoRNA AF357425 led to a significantly impaired scratch 

wound healing (32% reduction compared with 3GA-Control, P= 0.0065), whereas 

up-regulation of snoRNA DQ267102 showed a similar trend (19% reduction compared with 

3GA-Control, P=0.083) (Figure 7D). 

 

snoRNA conservation 

So far, only seven 12F1 snoRNAs have been annotated in mice vs. 41 14q32 snoRNAs in 

humans (NCBI Gene). However, 19 more murine 12F1 snoRNAs have been predicted based 

on sequence, but have not been confirmed as existing snoRNAs yet (UCSC Genome 

Browser). We were able to design unique rt/qPCR primers for 16 of the 19 additional 

predicted murine snoRNAs and measured their potential expression in murine fibroblasts 

(Supplementary data, Figure S5). Not only were these 16 snoRNAs all expressed, but also at 

a higher level than the seven annotated snoRNAs. rt/qPCR is not a confirmative experiment 

to demonstrate that these sequences are mature snoRNAs, we could pick up remaining Rian 

pre-lncRNA, or not yet degraded Rian introns. However, it is feasible that the murine 12F1 

locus is more closely related to the human 14q32 locus in snoRNA abundance than 

previously assumed. We then aligned the sequences of the human and murine snoRNAs 

and, although there are overlapping regions, there also was large variability. However, if we 

assume that these snoRNAs function via Fibrillarin, then we know the ‘seed sequences’ of 

the snoRNAs, namely the nine nucleotides upstream of the D-boxes. If we align these, we 

observed clearly conserved seed sequences of murine and human snoRNAs (Supplementary 

data, Figure S6). Specifically, murine snoRNAs (names starting with AF, DQ, or GM) cluster 

with human snoRNAs (names starting with SNORD) based on sequence, rather than with 

other murine snoRNAs and vice versa. Furthermore, the alternative seed sequences, the 

nine nucleotides upstream of potential D’-boxes, are also largely conserved. 

 



  
Figure 7 Functionality screenings on 14q32 and 12F1 snoRNAs. (A) RIP, followed by RNA isolation 
and rt/qPCR on primary HUAAFs. Expression levels of each snoRNA were normalized to snoRNA 
expression in untreated cell lysates (input) using the 2-dCt method. IgG pull-down was used as 
negative control. The data represent three independent experiments performed in triplicate. (B) RIP, 
followed by RNA isolation and rt/qPCR on the murine fibroblast 3T3 cell line. Expression levels of 
each snoRNA were normalized to snoRNA expression in untreated cell lysates (input) using the 2-dCt 
method. IgG pulldown was used as negative control. The data represent technical triplicates. (C) In 
vitro up-regulation of snoRNAs using 3’-end-directed 3GAs in murine primary fibroblasts. Expression 
levels were normalized to U6 using the 2-dCt method. (D) Scratch-wound healing in primary murine 
fibroblasts at 12 h after scratch-wound placement. Data are presented as mean% of 3GA-Control ± 
SEM. #P< 0.1 and **P< 0.01 compared with 3GA-Control (t-test). Each data point represents an 
independent experiment performed in triplicate. 
 



Discussion 

In the present study, we have gathered evidence for an independent role of orphan 

snoRNAs in cardiovascular disease. First, we demonstrated significant associations of SNPs 

in the 14q32 snoRNA locus with cardiovascular events in a large population-based study. 

Second, we showed differential expression of 14q32 snoRNAs throughout the human 

vasculature. And third, we show regulation of 14q32 snoRNAs, in human tissue samples and 

in human plasma after cardiovascular disease. The 14q32 microRNAs and lncRNAs have 

previously been implied in cardiovascular pathology. However, here we uncover evidence 

that the 14q32 orphan snoRNAs play an independent role in cardiovascular disease for the 

first time.  

Such an individual and independent role of 14q32 snoRNAs in cardiovascular disease was 

supported by our findings in our candidate gene study performed in the PROSPER study. Not 

only did we find the highest density of significantly associated SNPs of all 14q32 regions in 

the snoRNA-cluster, the fact that there are recombination hotspots that separate the 

snoRNA-region from the MEG3 and microRNA-cluster in the 14q32 locus also strongly 

implies an independent role of 14q32 snoRNAs in cardiovascular pathology. After correction 

for multiple testing per gene, only four SNPs in the snoRNA-region, as well two SNPs in the 

more remote MEG9 gene, remained significantly associated with cardiovascular endpoints. 

The snoRNA-SNPs associated specifically with heart failure. Even though we have no 

comparison to healthy human heart tissue, we do show that the 14q32 snoRNAs are 

abundantly expressed in the failing human heart. 

However, we must keep in mind that on the used genome wide screening arrays, SNPs are 

selected preferably in coding sequences, and thus, none of the SNPs included in our 

analyses was located directly within a snoRNA gene itself. With the revolution of ncRNA 

research, it appears that we have stumbled upon an unexpected weakness in all the large 

genomic studies that have been performed in recent years, as most noncoding regions have 

been excluded or at least understudied.  

We have previously described a regulatory role for several 14q32 microRNAs in vascular 

remodelling, in neovascularization, as well as in atherosclerosis and restenosis4,5,37. We also 

found that 14q32 microRNAs are regulated in distinct temporal expression patterns during 

vascular remodelling and that both the microRNA’s temporal regulation, as well as its basal 

expression levels, is independent of its genomic location within the cluster. Looking at the 

14q32 snoRNAs, we found a similar phenomenon. For example, even though all the 

snoRNAs are processed from adjacent introns of the SNHG23 host gene, SNORD113.2 

showed very distinct expression patterns throughout the vasculature. Furthermore, the 

14q32 snoRNAs showed differential regulation after both vein graft failure and after STEMI. 



These findings indicate a leading role for posttranscriptional regulation processes in 14q32 

snoRNA expression. However, they also indicate individual roles for all 14q32 snoRNAs in 

vascular remodelling and cardiovascular disease. Thus, whether or not a snoRNA is 

regulated during cardiovascular disease appears independent of its genomic location, but 

maybe dependent on its function instead.  

Perhaps our best clues about these functions and about the mechanisms-of-action of 

orphan snoRNAs come from a highly similar ncRNA cluster, located on human locus 15q11. 

Like the 14q32 locus, the 15q11 cluster is imprinted. The locus also encodes multiple ncRNA 

genes, including two copy sets of orphan C/D box snoRNAs, SNORD115 (48 copies), and 

SNORD116 (29 copies). Deletions in the 15q11 locus cause Prader–Willi syndrome, which is 

characterized by cognitive disabilities, low muscle tone, short stature, incomplete sexual 

development, and a chronic feeling of hunger that can lead to morbid obesity. It is believed 

that the snoRNAs, particularly SNORD116, play a major role in Prader–Willi pathology. 

Studies have shown that 15q11 orphan snoRNAs can influence mRNA expression levels of 

over 200 genes, as well as each other’s38. The 15q11 snoRNAs have been shown to direct 

alternative splicing of target mRNAs as well as influence mRNA editing39,40. In exploratory 

experiments, we did not find evidence of 14q32 snoRNA interactions with the spliceosome, 

even though this does not fully exclude a function for 14q32 snoRNAs in alternative splicing. 

However, we did find that both the human 14q32 snoRNAs and the murine 12F1 snoRNAs 

bind to predominantly to Fibrillarin, the canonical 2’O-ribose-methyltransferase associated 

with C/D box snoRNAs. Furthermore, the canonical snoRNA seed sequences, the nine 

nucleotide directly upstream of the C- and D’-boxes are highly conserved between the 

human 14q32 and murine 12F1 snoRNAs. This implies that 14q32 snoRNAs direct 

2’O-ribose-methylation of their target RNAs and that their target-set, rather than their 

mechanism-of-action, is noncanonical. 2’O-ribose-methylation can protect RNAs from 

editing40, which would fit with the findings for the 15q11 cluster. 

Partial deletions and loss of imprinting also occur in the 14q32 locus and lead to a broad 

range of different pathologies. However, cluster-wide deletions are embryonically lethal. 

Interestingly, knockout of 12F1 lncRNA Meg3 in mice led to over-expression of several 

pro-angiogenic genes, including VEGF and DLL4, and to a drastically increased vascular 

capillary density in mouse embryos41. 

Besides alternative splicing and mRNA-editing, two other functions have been described for 

orphan snoRNAs. Some snoRNAs, like many lncRNAs, may function as competitive 

endogenous RNAs (ceRNAs), where they compete for binding of a microRNA with the 

microRNA’s target mRNAs42. Other snoRNAs are processed into smaller RNAs and loaded 

into the RNA-induced silencing complex, where they function as snoRNA-derived microRNAs 



and inhibit translation of their own set of target mRNAs43. We found that most human 

14q32 snoRNAs indeed interact with the microRNA-processor as they also bind to AGO1. 

The binding to AGO1 could indicate a microRNA-like function; however, it is more likely that 

snoRNAs direct 2’O-ribose methylation of precursor microRNAs, via binding to the 

2’O-ribose methyl-transferase Fibrillarin, as we recently showed that microRNAs are subject 

to Fibrillarin-dependent 2’O-ribose methylation44. This hypothesis is strengthened by the 

fact that the snoRNA seed sequences are conserved between mice and humans. 

Conservation in snoRNA seed sequences, implies conservation in the snoRNAs’ target RNAs. 

MicroRNAs are one of the highest conserved RNA species. Therefore, it is plausible that the 

14q32 snoRNAs target microRNAs, rather than rRNAs or snRNAs. 

In summary, we have collected multiple lines of evidence for an independent role of 14q32 

orphan snoRNAs in cardiovascular disease. Genetic variations in the 14q32 snoRNA-cluster 

are significantly associated with cardiovascular events, 14q32 snoRNAs are differentially 

expressed throughout the human vasculature and 14q32 snoRNA expression levels are 

regulated during cardiovascular disease. Therefore, we advocate that snoRNAs merit similar 

attention as other ncRNAs, such as microRNAs and lncRNAs, in future basic and clinical 

research, both within the field of cardiovascular disease and in other fields of research. 
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Supplementary data 

 

 
 
Supplemental Figure 1 Linkage of selected SNPs in MEG3, the snoRNA and microRNA clusters of the 
14q32 locus. (A-C) Locuszoom images of r2-values for SNPs in the MEG3 (rs11627993), snoRNA 
(rs8005672) and microRNA (rs4906033) regions, respectively. The p-values correspond to the 
association between the SNPs and Heart Failure. Blue peaks represent recombination hotspots.  
 
 



 
 

Supplemental Figure 2 Linkage between SNPs in the snoRNA cluster in the CEU-population. The 
same SNPs, in the same order, are placed on the X-axis as on the Y-axis. Linkage, expressed as r2, is 
shown as a gradient from red to white, where red squares represent two SNPs that are in full 
linkage-disequilibrium and white squares represent two SNPs that are not linked at all. 
 



 
Supplemental Figure 3 Expression profiles of 14q32 snoRNAs throughout the human vasculature. 
Mean values are given and errors bars represent SEMs. U6 expression was used for normalization 
using the 2-ΔCt method. N=95. 
 



 
Supplemental Figure 4 Expression of 14q32 snoRNAs in primary human vascular cells. Mean values 
are given and errors bars represent SEMs. U6 expression was used for normalization using the 2-ΔCt 
method. HUVEC: human umbilical venous endothelial cell; HUAEC: human umbilical arterial 
endothelial cell; HUASMC: human umbilical arterial smooth muscle cell; HUAF = human umbilical 
arterial fibroblast. * p < 0.05; ** p < 0.01 (t-test): N=3. 
 



 
 

Supplemental Figure 5 Expression of annotated and predicted 12F1 snoRNAs in primary murine 
fibroblasts. Measurement were performed on three independent RNA isolations from independently 
cultured fibroblasts and errors bars represent SEMs. U6 expression was used for normalization using 
the 2-ΔCt method. Annotated snoRNAs are depicted left of the vertical line, predicted snoRNAs are 
depicted right of the vertical line. 
 



 
Supplemental Figure 6 Sequence-based alignment of canonical ‘seed sequences’. The nine 
nucleotides directly upstream of C’- and D’-boxes, of human 14q32 snoRNAs (names starting with 
‘SNORD’) and murine 12F1 snoRNAs (names starting with ‘AF’, ‘DQ’, or ‘GM’) are ordered based on 
sequence similarity. 



Supplemental Table 1 Baseline characteristics of the PROSPER/PHASE study 
 PROSPER/PHASE study (n=5244) 

Continuous variables (mean, SD) 

   Age (years) 

   Education (years) 

   Systolic blood pressure (mmHg) 

   Diastolic blood pressure (mmHg) 

   Height (cm) 

   Weight (kg) 

   Body mass index (kg/m2) 

   Total cholesterol (mmol/L) 

   LDL cholesterol (mmol/L) 

   HDL cholesterol (mmol/L) 

   Triglycerides (mmol/L) 

 

75.3 (3.4) 

15.1 (2.0) 

154.6 (21.9) 

83.7 (11.4) 

165.2 (9.4) 

73.3 (13.4) 

26.8 (4.2) 

5.7 (0.9) 

3.8 (0.8) 

1.3 (0.4) 

1.5 (0.7) 

Categorical variables (n, %) 

   Males 

   Current smoker 

   History of diabetes 

   History of hypertension 

   History of angina 

   History of claudication 

   History of myocardial infarction 

   History of stroke or TIA 

   History of vascular disease* 

 

2524 (48.1) 

1392 (26.5) 

544 (10.4) 

3257 (62.1) 

1424 (27.2) 

354 (6.8) 

708 (13.5) 

586 (11.2) 

2336 (44.5) 

*Any of stable angina, intermittent claudication, stroke, transient ischemic attack, myocardial infarction, 

peripheral artery disease surgery, or amputation for vascular disease more than 6 months before study entry.  

 

 

Supplemental Table 2a All significant associations in the PROSPER/PHASE study. 

Genomic Region SNP OR P 

Fatal or Non-Fatal Stroke and/or Coronary Events 

MEG3 

rs12890215 1.136 0,04609 

rs4378559 1.135 0,0467 

rs11160607 1.133 0,04982 

snoRNA rs12879898 0.692 0,02596 

Coronary Events 

DLK1 rs2273608 1,25 0,0246 

MEG3 rs12431658 0,3566 0,04561 

snoRNA 

rs8021854 0,7249 0,02654 

rs12879898 0,6597 0,03137 

rs7159155 0,6605 0,0401 

Cardiovascular Events 

MEG3 rs10144253 0,1229 0,03933 

snoRNA rs12879898 0,685 0,01651 



Fatal or Non-Fatal Stroke and/or TIA 

microRNA rs7342570 1.201 0,04927 

Vascular Mortality 

snoRNA 
rs2295657 1.231 0,02995 

rs12879898 0,5374 0,04767 

MEG9 

rs3742406 0,7996 0,01885 

rs2295655 0,7457 0,008417 

rs2295654 0,7422 0,007603 

All-Cause Mortality 

MEG3 
rs11160608 0,871 0,03604 

rs4906023 0,8731 0,03944 

microRNA 

rs11628379 0,7053 0,01991 

rs10132916 0,8514 0,03453 

rs12886869 0,8545 0,0389 

rs7161441 0,8458 0,03994 

MEG9 
rs2295655 0,8371 0,02158 

rs2295654 0,8337 0,01909 

Hospitalization for Heart Failure 

MEG3 rs11627993 1.643 0.01165 

MEG8 rs11852040 0,731 0,04402 

snoRNA 

rs8005672 0,7081 0,004873 

rs8017886 0,7083 0,004909 

rs4906028 0,7114 0,005507 

rs2145501 0,7128 0,006064 

rs2145504 0,6443 0,007216 

rs1125548 0,6443 0,007216 

rs11625378 0,639 0,008033 

rs12879413 0,6488 0,008168 

rs11160616 0,6512 0,00869 

rs4402490 1.299 0,01707 

rs2295657 1.286 0,01749 

rs10133948 0,7907 0,03894 

rs12433065 0,7921 0,04036 

rs11623081 0,7923 0,04062 

microRNA 

rs4906033 0,7314 0,01078 

rs4906034 0,7314 0,01078 

rs8003403 0,7347 0,01207 

rs8023048 0,7369 0,01298 

rs12893725 0,7612 0,02769 

rs4906032 0,784 0,03616 

rs4525426 0,7867 0,03984 

rs7342570 0,7551 0,04378 

rs6575812 0,7569 0,04711 

 

 



Supplemental Table 2b Significant associations in the PROSPER/PHASE study after Correction for 

Multiple Testing, using False Discovery Rate (FDR; all SNPs in this table), or Bonferroni Correction 

(rs-numbers in bold print). 

Genomic 

Region 
SNP OR P 

FDR-10% cut-off value for 

significance 

Bonferroni cut-off value 

for significance 

Hospitalization for Heart Failure 

snoRNA 

rs2145501 
 

0.7128 0.006064 0,0125 0,00625 

rs2145504 0.6443 0.007216 0,025 0,00625 

rs2295657 1.286 0.01749 0,0375 0,00625 

rs10133948 
 

0.7907 0.03894 0,05 0,00625 

Vascular Mortality 

MEG9 
rs2295655 0,7457 0,00842 0,05 0,025 

rs3742406 0,7996 0,01885 0,1 0,025 

All-Cause Mortality 

MEG9 rs2295655 0,8371 0,0216 0,05 0,025 

 

 

Supplemental Table 3 Vascular tissue samples used for snoRNA analysis 

 N Mean age (SD) Male (%) Peri-malignancy (%) 

Upper limb veins 3 51.3 (12.1) 100 0 

Lower limb arteries 11 63.3 (14.0) 81.8 0 

Lower limb veins 18 67.7 (13.4) 61.1 0 

Abdominal arteries 14 67.6 (9.3) 64.3 64.3 

Abdominal veins 5 63.0 (12.1) 80.0 60.0 

Head and neck arteries 9 54.0 (28.0) 33.3 22.2 

Head and neck veins 5 52.8 (18.8) 60.0 40.0 

Abdominal aorta 4 65.8 (14.1) 25.0 0 

Thoracic aorta 5 69.8 (16.7) 40.0 0 

Mammarian arteries 18 62.0 (9.3) 72.2 0 

Atrial appendage 1 50 (-) 100 0 

Radial artery 1 42 (-) 100 0 

Umbilical artery 1 0 (-) unknown 0 

Total 95 61.8 (16.5) 63.2 16.8 

 

 

 

 

 

 

 

 



Supplemental Table 4 3GA Sequences. 

Oligonucleotide Sequence 

3GA-Control 3’-TGTACGACTCCATAACGGT-X-TGGCAATACCTCAGCATGT-3’ 

3GA-AF357425 3’-GGGTTTAATCACTGTCCTC-X-CTCCTGTCACTAATTTGGG-3’ 

3GA-AF357426 3’-AGTATGTTGTCATCGTCTA-X-ATCTGCTACTGTTGTATGA-3’ 

3GA-DQ267100 3’-ACCTCAGACTCTCAGACGC-X-CGCAGACTCTCAGACTCCA-3’ 

3GA-DQ267101 3’-TGGAACTCAGACTCCCAGA-X-AGACCCTCAGACTCAAGGT-3’ 

3GA-AF357355 3’-TGAATCTCAGACTTCCAGA-X-AGACCTTCAGACTCTAAGT-3’ 

3GA-DQ267102 3’-ACCTCAGACTCCCAGACCT-X-TCCAGACCCTCAGACTCCA-3’ 

‘X’: Phosphorothioate linker 

‘NNN’: 2’-O-methyl-modified DNA nucleotides 

 

Supplemental Table 5 qPCR Primer Sequences 

Oligonucleotide Sequence 

sno112.FW TGGACCAATGATGAGACAGTG  

sno112.Rev GTGCAGAACTGGATTAATCATG 

sno113.2-FW TAGCCAATCATTAGTATTCTGAGC  

sno113.2-Rev AACCTCTGAGTTACAGAATCTA 

sno113.6-FW TGGACCAGTGATGAATATCATG  

sno113.6-Rev TGGACCTCAGAGTTGCAGATG 

sno113.7-FW TGGATCAATGATGAGTATGCGT  

sno113.7-Rev GACCTCAGAGATACAGACAGG 

sno113.8-FW TGGACCAATGATGAGATTGG  

sno113.8-Rev GGACCTCAGAGTTACAGATGGC 

sno113.9-FW GGATCAATGATGAGTACCCTG  

sno113.9-Rev TGGACCTCAGAGTTATAGGG 

sno114.1-FW GGACCTATGATGATGACTGG  

sno114.1-Rev TGGACCTCAGACTTCCAGACC 

DQ267100-FW   CAATGATGACTGTGGGTGCT 

DQ267100-RV   CCTCAGACTCTCAGACGCATA 

DQ267102-FW   GATGACCTCTGGTGCCGTAT 

DQ267102-RV   TGGACCTCAGACTCCCAGAC 

DQ267101-FW   TCAATGATGACCAGCGGTAG 

DQ267101-RV   TGGAACTCAGACTCCCAGAT 

AF357426-FW   TGACCTTGTCTATATTATAAGTCAT 

AF357426-FW   ACCTCAGAATCCAGTATGTTGTCA 

AF357355-FW   GGGTGGGTTATGAGTTGTGG 

AF357355-RV   TCTCAGACTTCCAGACATGTACTCA 

AF357425-FW   AGGAGCATGGGGTTTCTGAC 

AF357425-RV   TTTCATAAGGGTTTAATCACTGTCC 

Gm26922_FW ACAAAGGGTGGCGTATGAGT 

Gm26922_RV TCAGACTTCCAGACATGTACTCA 



AF357428_FW AGGACCGATGATGAGATCTGA 

AF357428_RV TGTTCATGTCATCGAGAAACACT 

AF357341_FW ATCTGGTGGCATCTGACTGT 

AF357341_RV GACATCTGTTCTCATGGCTGT 

Gm23508_FW CCTCTGGTAGCACACGATTTG 

Gm23508_RV CAGACTTCCAGACCTGTACCC 

Gm25224_FW TGATGACTCTGGTGGTGTGG 

Gm25224_RV GGACCTGAGAATTCCACATATGC 

Gm23600_FW AATGATGGCCAGTGATGATGT 

Gm23600_RV GACGACCAGACCTGTAGCTA 

Gm23736_FW TGATGAGATCTGGTGGCGTT 

Gm23736_RV GGATACTTGGCGTTCATGGAG 

Gm23474_FW TCAGTGAGGAGAACTTGGGG 

Gm23474_RV GACCTCAGAGACATACATGGGT 

Gm27604_FW TCTTGTTGGAGGTGAGCAGT 

Gm27604_RV CTCAGACTTCCGGACCTGTT 

Gm24564_FW CTGACCAATGATGAGAATTCTGG 

Gm24564_RV AGCGACAGGGTTAATCATAATCA 

Gm24895_FW GGCCAATGATGACGAGGTTT 

Gm24895_RV TGGACCTCAGACCTCTAGTGA 

Gm25854_FW ACCGGTGGCATTTGACTCAT 

Gm25854_RV GGATCTTGGTGTTTCAGACTCA 

Gm22205_FW TGACTGATCCTGAGCACTGT 

Gm22205_RV AGATCTCAAAGTTCCAGACATGT 

Gm25856_FW CAATGATGAGATCTGGTGGCA 

Gm25856_RV AGATTTCTCTTGACATGGATGCC 

Gm22981_FW GGACCGATGATGAGATCTGG 

Gm22981_RV TTCTGGATACTTGGCGTTCA 

Gm23787_FW CCAAGGTATGAGAGAGATGACG 

Gm23787_RV GGACCTCTGAGCTTCAGACAA 

U6-FW AGAAGATTAGCATGGCCCCT 

U6-RV ATTTGCGTGTCATCCTTGCG 

GAPDH-FW CACCACCATGGAGAAGGC 

GAPDH-RV AGCAGTTGGTGGTGCAGGA 

 

 

 

 

 

 

 



Supplemental Table 6 Associations of SNPs, inside 14q32 gene regions, with CAD in the Cardiogram 

Meta-Analysis. 

Genomic Region SNP Log Odds (OR) P 

DLK1 rs1555406 0,0510275 (1,124676187) 0,020927 

IG-DMR rs12437020* -0,039967 (0,912080981) 0,037739 

RTL1/ 

MIR493-MIR136 

rs4906018 0,0389087 (1,093726412) 0,018723 

rs1077411* 0,0495353 (1,120818524) 0,037604 

rs1077412* 0,0612703 (1,151516857) 0,02932 

snoRNA 

rs1956734* -0,041743 (0,908357487) 0,016671 

rs2295657* -0,038137 (0,915931299) 0,019897 

rs10135691 0,0487901 (1,118896976) 0,031895 

rs4402490 0,034168 (1,081852368) 0,03986 

rs12879898 -0,050005 (0,891240267) 0,049692 

MEG9 rs2007291 0,039289 (1,094684579) 0,022437 

*Also associates with cardiovascular endpoints in PROSPER 
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Abstract 

Aims: MicroRNAs are regulators of (patho)physiological functions with tissue-specific 

expression patterns. However, little is known about inter-vascular differences in microRNA 

expression between blood vessel types or vascular beds. Differences in microRNA expression 

could influence cardiovascular pathophysiology at specific sites in the vasculature. Therefore, 

we aimed to map expression profiles of vasoactive 14q32 microRNAs throughout the human 

vasculature, as well as expression of vasoactive target genes of the 14q32 microRNAs. 

Furthermore, we aimed to map the DNA methylation status of the 14q32 locus, which has 

been linked to cardiovascular disease.  

Methods and Results: We collected 109 samples from different blood vessels, dissected 

during general surgery. Expression of a representative set of 17 14q32 microRNAs was 

measured in each sample. All 17 microRNAs showed a unique expression pattern throughout 

the vasculature. 14q32 microRNA expression was highest in lower limb vessels and lowest in 

head and neck vessels. All 17 microRNAs were expressed more abundantly in arteries than in 

veins. Throughout the human vasculature, we observed trends toward an inverse correlation 

between expression levels of the 14q32 microRNAs and their vasoactive target genes. DNA 

methylation of the 3 Differentially Methylated Regions (DMRs) along the 14q32 locus did not 

associate with primary or mature microRNA expression. However, hyper-methylation in 

venous coronary artery bypass grafts compared to arterial bypass grafts was observed in the 

Intergenic-DMR and MEG3-DMR. In patients with end-stage peripheral arterial disease we 

found differential DNA methylation throughout all DMRs in their lower limb veins. These 

findings were confirmed in a mouse model for vein-graft disease in which we found regulated 

14q32 DNA methylation during the active phase of vascular remodelling. In ischemic tissues 

of a murine hind limb ischemia model we observed an increase in DNA methylation associated 

with increased ischemia over time.  

Conclusions: We show that 14q32 microRNAs are abundantly expressed in the human 

vasculature and that expression differs significantly between different blood vessels. 14q32 

DNA methylation also varies throughout the vasculature and is associated with vascular 

health, independently of microRNA levels. These findings could have important implications 

for future research and for future site-specific targeting of epigenetics-based therapeutics. 

  



Introduction 

Cardiovascular disease is the collective term for a variety of diseases that have the highest 

morbidity and mortality rates worldwide1. The pathophysiology of cardiovascular disease is 

multifactorial and different locations in the human vasculature are prone to different types 

of cardiovascular disease. For example, atherosclerosis occurs predominantly in large and 

medium sized arteries at locations with disturbed flow, such as bifurcations and curvatures2, 

whereas arterial aneurysm formation occurs often in the aortic wall or in intracranial arterial 

walls3,4. This suggests that local differences in the vasculature are important in the 

pathophysiology of cardiovascular disease. In this study, we focus on microRNAs and 

differences in their intervascular expression levels. 

MicroRNAs (miRs) are a class of small endogenous noncoding RNA molecules of 

approximately 22 nucleotides in length. Mature microRNAs are single-stranded RNA 

molecules that bind to the 3′-untranslated region (3′UTR) of their target mRNAs in order to 

inhibit mRNA translation into proteins. 

Individual microRNAs have the ability to inhibit the expression of multiple, up to several 

hundred, target genes. Therefore, they can function as master switches in 

(patho)physiological processes5, including cardiovascular disease. MicroRNAs have been 

shown to regulate different cardiovascular remodelling processes and pathologies6-9. 

Moreover, it was recently found that microRNA expression differs between atherosclerotic 

plaques and non-atherosclerotic arteries10-12. MicroRNAs are potentially important new 

therapeutic targets in the treatment of cardiovascular disease13-15. 

Our group was the first to describe that a large gene cluster of 54 individual microRNA genes 

on the long arm of human chromosome 14 (14q32) plays a major role in various forms of 

vascular remodelling and cardiovascular disease. The 14q32 locus is also known as DLK1-DIO3 

locus. For example, inhibition of miR-329, miR-494, miR-487b, and miR-495 in mice stimulated 

neovascularization after hindlimb ischemia16, but inhibition of miR-494 in mice also decreased 

atherosclerosis and increased plaque stability17. Moreover, inhibition of miR-495 reduced 

accelerated atherosclerosis and intimal hyperplasia in mice18. Furthermore, miR-487b plays a 

role in angiotensin II-induced aneurysm formation in rats19. Wang et al. also observed the 

antiangiogenic effect of miR-32920. Moreover, knockdown of miR-494 resulted in an increase 

in the heart’s sensitivity to ischemia-reperfusion injury after myocardial infarction in mice21. 

Finally, the 14q32 microRNA cluster was also shown to be associated with bicuspid aortic 

valve disease22. 

We know that different vascular beds show different susceptibilities to various types of 

cardiovascular disease and that microRNAs play an important role in cardiovascular 

pathology14. Yet, we know little about expression profiles of vasoactive microRNAs 



throughout the vasculature. MicroRNA expression in general is highly tissue-specific23, which 

was already shown by Wienholds et al24. However, microRNA expression can also vary 

significantly between regions within tissues. For example, the vascular microRNA miR-126 has 

been shown to be vascular endothelial cell-specific25, whereas another vascular microRNA, 

miR-145, is mainly expressed in vascular smooth muscle cells12,26. Both microRNAs have 

important roles in neovascularization, atherosclerosis, and aneurysm formation14,27-30. 14q32 

microRNAs also show differential expression throughout the vasculature. For example        

miR-329, which is abundantly expressed in the femoral artery of mice, showed low to no 

expression in the carotid artery and miR-494, on the other hand, is expressed in the carotid 

artery and is upregulated in unstable human carotid artery lesions17. 

Besides expression of the 14q32 microRNAs, DNA methylation status of the 14q32 locus also 

plays a role in cardiovascular disease31. DNA methylation is subject to mutagenic loss, but is 

conserved in CpG-islands that are predominantly located in promotor regions of genes32. DNA 

methylation varies between individuals and, therefore, CpG-rich regions are called 

Differentially Methylated Regions (DMRs). The human 14q32 locus contains 3 DMRs, namely 

an Intergenic DMR (IG-DMR), located between the DLK1 and the MEG3 genes, a DMR partially 

overlapping the promotor region of MEG3 (MEG3-DMR), and a DMR located near the MEG8 

gene (MEG8-DMR), all upstream of the microRNA gene cluster. Variations in the 14q32 DNA 

methylation status are associated with differences in microRNA expression in type 2 diabetes 

mellitus33, murine lupus34, and oncogenesis35-39. More importantly, similar to the 14q32 

microRNA expression, methylation of the 14q32 locus has been shown to associate with 

atherosclerosis31 and with peripheral arterial disease40.  

In this study, we aimed to map expression profiles of 14q32 microRNAs as well as DNA 

methylation throughout the human vasculature. We collected 109 different blood vessel 

samples in a biobank that were harvested during general surgery. We profiled the expression 

of a representative subset of the 14q32microRNAs and quantified the DNA methylation status 

within the three 14q32 DMRs. As microRNAs act through expression levels of their target 

genes, expression levels of confirmed vasoactive target genes for each of the profiled 14q32 

microRNAs were measured. We investigated the impact of potential confounding factors on 

14q32 microRNA expression and DNA methylation, including age, sex, and malignancies, 

which have been shown to associate with microRNA expression41-43 and DNA 

methylation35,36,38,39,44-46 profiles in general. Finally, we confirmed DNA methylation in 

relevant mouse models of cardiovascular disease i.e., vein graft disease and hind limb 

ischemia. 

 

 



Materials and methods 

Sample Collection 

The miRMap biobank was compiled of 109 different human vascular tissue samples 

(Supplementary Table 1), which were collected during gastroenterological-, head- and neck-, 

vascular-, and thoracic surgery performed at the Leiden University Medical Center for various 

indications. Only surplus vessel tissue was used. Samples were collected in sterile Phosphate 

Buffered Saline (PBS) (30mL) with heparin (30μL of 1,000units/mL) immediately after 

dissection and were snap frozen at −80◦C after draining of the liquid within 2 hours after 

collection. 

All samples were anonymized and data that were collected from patients were only name of 

vessel, indication of surgery, sex, and age during surgery, so outcomes could not be traced 

back to individual persons. Collection, storage, and processing of the samples were performed 

in compliance with the Medical Treatment Contracts Act (Wet op de Geneeskundige 

Behandelingsovereenkomst (WGBO), art. 7:446-468 Burgerlijk Wetboek, 1995) and the Code 

of Conduct for Health Research using Body Material (Good Practice Code, Dutch Federation 

of Biomedical Scientific Societies, 2002) and the Dutch Personal Data Protection Act (Wet 

Bescherming Persoonsgegevens, 2001), according to Dutch law for using human tissue rest 

material in biobanks, following the principles outlined in the Declaration of Helsinki. As we 

only used surplus, anonymized material, Informed Consent was not required under Dutch 

law, and therefore not obtained. 

Lower limb veins from six patients suffering from peripheral arterial disease in critical 

ischemic conditions were obtained during lower limb amputation surgery and collected in the 

Ampubase biobank in the Leiden University Medical Center (Supplementary Table 1). 

Inclusion criteria for the biobank were minimum age of 18 years and lower limb amputation, 

excluding ankle, foot, or toe amputations. The exclusion criteria were suspected or confirmed 

malignancy and inability to give informed consent. Directly after amputation, vessels were 

dissected from the amputated limb and snap-frozen at −80◦C. 

Sample collection was approved by the Medical Ethics Committee of the Leiden University 

Medical Center (Protocol No. P12.265) and written informed consent was obtained from all 

participants. 

 

Hind Limb Ischemia Model 

All animal experiments were approved by the committee on animal welfare of the Leiden 

University Medical Center (Leiden, The Netherlands) and all animal procedures were 

performed conform the guidelines from Directive 2010/63/EU of the European Parliament on 

the protection of animals used for scientific purposes. Wildtype C57Bl/6 mice (all male, aged 



8–12 weeks, housed with water and chow ad libitum) anesthetized by intraperitoneal 

injection of midazolam (5mg/kg, Roche Diagnostics), medetomidine (0.5mg/kg, Orion), and 

fentanyl (0.05mg/kg, Janssen Pharmaceuticals). Left hind limb ischemia was induced by a 

single electrocoagulation of the left femoral arteria proximal to the superficial epigastric 

artery. Anesthesia was antagonized after surgery with flumazenil (0.5mg/kg, Fresenius Kabi) 

and atipamezole (2.5mg/kg, Orion). Buprenorphine (0.1mg/kg MSD Animal Health) was 

provided post-surgery as painkiller. Mice were anesthetized as described above. One group 

of mice (n = 4) was sacrificed without any intervention as baseline control group. Other groups 

were sacrificed 1 day and 3 days after hind limb surgery (4 mice per group). Hind limb muscles 

(adductor muscle, gastrocnemius muscle, and soleus muscle) from the ligated left hind limb 

and its internal control the right hind limb were removed and snap-frozen at −80◦C. 

 

Vein Graft Disease Model 

ApoE3∗Leiden mice, all male, aged 10–20 weeks, were housed with water and a western-type 

diet (ABdiets, ad libitum). This led to hypercholesterolemia above 12mmol/L, as determined 

before surgery (Roche Diagnostics). Vein graft surgery was performed by interposition of a 

donor caval vein in the carotid artery of recipient mice as previously described by De Vries et 

al47. Mice were anesthetized with midazolam (5mg/kg, Roche Diagnostics), medetomide 

(0.5mg/kg, Orion), and fentanyl (0.05mg/kg, Janssen Pharmaceuticals) and mice were 

monitored for adequacy of anesthesia by keeping track of breathing frequency and response 

to toe pinching. After surgery, anesthesia was antagonized with atipamezole (2.5mg/kg, 

Orion) and flumazenil (0.5mg/kg, Fresenius Kabi). As pain relieve buprenorphine (0.1mg/kg, 

MSD Animal Health) was provided post-surgery. Mice were sacrificed after 14 or 28 days (7 

mice per group) by exsanguination under anesthesia. One mouse of the 14 days group was 

taken out because humane endpoint criteria were met. Vein grafts and native caval veins 

were harvested and snap-frozen at −80◦C. 

 

Isolation of Human Umbilical Venous Endothelial Cells (HUVECs), Human Umbilical Arterial 

Endothelial Cells (HUAECs), Human Umbilical Arterial Smooth Muscle Cells (HUASMCs), and 

Human Umbilical Arterial Myofibroblasts (HUAFIBs) 

Umbilical cords were collected from full-term pregnancies and stored in sterile PBS at 4◦C and 

cell isolation was performed within 7 days. Umbilical cord vascular cells were isolated as 

previously described by Welten et al16. In brief, for HUVEC/HUAEC isolation, a cannula was 

inserted in the umbilical vein or in one of the umbilical arteries and flushed with sterile PBS. 

The vessels were infused with 0.075% collagenase type II (Worthington) and incubated at 



37°C for 20min. The collagenase solution was collected and the vessels were flushed with PBS 

in order to collect all detached endothelial cells. The cell suspensions were centrifuged at 

300g for 5min and the pellet was resuspended in HUVEC/HUAEC culture medium [M199 (PAA) 

with 10% heat inactivated human serum (PAA), 10% heat inactivated newborn calf serum 

(PAA), 1% of penicillin (10,000U/mL) and 1% of streptomycin (10,000U/mL) (MP Biomedicals), 

150μg/ml endothelial cell growth factor (kindly  provided by Dr. Koolwijk, VU Medical Center, 

Amsterdam, the Netherlands) and 0.1% (1,000units/mL) heparin (LEOPharma)]. HUAECs and 

HUVECs were cultured in plates coated with 1% gelatin. 

The second artery was removed and cleaned from remaining connective tissue. Endothelial 

cells were removed by gently rolling the artery over a blunted needle. The tunica adventitia 

and tunica media were separated using surgical forceps. After overnight incubation in 

HUASMC/HUAFIB culture medium (DMEM GlutaMAXTM (Invitrogen, GIBCO), 10% heat 

inactivated fetal bovine serum (PAA), 10% heat inactivated human serum, 1% penicillin 

(10,000U/mL)/streptomycin (10,000U/mL) and 1% non-essential amino acids (100X, ref 

11140–035) (GIBCO, Life Technologies), both tunicae were incubated separately in a 2mg/ml 

collagenase type II solution (Worthington) at 37◦C. Cell suspensions were filtered over a 70μm 

cell strainer and centrifuged at 300g for 10min. Cell pellets were resuspended and plated in 

culture medium. Cells isolated from the tunica adventitia were washed with culture medium 

after 90min to remove slow-adhering non-fibroblast cells. 

 

Primary Cell Culture 

Cells were cultured at 37°C in a humidified 5% CO2 environment. Cell-type specific culture 

medium was refreshed every 2–3 days. Cells were passed at 90–100% (HUVECs, HUAECs, and 

HUASMCs) or 70–80% confluency (HUAFIBs). HUVECs, HUASMCs, and HUAFIBs were used up 

to passage six and HUAECs up to passage three. Stocks of isolated HUVECs, HUASMCs, and 

HUAFIBs up to passage four and HUAECs up to passage two were stored at −180°C in DMEM 

GlutaMAXTM containing 20% FBS and 10% DMSO (Sigma).  

 

RNA Isolation 

For RNA isolation, frozen human vascular tissues were crushed in liquid nitrogen and total 

RNA was isolated from tissue powder as well as from cultured cells by standard TRIzol-

chloroform extraction, according to the manufacturer’s instructions (Thermo Fisher 

Scientific). RNA concentrations were measured using NanodropTM 1000 Spectrophotometer 

(Thermo Fisher Scientific). 

 

 



MicroRNA Quantification 

For microRNA quantification, RNA was reversed transcribed using the TaqmanTM MicroRNA 

Reverse Transcription Kit (Thermo Fisher Scientific) and subsequently quantified using 

microRNA-specific TaqmanTM qPCR kits (Thermo Fisher Scientific) on the VIIa7 (Thermo Fisher 

Scientific). MicroRNA expression was normalized against U6 small nuclear RNA. MicroRNAs 

analyzed, in order of their genetic location along the 14q32 cluster, were hsa-miR-433-3p 

(miR-433-3p), hsa-miR-127-3p (miR-127-3p), hsa-miR-136-5p (miR-136-5p), hsa-miR-370-3p 

(miR-370-3p), hsa-miR-411-5p (miR-411-5p), hsa-miR-329-3p (miR-329-3p), hsa-miR-494-3p 

(miR-494-3p), hsa-miR-543-3p (miR-543-3p), hsa-miR-495-3p (miR-495-3p), hsa-miR-376c-3p 

(miR-376c-3p), hsa-miR-300-3p (miR-300-3p), hsa-miR-487b-3p (miR-487b-3p), hsa-miR-539-

5p (miR-539-5p), hsa-miR-544a-3p (miR-544a-3p), hsa-miR-134-5p (miR-134-5p), hsa-miR-

485-5p (miR-485-5p), hsa-miR-410-3p (miR-410-3p). Of the 54 microRNAs located on the 

14q32 locus, we measured the expression of 17 microRNAs in our biobank of human vascular 

tissue samples. The genes encoding these microRNAs were distributed equally along the locus 

(Figure 1A) and in a previously published Reverse Target Prediction analysis, these microRNAs 

were demonstrated to be of potential interest in vascular remodelling16. Vessels were divided 

into groups based on location of origin, with each group consisting of samples from at least 3 

different individuals. For comparisons between patients with coronary artery disease (CAD) 

and peripheral artery disease (PAD), we looked both at arteries and veins. For CAD, we 

included arteriae mammariae and venae saphenae magnae (VSM), both used and prepared 

for coronary artery bypass grafting, but discarded as surplus length of the bypass. For PAD, 

we included lower limb arteries and lower limb veins that were either prepared for femoral 

popliteal bypass grafting, but discarded as surplus length of the bypass, or removed along 

with amputated tissue after lower limb amputation. Expression levels of microRNAs were 

calculated relative to U6 expression and expressed as 2−dCt. 

 

Primary microRNA Quantification 

RNA was reverse transcribed using “high-capacity RNA to cDNA kit” (Thermo Fisher Scientific) 

and quantified by qPCR using SybrGreen reagents (Qiagen) on the VIIa7. Primary microRNA 

expression was normalized against U6 and expressed as 2−dCt. Primary microRNAs and primer 

sequences are provided in Supplementary Table 4. 

 

DNA Methylation Assessment 

DNA methylation was determined using methylation-sensitive endonucleases, as described 

previously by Moradi et al37. Genomic DNA was isolated using DNeasy Blood & Tissue Kit 

(Qiagen). Of 109 vessel tissue samples only 78 samples could be used for DNA methylation 



quantification due to shortage of tissue or to a very low DNA yield (<2ng/μL). All Ampubase 

biobank samples had DNA yield > 2ng/μL. In the murine hind limb ischemia model and in the 

vein graft model all samples had sufficient DNA yield. After treating the DNA with 

methylation-sensitive restriction enzymes (Supplementary Table 2; 10units/reaction 

according to Manufacturer’s Protocol (NEB) with 200ng DNA per reaction), uncut, and thus 

methylated, DNA was quantified by qPCR using SybrGreen reagents (Qiagen) on the VIIa7. 

The estimated methylated DNA fraction (EMF) was expressed relative to an restriction 

enzyme independent control sequence. Primer sequences and the corresponding CpGs that 

are potentially cut by methylation-sensitive restriction enzymes are provided in 

Supplementary Tables 2 and 3. Estimated methylation fractions (EMF) were calculated 

relative to a methylation-independent control, i.e., a stretch of DNA from the same genomic 

region that did not contain methylation-sensitive restriction sites. 

 

MicroRNA Targets and DNA Methyltransferases (DNMTs) 

For each microRNA, we selected at least one previously confirmed target gene that plays a 

confirmed role in vascular remodelling. Ninety five out of 109 samples had sufficient RNA 

yield for mRNA quantification (≥40ng/μL). mRNA was reverse transcribed using “high-capacity 

RNA to cDNA kit” (Thermo Fisher Scientific) and quantified by qPCR using SybrGreen reagents 

on the VIIa7. mRNA expression was normalized against GAPDH and expressed as 2−dCt. Target 

mRNAs, DNMTs and primer sequences are provided in Supplementary Table 4. 

 

Statistical Analyses 

Mean values per group are presented ± SEM. Differences between groups were evaluated 

using Student’s t-tests with a significance level of α < 0.05. P-values were adjusted for multiple 

testing using Holm-Sidak’s method. 

A Grubbs’ test was used to identify significant outliers (α < 0.05) resulting in exclusion of 

maximum of one value per data group per microRNA, except for miR-494 in which dataset we 

excluded three relative expression values in lower leg arteries because of their extremely high 

value. 

Fisher’s exact test was performed to evaluate the overall trends toward increases or 

decreases for all microRNAs between veins and arteries and between non-malignant and 

perimalignant vessels. 

To evaluate the possible impact of age on expression levels between (primary) microRNA 

levels and DNA methylation, between DNMT expression and (primary) microRNA expression 

and between DNMT expression and DNA methylation, linear regression analyses were 

performed in GraphPad Prism 8. 



For the heat map, expression levels of each microRNA were normalized to its own average 

expression in all samples in the biobank. 

One-way ANOVA statistical analysis was performed to detect differences in vascular wall cell 

types and to assess differences between vessel groups in coronary artery disease (CAD) and 

peripheral artery disease (PAD) and for DNA methylation in murine vein graft disease using α 

< 0.05. To test significance between two groups of the one-way ANOVA analysis, multiple 

tests were performed and correction for multiple testing with Holm-Sidak’s method was 

done. 

To evaluate the possible change of DNA methylation over time, log-transformed, between 

treated and untreated hind limb muscles within the three DMRs, a mixed model was used in 

IBM SPSS Statistics 23 (α < 0.05), with time (categorical), muscle, left/right, and DMR as fixed 

effects, and random intercepts per mouse. 

 

Results 

Global Expression Patterns of 14q32 microRNAs 

Of the 54 microRNA genes located on the 14q32 locus, we measured expression of a selection 

of a representative subset of 17 microRNAs in our biobank of 109 human vascular tissue 

samples originating from various locations throughout the human vasculature. These 

microRNAs were distributed equally along the locus (Figure 1A) and in a previously published 

Reverse Target Prediction analysis, these microRNAs were demonstrated to be of potential 

interest in vascular remodelling16. Expression data were divided into groups based on location 

of origin of the collected blood vessels. In Figure 1B a heat map of the overall expression of 

14q32 microRNAs is presented. Expression of the 14q32 microRNAs was highest in lower limb 

vessels and abdominal arteries. Some microRNAs, which genes are located next to each other, 

showed similar expression patterns, such as miR-134-5p and miR-485-5p. However,              

miR-543-3p and miR-495-3p, also direct genetic neighbors in the cluster, differ in expression 

pattern. MiR-494-3p and miR-487b-3p, although not located in close proximity from each 

other within the locus, do show resemblances in relative expression throughout various vessel 

types. All measured microRNAs, however, showed unique expression patterns, suggesting 

independent regulation of expression. 



 
 
Figure 1 (A) Schematic presentation of the human 14q32 locus. Protein coding genes are depicted in 
black, long noncoding RNA genes in red, measured microRNA genes in blue, DMRs in green, and 
snoRNA genes in purple. (B) Heat map of all analyzed microRNAs. For every microRNA, expression in 
each vessel group was normalized against the average expression of the microRNA in all samples. 
Relative expression below average is green, around average is yellow and above average is orange to 
red. Vessels were divided into the following groups: upper limb veins (N = 3), lower limb arteries (N = 
14), lower limb veins (N = 20), abdominal arteries (N = 17), abdominal veins (N = 6), head and neck 
arteries (N = 9), head and neck veins (N = 7), abdominal aorta (N = 4), thoracic aorta (N = 5), and 
arteriae mammariae (N = 21). MicroRNAs are arranged in the order of chromosomal location of the 
microRNA gene. 
 

 

 



Individual 14q32 microRNA Expression Throughout the Vasculature 

Next, we analyzed the relative expression levels of each microRNA in different types of vessels 

(Figure 2). As presented in Figure 1B, microRNA expression in general was highest in vessel 

tissues in the lower limbs and the abdomen, and lowest in the head- and neck area. On 

individual levels, we observed a significant difference in expression between the abdominal 

arteries and veins for miR-433-3p, miR-127-3p, miR-136-5p, miR-411-5p, miR-329-3p,         

miR-494-3p, miR-495-3p, miR-376c-3p, miR-300-3p, miR-487b-3p, miR-539-5p, miR-134-5p, 

miR-485-5p, and miR-410-3p. Similar observations were made for lower limb arteries and 

veins for miR-127-3p, miR-495-3p, miR-487b-3p, and miR-485-5p. As mentioned above, some 

microRNAs closely located to each other within the cluster show similar expression profiles, 

but others vary widely, suggesting a tight and active regulation of expression of each 

individual microRNA in each different blood vessel. Furthermore, relative expression ranged 

from <0.0001 in lower limb vessels and abdominal veins (miR-544a-3p, Figure 2N) to 0.4 in 

abdominal aortas (miR-433-3p, Figure 2A). Among four 14q32microRNAs, miR-329-3p,       

miR-487b-3p, miR-494-3p, and miR-495-3p, for which we previously reported a functional 

role in vascular remodelling16-19, miR-329-3p showed very low expression, whereas its 

neighbor in the cluster, miR-494-3p, showed a 100-fold higher expression (Figures 2F,G). 

Expression levels of these four microRNAs were all below the detection level in abdominal 

aortic tissue, however they were all harvested during aneurysm repair surgery (Figures 

2F,G,I,L). This again implies that microRNA expression is independently regulated. 

 

Arterial vs. Venous microRNA Expression 

As we observed differences in expression of 14q32 microRNAs between arteries and veins of 

the same tissue (e.g., lower limb, abdomen, head, and neck), we divided samples into two 

groups, namely arteries (N = 73) and veins (N = 36). Arterial and venous expression of each 

individual microRNA is depicted in Figure 3. None of the 14q32 microRNAs, individually, 

showed significant expression differences between arteries and veins after adjusting for 

multiple testing. However, the overall observation that microRNA expression in arterial 

samples is higher than in venous samples for each microRNA, was significant (p = 0.0027). 

 



 

Figure 2 (A–Q) MicroRNA expression profiles in human vessel groups. Vessels were divided into the 
following groups: upper limb veins (N = 3), lower limb arteries (N = 14), lower limb veins (N = 20), 
abdominal arteries (N = 17), abdominal veins (N = 6), head and neck arteries (N = 9), head and neck 
veins (N = 7), abdominal aorta (N = 4), thoracic aorta (N = 5), and arteriae mammariae (N = 21). Each 
microRNA shows vessel group specific expression patterns. Mean expression per group is shown. The 
error bars represent the SEMs. ∧p < 0.1, *p < 0.05, # <3 samples showed expression and samples were 
therefore not included in the analyses. Student’s t-test was used with a significance level of α < 0.05. 
MicroRNAs are arranged in the order of chromosomal location of the microRNA gene. 
 

 



 
Figure 3 Arterial vs. Venous MicroRNA Expression. Arteries (N = 73) vs. Veins (N = 36) in miRMap. 
Mean expression per group is shown. The error bars represent the SEMs. MicroRNAs are arranged in 
the order of chromosomal location of the microRNA gene. 

 

14q32 microRNA Expression in Vascular Cell Layers of Human Umbilical Cords 

In order to determine in which segment of the vascular wall the 14q32 microRNAs are most 

abundantly expressed, we measured microRNA expression in cultured primary human 

umbilical cord cells, realizing of course that the umbilical cord arteries and veins are just two 

types of blood vessels and that the next findings may differ in other vessel types. We included 

human umbilical venous endothelial cells (HUVECs), human umbilical arterial endothelial cells 

(HUAECs), human umbilical arterial smooth muscle cells (HUASMCs), and human umbilical 

arterial fibroblasts (HUAFIBs). The expression of 14q32 microRNAs in umbilical cord 

endothelial cells (both venous and arterial) was relatively low compared to arterial smooth 

muscle cells and arterial fibroblasts. Arterial endothelial cell microRNA expression was also 

lower than both arterial smooth muscle cell and arterial fibroblast microRNA expression 

(Figures 4A–Q). We found that HUASMC expression for miR-127-3p was high compared to all 

other primary vascular cell types (Figure 4B). A similar pattern was found for miR-370-3p and 

miR-495-3p (Figures 4D,I). 

 



 
Figure 4 (A–Q) MicroRNA expression in human umbilical cord vascular cell layers. Human umbilical 
venous endothelial cells (HUVEC, N = 3), human umbilical arterial endothelial cells (HUAEC, N = 3), 
human umbilical arterial smooth muscle cells (HUASMC, N = 3), and human umbilical arterial 
fibroblasts (HUAFIB, N = 3). Mean expression per group is shown. The error bars represent the SEMs. 
*p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001. One-way ANOVA statistical analysis was performed 
with a significance level of α < 0.05. MicroRNAs are arranged in the order of chromosomal location of 
the microRNA gene. 
 



 
Figure 5 (A–Q) MicroRNA expression in human vessel groups of peripheral and coronary artery disease 
patients. Vessels were divided into the following groups: lower limb arteries from patients with PAD 
(N = 14), arteriae mammariae from patients with CAD (used as arterial graft; N = 21), lower limb veins 
from patients with CAD (used as vein graft; N = 8), lower limb veins from patients with PAD (N = 12), 
lower limb veins from patients with critical ischemia (PAD-CI; N = 6). Mean expression per group is 



shown. The error bars represent the SEMs. *p < 0.05, **p < 0.01. One-way ANOVA statistical analysis 
was performed with multiple testing for differences between all bars individually with a significance 
level of α < 0.05, corrected for multiple testing. MicroRNAs are arranged in the order of chromosomal 
location of the microRNA gene. 

 
 
14q32 microRNA Expression in Patients With Cardiovascular Disease 

In order to determine whether the 14q32 microRNAs are also regulated in samples from 

patients with cardiovascular disease, we selected four groups of blood vessels from the 

miRMap biobank, harvested during bypass surgery in Coronary Artery Disease (CAD) patients 

or intermittent Peripheral Artery Disease (PAD) patients. From both CAD and PAD patients, 

we selected arterial and venous. Furthermore, we selected a group of lower limb veins from 

patients with PAD in Critical Ischemic conditions (PAD-CI). As shown in Figure 5, except for 

miR-136-5p and miR-494-3p, microRNA expression is higher in the less ischemic lower limb 

veins in intermittent PAD compared to the PAD-CI samples.  

 

14q32 microRNA Target Gene Expression 

For each of the 17 measured 14q32 microRNAs, we selected at least one confirmed target 

gene with a confirmed vascular function. Vessel groups that show high expression for a 

specific microRNA, show lower expression of the selected target mRNA and vice versa. This is 

shown in Figure 6 for the abdominal and thoracic aorta groups, for the arteria mammaria 

group and for the lower limb vessels. Both high and low microRNA expression show inversed 

expression of the measured target mRNAs, for example for miR-433-3p, miR-370-3p, and  

miR-544a-3p (Figures 6A,D,P). 

 

 



 
Figure 6 (A–V) MicroRNA target genes. Vessels were divided into the following groups: upper limb 
veins (N = 3), lower limb arteries (N = 11), lower limb veins (N = 18), abdominal arteries (N = 14), 
abdominal veins (N = 5), head and neck arteries (N = 9), head and neck veins (N = 5), abdominal aorta 
(N = 4), thoracic aorta (N = 5), and arteriae mammariae (N = 18). MicroRNA expression and target gene 
expression tend to show inversed expression in different vessel groups. Mean expression per group is 



shown. The error bars represent the SEMs. # <3 samples showed expression and samples were 
therefore not included in the analyses. MicroRNAs arranged in the order of chromosomal location of 
the microRNA gene. 
 

Methylation of 14q32 DNA Throughout Vasculature 

We measured the estimated methylation fraction (EMF) of multiple CpGs in the 3 DMRs 

located along the 14q32 locus (Figure 1A) in 78 miRMap samples. Although we observed 

distinct patterns of differential methylation throughout the human vasculature for the three 

different DMRs (Figure 7), we did not observe differences between arteries and veins of the 

human vasculature. Moreover, we did not find direct correlations between 14q32 EMF and 

14q32 microRNA expression individually (data not shown). Since DNA methylation is 

suggested to mainly affect transcription and the primary form of microRNA is directly affected 

by transcriptional changes, we also assessed whether there was a correlation between          

pri-microRNA expression of 4 14q32 microRNAs that are highly regulated in cardiovascular 

remodelling (miR-329, miR-487b, miR-494, and miR-495) and 14q32 DNA methylation. As 

shown in Figure 8, none of the pri-microRNAs correlated significantly with EMF of any DMR 

along the 14q32 locus.  

Changes in DNA methylation of the 14q32 cluster in atherosclerotic lesions were previously 

reported31. To further investigate this, we used the previously described four groups of blood 

vessels from the miRMap biobank, harvested during bypass surgery in CAD or PAD patients, 

as well as the group of lower limb veins from patients with PAD-CI. We found that in the          

IG-DMR (IG-DMR-CG6) and in the MEG3-DMR, but not in the MEG8-DMR, venous coronary 

artery bypass grafts [venae saphenae magnae (VSM)] had a higher EMF than arterial coronary 

artery bypass grafts (arteriae mammariae; Figures 9B–E). The EMFs did not differ between 

arterial and venous samples from PAD patients. Furthermore, EMF in venous samples of 

patients with PAD-CI, collected during amputation, showed a different EMF for each CpG site. 

EMFs of PAD-CI veins were high compared to PAD veins for IG-DMR-CG4-2, MEG3-DMR-1B, 

and MEG8-DMR-1H (Figures 9A,E,G), but low in IG-DMR-CG6-1 (Figure 9B). MEG8-DMR-1A 

did not show any differences between groups (Figure 9F). Together, these data suggest that 

site specific DNA methylation is linked to cardiovascular disease status directly, rather than 

indirectly via changes in microRNA expression. 

To identify whether there is significant correlation between primary microRNA (pri-miR) 

transcripts and DNA Methyltransferase (DNMT) genes, we measured DNMT gene expression. 

As we already found that DNA methylation is changed in vascular remodelling processes, we 

focused on peripheral artery disease (PAD) vascular samples and coronary artery disease 

(CAD) vascular samples. Figure 10D shows that none of the DNMT genes correlated 

significantly with pri-microRNAs in miRMap CAD and PAD samples. Mature microRNAs did not 



associate as well (data not shown). However, it is interesting that DNMT genes expression 

varies in samples with different cardiovascular diseases, especially between vessels in 

different stages of PAD. Both DNMT1, which functions in DNA methylation maintenance and 

DNMT3A, a de novo DNA methylation enzyme, are highly expressed in lower limb arteries of 

PAD patients, show lower expression in lower limb veins of PAD patients and lowest 

expression is present in lower limb veins of PAD patients with critical ischemia (Figures 10A–

C). This implies that DNMT gene expression, like 14q32 DNA methylation, could be linked to 

cardiovascular disease directly. Furthermore, we assessed whether there is a correlation 

between DNA methylation and DNMT gene expression (Supplementary Figure 1). A significant 

correlation could only be found between DNMT3A and MEG3-DMR-1A (p = 0.03). 

 
Figure 7 (A–G) DNA-methylation at the 3 DMRs along the 14q32 locus in vessel groups. Vessels were 
divided into the following groups: upper limb veins (N = 3), lower limb arteries (N = 6), lower limb veins 
(N = 17), abdominal arteries (N = 12), abdominal veins (N = 4), head and neck arteries (N = 5), head 
and neck veins (N = 5), abdominal aorta (N = 3), thoracic aorta (N = 5), and arteriae mammariae (N = 
16). Estimated Methylation Fraction (EMF) relative to restriction enzyme-independent control. Mean 
expression per group is shown. The error bars represent the SEMs. #<3 samples showed EMF and 
samples were therefore not included in the analyses. 



 

 
 

Figure 8 Correlations between primary 14q32 microRNAs and 14q32 DNA methylation. Primary 
microRNA (pri-miR) expression levels (relative to U6) compared to estimated DNA methylation 
fraction [EMF (relative to restriction enzyme-independent control)]. Linear regression analyses did not 
show statistically significant correlations. 



 
Figure 9 (A–G) Methylation of DNA in 14q32 DMRs in human vessel groups of peripheral and coronary 
artery disease patients. Vessels were divided into the following groups: lower limb arteries from 
patients with PAD (N = 6), arteriae mammariae from patients with CAD (used as arterial graft; N = 16), 
VSMs from patients with CAD (used as vein graft; N = 8), lower limb veins from patients with PAD (N 
= 9), lower limb veins from patients with critical ischemia (PAD-CI; N = 6). Estimated Methylation 
Fraction (EMF) relative to restriction enzyme-independent control. Mean expression per group is 
shown. The error bars represent the SEMs. ∧p < 0.1, *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001. 
One-way ANOVA statistical analysis was performed with multiple testing for differences between all 
bars individually with a significance level of α < 0.05, corrected for multiple testing. 



 

 
Figure 10 Gene expression of DNMT1, DNMT3A, and DNMT3B and correlations with pri-microRNA 
expression. Vessels were divided into the following groups: lower limb arteries from patients with PAD 
(N = 11), arteriae mammariae from patients with CAD (used as arterial graft; N = 18), VSMs from 
patients with CAD (used as vein graft; N = 8), lower limb veins from patients with PAD (N = 10), lower 
limb veins from patients with critical ischemia (PAD-CI; N = 6). The error bars represent the SEMs.       
*p < 0.05. One-way ANOVA statistical analysis was performed with multiple testing for differences 
between all bars individually with a significance level of α < 0.05, corrected for multiple testing. Linear 
regression analyses do not show statistically significant correlations. 



14q32 DNA Methylation in Murine Models for Cardiovascular Disease 

To confirm the associations of 14q32 DNA methylation with both vein graft disease and 

peripheral artery disease, we used two different mouse models. In a murine model for vein 

graft disease, we found that 14q32 DNA methylation was changed during the active phase of 

vascular remodelling, i.e., at 2 weeks after vein graft surgery (Figure 11). After 28 days a more 

stable phase of vein graft disease48,49, EMF seems to go back toward the EMF of the native 

vena cava (Figure 11). DNA methylation, however, was not shown to increase or decrease 

DMR-specifically, as we found both EMF increases and EMF decreases at 2 weeks after vein 

graft surgery within one DMR, namely IG-DMR (Figures 11E,F).  

Hind limb ischemia was induced via femoral artery ligation, to mimic PAD in mice. We have 

previously shown a large scale upregulation for 14q32 microRNAs in response to hind limb 

ischemia in mice16. Here, we measured 14q32 DNA methylation of the three DMRs              

(Dlk1-DMR, IG-DMR, and Glt2-DMR) in three different muscles (adductor muscle, 

gastrocnemius muscle, and soleus muscle) at three different time points (Figure 12). Using a 

Mixed Model in SPSS, on all data together, we found a significant change in DNA methylation 

over time in ischemic muscle tissues in the three DMRs (p = 0.009). 

Together, these findings indicate that associations between 14q32 microRNA expression and 

cardiovascular disease as well as between DNA methylation and cardiovascular disease are 

conserved over species. 

 

Potential Confounding Factors 

As microRNA expression and DNA methylation can be influenced by different factors, we 

assessed the influence of the most common confounding factors: sex, age, and malignancy. 

In the miRMap biobank, neither 14q32 microRNA expression nor DNA methylation differed 

between men and women. Furthermore, no correlation with age was observed (data not 

shown). Finally, we selected vessels resected from locations near resected tumors (abdominal 

and head and neck tumors) and compared expression with vessels originating from these 

same locations from patients without malignancies (Supplementary Figure 2A). Although we 

did not observe significant differences for individual microRNAs, of the 17 measured 

microRNAs, 16 microRNAs showed higher expression in the peri-malignancy samples (p = 

0.0167). For DNA methylation, no differences in EMF nor a trend toward hypo- or hyper-

methylation in any of the groups was observed (Supplementary Figure 2B). 

 



 
Figure 11 (A–M) 14q32 DNA methylation in murine vein graft disease. Native venae cavae (N = 13) 
were compared to venae cavae used as vein grafts, harvested either after 2 weeks (N = 6) and after 4 
weeks (N = 7) in the different CpG-positions along the genome. At 2 weeks after surgery, Estimated 
Methylation Fraction (EMF) was up- or downregulated and at 4 weeks after surgery this change 
seemed to go back to the EMF of the native venae cavae. EMF is expressed relative to restriction 
enzyme-independent control. Mean expression per group is shown. The error bars represent the 
SEMs. *p < 0.05. One-way ANOVA statistical analysis was performed with multiple testing for 
differences between all bars individually with a significance level of α < 0.05, corrected for multiple 
testing. 
 



 
Figure 12 14q32 DNA methylation in murine hind limb ischemia model. Hind limb muscles (adductor, 
soleus and gastrocnemius) harvested before (N = 4), 1 day after (N = 4), and 3 days after left femoral 
artery ligation (N = 4). Muscles from the right paw were used as internal control. Estimated 
Methylation Fraction (EMF) relative to restriction enzyme-independent control is expressed relative 
to the average EMF of T0 in left and right (set to 100% and indicated as the dotted line). Mean 
expression per group is shown. The error bars represent the SEMs. On all data together, a Mixed 
Model is performed and showed a significant change in DNA methylation over time in ischemic muscle 
tissues in the three DMRs (p = 0.009). 
 

Discussion 

All 14q32 microRNAs measured in this study are expressed in the human vasculature, but not 

all microRNAs are expressed in all vessel types. In fact, each 14q32microRNA had its own 

unique expression “fingerprint” throughout the vasculature. Expression levels of the 14q32 

microRNAs varied widely in each type of vessel. These findings confirm the existence of tight 

individual regulation of 14q32microRNA expression which should be taken into account in 

future studies. Moreover, our study demonstrates the complexity of human microRNA 

expression patterns, which has been studied extensively in different blood components50,51, 

but not in the vessel wall itself. This may have implications for future microRNA-based 



therapies, either as a limitation, if the target microRNA is not expressed at a vascular target 

site, or as a potential advantage when highly specific vessel type microRNA expression allows 

us to modulate microRNA function locally, avoiding systemic vascular side effects14. DNA 

methylation of the 14q32 locus also varied over different blood vessels, but was not directly 

associated with microRNA expression, as was claimed by previous reports31,35. Our results 

underline the complex transcriptional landscape of noncoding RNAs in general. 

Interestingly, we observed the highest expression in lower limb vascular tissues and lowest 

expression in head- and neck vascular tissues was clearly observed. Both vessel groups 

originate from locations prone to atherosclerosis. However, even though the 

pathophysiologies of both carotid artery disease and peripheral artery disease are consistent2 

and affected by the same risk factors52, we found differential expression of 14q32 microRNAs, 

which have previously been shown to associate with atherosclerotic disease17. 

The observation that all measured 14q32 microRNAs had higher expression in arteries than 

in veins can be explained by a previous finding that 14q32 microRNAs are expressed 

abundantly in fibroblasts, which are highly present in the adventitial layer of arteries16,19. This 

was confirmed by the high arterial fibroblast 14q32 microRNA expression. Furthermore, it 

was observed that arterial smooth muscle cells also showed high expression. This was 

reported previously for a non-14q32 microRNA, miR-19553. This microRNA showed more 

prominent expression in human aortic smooth muscle cells than in HUVECs53, however, this 

could also be an effect of the vascular bed, rather than the cell type. Although vascular SMCs 

and adventitial fibroblasts are mainly associated with arteries, they are also present in veins, 

albeit less prominent. Our finding that 14q32 microRNA expression is higher in both HUASMCs 

and HUAFIBs and low in both HUVECs and HUAECs, suggests that these vascular wall cell 

layers are the major contributors to 14q32 microRNA expression in the vascular wall, at least 

in umbilical cord vessels.  

The fact that we observed microRNA-specific expression fingerprints implies individual 

regulation of 14q32 microRNA expression. MicroRNA expression can be regulated by many 

different factors, both acting during transcription and during post-transcriptional processing. 

RNA Binding Proteins (RBPs) for example, are post-transcriptional regulators of microRNA 

expression. RBPs are able to bind precursor microRNAs and promote or inhibit microRNA 

maturation. Thereby, RBPs directly influence microRNA expression. Myocyte Enhancer Factor 

2A (MEF2A) is such an RBP, which regulates posttranscriptional regulation of both miR-329 

and miR-49454, but Cold-Inducible RNA-Binding Protein (CIRBP) and Hydroxyacyl-CoA 

DeHydrogenase trifunctional multienzyme complex subunit Beta (HADHB) are also RBPs that 

regulate 14q32 microRNAs miR-329 and miR-49555. However, even between these 

microRNAs, differences in expression levels and patterns were found. This suggests that 



MEF2A, CIRBP, and HADHB are only a small part of the complex regulation of microRNA 

expression. As already suggested by Treiber et al, the interaction between RBPs and 

microRNAs is a complex mechanism56 and further studies are needed to elucidate the full 

mechanism of and interplay between transcriptional and post-transcriptional factors that 

affect localized microRNA expression. 

Expression of target genes of 14q32 microRNAs was also assessed. In a previous study MEF2A 

was identified as direct target of miR-32916. Here, we found that lower expression of             

miR-329-3p, as well as miR-494-3p, corresponds with higher expression of MEF2A and vice 

versa. VEGFA is a confirmed target of miR-49416, as well as of miR-12757, and we found that 

expression of these microRNAs is indeed inversely correlated with expression of VEGFA 

throughout the vasculature. MiR-495 targets CCL2 and thereby affects proliferation and 

apoptosis of HUVECs58. In the vessel where CCL2 is highest expressed, the aorta, miR-495-3p 

was not expressed. We show here that miR-433-3p is highly expressed in the human 

vasculature. It has been shown previously that miR-433 is also abundantly expressed in 

cardiac fibrosis59 and that the miR-433 target gene JNK1-b2, shows decreased expression in 

cardiac fibrosis. We confirmed the inversed relation between miR-433 and JNK1-b2 in 

miRMap. MiR-370 has been described to directly inhibit CPT1A expression and thereby reduce 

fatty acid β-oxidation in lipid metabolism60. We also found an inversed correlation between 

miR-370 expression and CPT1A expression. FOXO1 has been described to be a direct target of 

miR-544 in colorectal cancer development61. FOXO1 itself has been found to inhibit 

endothelial growth and proliferation62 and wound closure and vascular density was reduced 

upon deletion of FOXO163. Again, we observed an inverse relationship between miR-544 and 

FOXO1 expression profiles. Therefore, we could conclude that the measured 14q32 

microRNAs act as regulators of their target mRNAs in vascular remodelling. 

DNA methylation in the 14q32 locus is associated with tissue specificity in oncogenesis64, but 

it is also associated to several (patho)physiological conditions in cardiovascular diseases like 

atherosclerosis31 and cardiac fibrosis65. Therefore, we quantified DNA methylation of multiple 

CpGs in the three different DMRs along the 14q32 locus in order to assess a possible relation 

between 14q32 DNA methylation and the different vascular origins. Differential DNA 

methylation was measured, but we did not find clear patterns overall throughout the human 

vasculature. Although it had previously been shown that hypo-methylation of the 14q32 

DMRs is associated with increased 14q32 microRNA expression and vice versa31,35, we did not 

find a direct correlation between 14q32 DNA methylation and 14q32 microRNA expression in 

miRMap. Moreover, DNA methylation did not correlate with pri-microRNA expression. The 

lack of direct associations between DNA methylation and microRNA expression indicates that 

DNA methylation can have other functions than merely regulation of transcription. An 



example of such “novel” functions was published by Shayevitch et al, demonstrating that DNA 

methylation can function as regulator of alternative splicing of mRNA66. This suggests that 

transcription and interaction between epigenetic features is a much more complex 

mechanism than has been thought and such alternative functions of the epigenome require 

further in-depth investigations in the future. 

In patients with CAD who underwent coronary artery bypass grafting, significantly higher 

14q32 DNA methylation of two DMRs was found in pre-implantation venous bypass grafts 

than in pre-implantation arterial bypass grafts. We know that coronary artery bypass graft 

patency is still significantly higher in arterial than in venous bypass grafts67-69. Future research 

into the effect of 14q32 DNA methylation on graft patency is needed to assess a direct 

relationship. Furthermore, we found a highly genomic location-dependent DNA methylation 

status of critical ischemic lower limb veins compared to intermittent ischemic lower limb 

veins. 14q32 DNA methylation status is associated with atherosclerosis31 and ischemic arterial 

disease40. The observed differential DNA methylation statuses imply that DNA methylation 

itself is a disease dependent mechanism of gene expression regulation, independent of 

microRNA expression. Furthermore, it is interesting that DNMT gene expression varies in 

samples with different cardiovascular diseases, especially between vessels in different stages 

of PAD. Both DNMT1, which functions in DNA methylation maintenance, and DNMT3A, a de 

novo DNA methylation enzyme, are highly expressed in lower limb arteries of PAD patients 

and lowest expression is present in lower limb veins of PAD patients with critical ischemia. 

This implies that DNMT gene expression, like 14q32 DNA methylation could be linked to 

cardiovascular disease directly. A significant correlation between DNMT gene expression and 

14q32 DNA methylation could only be found between DNMT3A and MEG3-DMR-1A. The 

absence of other significant correlations within this analyses could be explained by the fact 

that we have measured the status of DNA methylation and RNA expression at one timepoint, 

whereas DNA methylation is a dynamic process and we only measured in a static situation. 

Future research is needed to fully elucidate this independent mechanism and the interplay 

between DNA methylation and cardiovascular disease. 

Conservation between the human 14q32 locus and the murine 12F1 locus has been described 

previously23. In murine models for PAD and vein graft disease, we found increasing DNA 

methylation over time after hind limb ischemia. Furthermore, we observed changes in DNA 

methylation at 2 weeks after vein grafting, when vascular remodelling is most active vs. a 

normalization of the DNA methylation status at 4 weeks after vein grafting. At 4 weeks, the 

remodelling process of the vein graft model slows down toward a new stable state48,49. This 

suggests that 14q32 DNA methylation status is actively regulated during vascular remodelling. 

Unfortunately, we have no way to determine the exact stage of remodelling in the human 



atherosclerotic vascular samples that we obtained. However, the findings that DNA 

methylation directly associates with cardiovascular disease in the human vasculature, was 

fully supported by our murine models.  

Confounding factors that the miRMap study design allowed us to include, namely sex, age, 

and malignancy, and that are known to affect development and progression of cardiovascular 

diseases41-43, were assessed. We did not find a correlation of age and sex with 14q32 

microRNA expression as well as with 14q32 DNA methylation. However, in 16 out of 17 14q32 

microRNAs, expression in peri-malignancy vessels was higher than in non-malignant control 

vessels, indicating that malignancies do influence 14q32 microRNA expression in blood 

vessels in their vicinity. On the other hand, 14q32 DNA methylation did not differ between 

vessels closely located to malignancies and their control vascular tissues, unlike what has 

been described in literature for several types of cancer35,36,39. However, this was in the 

malignancy itself and not in vascular tissue nearby. 

In conclusion, 14q32 microRNAs showed to be highly diverse in expression pattern 

throughout the human vasculature. In this study, we focused on the 14q32 microRNA cluster, 

but it is likely that other vasoactive microRNAs outside the 14q32 cluster, like the endothelial-

specific microRNA miR-126 and the smooth muscle cell-specific microRNA miR-145, show 

specific vascular fingerprints as well. Furthermore, although DNA methylation could not be 

linked to microRNA expression, it is directly linked to both cardiovascular disease status and 

vessel location. Vessel-specific microRNA expression and DNA methylation profiles could 

impact both the development and treatment of cardiovascular disease, merit more attention 

in future studies into the mechanistic role of microRNAs and DNA methylation in 

cardiovascular pathology and should be taken into account in treatment of cardiovascular 

diseases via microRNAs.   
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Supplementary Data 

Supplementary Table 1 Vascular tissue samples used for microRNA analysis 

miRMap biobank N Mean age (SD) Male (%) Peri-malignancy (%) 

Upper limb veins 3 51.3 (12.1) 100 0 
Lower limb arteries 14 60.6 (15.1) 71.4 0 

Lower limb veins 20 69.1 (13.1) 65.0 0 
Abdominal arteries 17 65.4 (11.6) 70.6 64.7 

Abdominal veins 6 58.3 (15.7) 83.3 66.7 
Head and neck arteries 9 54.0 (28.0) 33.3 22.2 

Head and neck veins 7 50.7 (21.5) 57.1 28.6 
Abdominal aorta 4 65.8 (14.1) 25.0 0 

Thoracic aorta 5 69.8 (16.7) 40.0 0 
Arteriae mammariae 21 64.2 (10.0) 66.7 0 

Atrial appendage 1 50 (-) 100 0 
Radial artery 1 42 (-) 100 0 

Umbilical artery 1 0 (-) unknown 0 

Total 109 61.4 (17.1) 63.3 17.4 

     

Ampubase biobank N Mean age (SD) Male (%) Peri-malignancy (%) 

Lower limb veins 6 61.6 (17.4) 100 0 

 

Supplementary Table 2 Methylation-sensitive restriction enzymes used for DNA-

methylation quantification.  

Restriction Enzyme Cut site 

AciI C|CGC 

HhaI GCG|C 

BstUI CG|CG 

HpaII C|CGG 

 

 

 

 

 

 

 

 

 

 

 



Supplementary Table 3 Methylation sites and corresponding qPCR primer sequences and 

methylation-sensitive restriction enzymes.  

Name of 

methylation 

site 

CpG positions 

in genome 

(GRCh38/hg38) 

Sequence Forward 

Primer 

Sequence Reverse 

Primer 
Enzyme 

IG-DMR-CG4-2 100809537-8 CTTCCTGGCCCTTCCCTG 
TGATAACCTGCGGATCTGA

GA 
AciI 

IG-DMR-CG6-1 

100810930-1 

100810932-3 

100810948-9   

GGATCTGTGAGAAATGACTT

CG 
CAGGCACCTGGTGAGTCG AciI 

IG-DMR-CG6-2 
100811108-9 

100811115-6 
CTAATTGCCAGCGATTTGC 

TCCATTGTGGCCAGTTACA

G 
AciI 

DMR-MEG3-A 

100825889-90 

100825914-5 

100825929-30 CACGCAGGGAAAAAGCAC 
ACCCAGATTGCAGCAAAGA

A 

AciI 

DMR-MEG3-B 
100825889-90 

100825891-2 
BstUI 

DMR-MEG8-1A 100904620-1 

CCTGGGCCACATTTCTGAG 
CGCATCTGTCGCAGTTAAA

A 

AciI  

DMR-MEG8-1H 
100904603-4 

100904623-4  
HhaI 

DMR-Control  
TTGCTACAAAGGATCTGAGC

TG 

GTTGCAAACCAGGGTGAAG

T 
- 

     

Name of 

methylation 

site 

CpG positions 

in genome 

(AJ320506.1) 

Sequence Forward 

Primer 

Sequence Reverse 

Primer 
Enzyme 

Dlk1-DMR 

12062 
AGCTGCAATGCTCATTCCTA

GTG 

TAGTGGTCTATTCACCCAA

GTGC 
HpaII 

12678 
GGAAAGGGCATGGGAGAGGA

C 

CCATCGTTCTCGCATGGGT

TAGG 
HhaI 

13270 
AGGCCATCTGCTTCACCATC

C 

CGCTGTTATACTGCAACAG

GAG 
HhaI 

14538 
GCCCAAGACTCCACCTCATG

C 

CACCCCACAAGCCATAGTG

TC 
HpaII 

IG-DMR 

79652 GGATCCTGACCTATGTGTAC

CTCTG 

ACGGACCGTGTGTATGTGC

TGTAG 

HhaI 

79723 HpaII 

80437 
TCTTGTGGCAAAGGTACGTG

ACTG 

GTATGCTATGCATTTGTGC

TGAAGG 
HpaII 

81915 
AGCTGACTTCCTTCAGCCAC

AGT 

TTGACCCTGTGAGAGATGC

TCAG 
HpaII 

85733 
AGTTTCTGGGAAACGTACAG

AAGG 

CACTTCTCTGCAAGGCCAA

GTC 
HhaI 

Glt2-DMR 

95372 
GGTCGGGAGCGAGATGGGTT

G 

GCGTCCATGACACCCTAAA

TCAC 
HhaI 

97768 

97800 

TCCCGTTCATGGCTCATGTG

TCTC 

GCCCTGGAAATGACCGCAC

ACTC 

HhaI 

HpaII 

99823 
CCCTCTCAGTTTCCCAAACC

TG 

CCAAGGTATCCTGGAAGAG

CTGAC 
HpaII 

DMR-Control  
GGTGCCAGCAGAGACTTACA

CAG 

CATGCCCTTTGACACTTAG

TATGC 
- 

 

 

  



Supplementary Table 4 qPCR primer sequences for target mRNAs, pri-miRs and DNMTs 

Primer Sequence Forward Primer Sequence Reverse Primer 

Targeted 

by 

microRNA 

HSA-CXCR7 ACAGCACAGCCAGGAAGG TCCCTGGCTCTGAGTAGTCG 539 

HSA-TGFβ1 GGCTACCATGCCAACTTCTG CCGGGTTATGCTGGTTGTA 376c 

HSA-KLF4 AGGGAGAAGACACTGCGTCA ACGATCGTCTTCCCCTCTTT 543 

HSA-JNK1-B2 AGAATCAGACTCATGCCAAGC GGGATTTCTGTGGTGTGAAAA 433 

HSA-CPT1a ATCAAGAAATGTCGCACGAG CATGGAGGCCTCGTATGTG 370 

HSA-LPL TAGCAGAGTCCGTGGCTACC TGGCACCCAACTCTCATACA 410 

HSA-LDLR GAGGTGGCCAGCAATAGAAT TCTCTGCTGATGACGGTGTC 411 

HSA-MEF2A GTGTCTGTGACAACCCCAAG GAAGCCTTGAAGGGCTGAC 329, 494 

HSA-VEGFA GTGTGTGCCCACTGAGGAGT TGTTGTGCTGTAGGAAGCTCA 127, 494 

HSA-PPP2R2A TGGTTACCCCAGAAAAATGC ACCCTTCTGGTCTTTTGTCC 136 

HSA-IRS1 
ATACTCGAGTGACCTCAGCAAATCC

TCTTC 

ATAGCGGCCGCATACCTCCATCCC

ACATCCA 
487b 

HSA-CCL2 TCTGTGCCTGCTGCTCATAG CGAGCCTCTGCACTGAGAT 495 

HSA-IκBα TTTTGGTGTCCTTGGGTGCT CAACAGGAGTGACACCAGGT 300 

HSA-BRD7 CTGTTGCACTCAGGAATGAAAA TCTGCTTTCGAGTTTTCTGCA 300, 410 

HSA-FOXO1 AGTGGATGGTCAAGAGCGTG GCACACGAATGAACTTGCTGT 544 

HSA-STAT3 GTCAGTGACCAGGCAGAAGA CACGTACTCCATCGCTGACA 544 

HSA-PAK1 TCGAACCAGGTCATTCACAGA GCTCTGGGGTTATCTGTGCA 485-5p 

HSA-EMMPRIN GTACTCCTGCGTCTTCCTCC CCCCTCGTTGATGTGTTCTGA 485-5p 

HSA-DNMT1 ATCTTCCTGACACCCTGCAT CTCCCTGGTAGAATGCCTGA  

HSA-DNMT3A AAGGAGGAGCGCCAAGAG ATCACCGCAGGGTCCTTT  

HSA-DNDMT3B ATGAAGGTTGGCGACAAGAG CCCTGTGAGCAGCAGAAACT  

Pri-miR-329-1 TGGGGAAGAATCAGTGGTGT GACCAGAAGGCCTCCAAGAT  

Pri-miR-329-2 TGTCAAGTTTGGGGAAGGAA GACCAGAAGGCCTCCAAGAT  

Pri-miR-487b AGGCAGTGGCTTTCTTTTCC GAGGTGGGATCCAAACACAG  

Pri-miR-494 GATTCGGCAGTTCTGTTTTGA CTGAAGGCTGCATCAGGAAC  

Pri-miR-495 CTGACCCTCAGTGTCCCTTC ATGGAGGCACTTCAAGGAGA  

 

 



 

Supplementary Figure 1 Correlations between DNA methylation and DNMT gene expression. Vessels 
were divided into the following groups: lower limb arteries from patients with PAD (N=11), arteriae 
mammariae from patients with CAD (used as arterial graft) (N=18), VSMs from patients with CAD 
(used as vein graft) (N=8), lower limb veins from patients with PAD (N=10), lower limb veins from 
patients with critical ischemia (PAD-CI) (N=6). Linear regression analyses only showed statistically 
significant correlation between DNMT3A and MEG3-DMR-1A (p=0.03). 



 

Supplementary Figure 2 A - Peri-malignancy vessel versus non-malignancy vessel microRNA 
expression. Peri-malignant vessels (N=19) versus non-malignant vessels (N=20) did not show 
significant differences for any of the analysed microRNAs. Mean expression per group is shown. The 
error bars represent the SEMs. MicroRNAs are arranged in the order of chromosomal location of the 
microRNA gene. B - Peri-malignancy vessel versus non-malignancy vessel DNA methylation. Peri-
malignant vessels (N=13) versus non-malignant vessels (N=23) did not show significant differences for 
any of the analysed CpG sites. Mean expression per group is shown. The error bars represent the 
SEMs. CpG sites are arranged in the order of chromosomal location. 
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Abstract 

Myostatin is a negative regulator of muscle cell growth and proliferation. Furthermore, 

myostatin directly affects expression of 14q32 microRNAs by binding the 14q32 locus. Direct 

inhibition of 14q32 microRNA miR-495-3p decreased postinterventional restenosis via 

inhibition of both vascular smooth muscle cell (VSMC) proliferation and local inflammation. 

Here we aimed to investigate the effects of myostatin in a mouse model for 

postinterventional restenosis. 

In VSMCs in vitro, myostatin led to dose-specific downregulation of 14q32 microRNAs          

miR-433-3p, miR-494-3p and miR-495-3p. VSMC proliferation was inhibited, where cell 

migration and viability remained unaffected. In a murine postinterventional restenosis model, 

myostatin infusion did not decrease restenosis, neointimal area or lumen stenosis. Myostatin 

inhibited expression of both proliferation marker PCNA and of 14q32 microRNAs miR-433-3p, 

miR-494-3p and miR-495-3p dose-specifically in cuffed femoral arteries. However, 14q32 

microRNA expression remained unaffected in macrophages and macrophage activation as 

well as macrophage influx into lesions were not decreased.  

In conclusion, myostatin did not affect postinterventional restenosis. Although myostatin 

inhibits 14q32 microRNA expression and proliferation in VSMCs, myostatin had no effect on 

macrophage activation and infiltration. Our findings underline that restenosis is driven by 

both VSMC proliferation and local inflammation. Targeting only one of these components is 

insufficient to prevent restenosis. 

  



Introduction 

Atherosclerotic occlusions of the coronary artery and the femoral artery, causing coronary 

artery disease (CAD) and peripheral artery disease (PAD) respectively, can be treated by 

balloon angioplasty with or without stenting. However, in both CAD and PAD, restenosis often 

occurs due to a variety of factors1. Even when pro-atherogenic risk factors, such as 

hypercholesterolemia, are strictly controlled, restenosis can still develop. Upon physical 

manipulation of the occluded vessel during the angioplasty, the vascular wall becomes 

activated. On a cellular level, two vascular responses are crucial1, 2. On the one hand, vascular 

smooth muscle cells (VSMCs) that reside in the tunica media of the arterial wall, change their 

phenotype from contractile to synthetic, meaning that they start to proliferate and migrate 

into the tunica intima, forming a neointimal layer. On the other hand, inflammatory cells 

adhere to and infiltrate the affected vessel wall. Of these inflammatory cells, 

monocytes/macrophages are among the first to arrive and drive the inflammatory response. 

Inflammation allows for extracellular matrix remodelling, further facilitating the intimal 

hyperplasia. Although initiated locally, restenosis is driven by both local and systemic 

inflammation.  

Patients with an atherosclerotic occlusion that are treated with balloon angioplasty, often 

receive drug-eluting stents (DES) that secrete drugs locally to inhibit restenosis3, 4. Many 

studies have been performed to find the most effective compound to reduce restenosis, 

focusing on anti-proliferative drugs. However, some compounds also target the inflammatory 

side of restenosis5. Sirolimus and paclitaxel are among the most frequently used compounds 

in DES. Sirolimus (rapamycin) has antiproliferative properties and is an immunosuppressing 

agent, inhibiting the local inflammatory reaction in restenosis6. Paclitaxel is antimitotic and 

therefore strongly antiproliferative in VSMCs7, but does not act on inflammation and the 

therapeutic window is narrow8. Nowadays, DES that are mostly used, are sirolimus-like stents. 

Short term clinical outcomes between the two stents are similar, but long-term efficacy and 

safety favor sirolimus stents8, 9. Despite the existing stents however, restenosis remains a 

common issue in the fields of cardiology and vascular surgery and more efficient therapeutic 

strategies are still needed. 

Myostatin, also known as Growth Differentiation Factor-8 (GDF-8), is a member of the TGF-β 

superfamily that negatively regulates skeletal muscle mass by inhibiting muscle hypertrophy 

and hyperplasia. Myostatin null mice show a dramatically increased skeletal muscle mass10. 

Accordingly, administration of myostatin causes muscle atrophy11. Myostatin is not only 

expressed in skeletal muscle cells, but also in cardiomyocytes and VSMCs12, 13. Although 

myostatin was shown to affect muscle cell function via extracellular binding to the activin type 

2 receptor14, intracellular effects, in which myostatin directly affects gene transcription, were 



also observed15. One of the genomic regions that is affected by myostatin, is called the 

callipyge locus, also known as the 14q32 locus in humans. Callipyge originates from ancient 

Greek and means beautiful buttocks. Both absence of myostatin15 and mutations in the 14q32 

locus16 can lead to a ‘callipyge phenotype’, which is defined by excessive muscle growth in 

cattle, sheep and mice. The callipyge locus contains three protein coding genes, but also a 

large conserved microRNA cluster, the 14q32 microRNA cluster (DIO3-DLK1 cluster, 12F1 in 

mice) that is known to play a role in many different vascular remodelling processes17-21. Upon 

knockout of myostatin in mice, microRNAs of the 12F1 locus were upregulated15.  

MicroRNAs are short noncoding RNA molecules that regulate gene expression by binding to 

the 3’-UTR of their target messenger RNA (mRNA), thereby inhibiting translation. As one 

microRNA has the ability to bind to multiple target genes, a single microRNA can affect entire 

(patho)physiological processes. This makes them promising targets in vascular remodelling, 

which is always a multifactorial process. In 2017, our group found that direct inhibition of 

14q32 microRNA miR-495-3p reduces intimal hyperplasia, macrophage influx and overall 

lesion formation in experimental restenosis17. Myostatin has the potential to inhibit both 

VSMC proliferation and expression of miR-495-3p, as well as other 14q32 microRNAs, 

simultaneously. Therefore, we hypothesized that administration of myostatin will reduce 

postinterventional restenosis. 

In this study, we made use of an established murine restenosis model8, 17, 22-25. In this model, 

a non-constrictive cuff is placed around both femoral arteries. Manipulation of the artery, as 

well as a foreign body response to the cuff, triggers both intimal hyperplasia and an 

inflammatory response26. We focused on the effects of myostatin infusion on VSMC 

proliferation, neointima formation, on macrophage infiltration into the lesions and of course 

on 14q32 microRNA expression. We looked specifically at miR-433-3p, miR-494-3p and miR-

495-3p, as the genes encoding these microRNAs are located separately along the length of 

14q32 locus, as it was previously shown that myostatin affects expression of the complete 

locus, rather than single microRNAs15.  

 

Materials and Methods 

Animals and femoral artery cuff mouse model 

This study was performed in compliance with Dutch government guidelines and the Directive 

2010/63/EU of the European Parliament. All animal experiments were approved by the 

animal welfare committee of the Leiden University Medical Center. Male C57BL/6 mice (8-10 

weeks old) with unrestricted access to food and water were used. Mice were randomized into 

groups based on age and weight. As described previously17, mice underwent bilateral cuff 

surgery under adequate anesthesia and peri-operative analgesia, i.e. 5mg/kg midazolam 



(Roche Diagnostics), 0.05mg/kg fentanyl (Janssen Pharmaceuticals) and 0.5mg/kg 

dexmedetomidine (Orion). After the incision, the iliac fat pad was located and the femoral 

artery was separated from the femoral vein and the femoral nerve and the non-constrictive 

polyethylene cuff was put into place and fixed with 2 6/0 sutures. The skin was closed with a 

continuous suture. Three groups of mice received Alzet Osmotic Pumps with myostatin (R&D 

systems, cat#788-G8/CF) in administration concentrations of 0.4µg/day, 0.2µg/day and 

0.1µg/day and the control group received mini pumps with vehicle. Dosage of 0.4µg/day was 

described in literature to not have unwanted side effects as affecting body weight27. With the 

dose specific effect in vitro, we also choose to use 0.1µg/day and 0.2µg/day treatments. The 

pumps were placed subcutaneously in the neck and the skin was closed with two wound clips. 

Depending on the wound closure rate, at day 7-10 mice underwent Isoflurane anesthesia to 

remove the wound clips. In 0.2µg/day group, two mice died postoperatively. In 0.1µg/day 

group one mouse was taken out of the study as we observed during histological analysis that 

the femoral artery was not completely located in the cuff. At day 18, 19, 20 after surgery 

200µL BrdU (5mg/ml) was injected i.p. for labeling of proliferating cells. On the day of sacrifice 

(21 days after surgery), the animals underwent terminal anesthesia, blood was drawn via 

heart puncture, after which a perfusion with PBS and formaldehyde was applied. Next, the 

cuffed arteries and hindlimb bones were collected for further processing. 

 

Cell culture 

Immortalized VSMCs31 were cultured at 37°C in a humidified 5% CO2 environment. Culture 

medium (DMEM GlutaMAX™ (Invitrogen, GIBCO)), 10% heat inactivated fetal calf serum 

(PAA), 1% penicillin (10000U/mL) / streptomycin (10000U/mL)) was refreshed every 2-3 days. 

Cells were passed at 90% confluency using trypsin (Sigma). Stock solutions of isolated VSMCs 

up to passage four were stored at -180°C in 50% DMEM GlutaMAX™ containing 10% FCSi and 

1% Penicillin/Streptomycin, 40% FCSi (PAA) and 10% DMSO (Sigma). 

 

In vitro addition of myostatin to VSMCs 

VSMCs were seeded in 12-well plates at 60.000 cells per well in culture medium. After 24 

hours, cells were washed with PBS and each well was incubated with starve medium (DMEM 

GlutaMAX™ (Invitrogen, GIBCO) with 2% fetal bovine serum and 1% penicillin (10.000U/mL) / 

streptomycin (10.000U/mL) with or without recombinant myostatin (R&D systems, cat#788-

G8) for 48 hours in different concentrations, 10nM and 20nM. For further microRNA analyses 

medium was aspired and cells were washed with PBS before adding 0.5mL TRIzol/well for 

RNA isolation. Each condition was performed in triplicate and each experiment was 

performed at least three times. 



Scratch-wound healing assay 

After 48 hours of incubation with 10nM recombinant myostatin or without recombinant 

myostatin medium was aspired and a scratch-wound was made across the diameter of each 

well using a p200 pipet tip. Next, cells were washed with PBS and fresh medium (DMEM 

GlutaMAX™ (Invitrogen, GIBCO)), 2% FBS, 1% penicillin (10.000U/mL) / streptomycin 

(10000U/mL)) was added. In order to monitor scratch-wound closure, live phasecontrast 

microscropy (Axiovert 40C, Carl Zeiss) was used for taking pictures immediately after (0h) and 

21 hours after introducing the scratch-wound. Pictures were taken at two different locations 

in each well and averaged for analysis. Scratch size was calculated at 0h and 21h using the 

wound healing tool macro for ImageJ. Each single scratch assay condition was performed in 

triplicate and the scratch-wound healing assay was performed three times. 

 

MTT viability assay 

VSMCs were seeded in 96-wells plate with 4000 cells/well. After 24 hours, medium was 

aspired and cells were washed with PBS. Starve medium with 10nM and 20nM recombinant 

myostatin or without myostatin was added and cells were incubated for 48 hours. Negative 

control was culture medium with 10% DMSO as toxic agent and positive control was culture 

medium. 10µL of MTT (5mg/mL) was added and after 4 hours of incubation medium was 

removed carefully and replaced by isopropanol 0.1N HCl. Plate was incubated on shaker 

platform for 90 minutes at 250 rpm and absorbance was read at 540nm using Cytation5 

(BioTek). Each single scratch assay condition was performed in quadruplicate and the viability 

assay was performed four times. 

 

RNA isolation 

Murine tissues were homogenized in TRIzol with electric pestle before starting RNA isolation. 

RNA isolation of both cultured cells and murine tissue was performed by standard TRIzol-

chloroform extraction, according to the manufacturer’s instructions (Thermo Fisher 

Scientific). RNA concentrations were measured using NanodropTM 1000 Spectrophotometer 

(Thermo Fisher Scientific).  

 

MicroRNA Quantification 

For microRNA quantification of miR-433-3p, miR-494-3p and miR-495-3p, in all samples RNA 

was reversed transcribed using the TaqmanTM MicroRNA Reverse Transcription Kit (Thermo 

Fisher Scientific) and subsequently quantified using microRNA-specific TaqmanTM qPCR kits 



(Thermo Fisher Scientific) on the VIIa7 (Thermo Fisher Scientific). MicroRNA expression was 

normalized against U6 small nuclear RNA.  

 

mRNA quantification 

For quantification of mRNA, RNA was reverse transcribed using ‘high-capacity RNA to cDNA 

kit’ (Thermo Fisher Scientific) and quantified by qPCR using SybrGreen reagents (Qiagen) on 

the VIIa7. Primer sequences are provided in Supplementary Table 1. 

 

Immunocytochemistry 

VSMCs were plated on 0.2% gelatin coated cover slips in a 12-wells plate with 60.000 

cells/well and incubated for 48 hours with 10nM recombinant myostatin and control was 

without myostatin. Cells were washed with PBS and fixated with 4% performaldehyde before 

permeabilization with 0.1% Triton (T8532, Sigma Aldrich). Primary anti-mouse-GDF8 antibody 

(ab71808, Abcam) was applied 1:50 and incubated overnight. Donkey anti-rabbit Alexa 647 

(A31573) was applied 1:800 and after 60 minutes incubation Hoechst 34580 (Sigma-Aldrich, 

ref 63493) 1:1000 was applied. Cover slips were washed with PBS three times and pasted on 

glass slides mounted with ProlongTM Gold (P36930, Invitrogen). Pictures were taken with 

Confocal Microscopy. 

 

Histological and immunohistochemical assessment of cuffed femoral arteries 

Formaldehyde fixed cuffed femoral arteries were paraffin-embedded and 5µm thick cross 

sections of arteries were stained to visualize vessel morphology. For quantification of intimal 

thickening, elastic laminae were visualized with Weigert's elastin staining. For 

immunohistochemical analysis, the following antibodies were used: Myostatin (ab71808; 

Abcam), BrdU (ab221240; Abcam), Ki-67 (ab16667; Abcam), αSMA (1A4 clone, Dako), Mac-3 

(550292; BD Pharmingen). Images of stained slides were obtained using Panoramic 250 Flash 

III (3DHISTECH). All quantifications were performed on six sequential representative sections 

per vessel segment using image analysis software (Qwin, Leica) for Weigert’s elastin staining. 

All other quantifications were done using Panoramic Viewer software (3DHISTECH). 

 

Bone marrow-derived macrophage isolation and stimulation 

After sacrifice, femur and tibia bones from 0.0µg myostatin/day group (control group) and 

from 0.4µg myostatin/day group were collected and proximal and distal ends were removed. 

Bones were flushed with PBS with 25G needle (ref 300600, BD Microlance) and bone marrow 

was collected in 70µm cell strainer (BD Biosciences). After collection of bone marrow, cell 



strainers were flushed with PBS and isolate was centrifuged. After removal of supernatant, 

washing steps were repeated two times. Washed pellet was resuspended in ACK lysing buffer 

(A10492, GIBCO) and kept on ice for 3 minutes. Lysis was stopped with culture medium (RPMI 

Medium 1640 (ref 52400-025, GIBCO) with 25% Fetal Bovine Serum (F7524, Sigma) and 1% 

penicillin/streptomycin). After two more washing steps with PBS, bone marrow monocytes 

were counted and seeded at 8.000.000 cells per dish (10cm diameter, Falcon, ref 351029) in 

10mL culture medium with 2µL GM-CSF (ref 14-8331-80, eBiosciences). Monocytes of both 

groups were cultured either with and without in vitro treatment of 10nM myostatin. All 

conditions were performed in duplicate. 

After 5 days, medium was refreshed and at day 8 after isolation, monocytes were maturated 

into macrophages and 10ng/mL LPS (K-235, Sigma) was added to trigger a cytokine release. 

48 hours after stimulation, supernatant was collected, snap-frozen in liquid nitrogen and 

stored at -80°C. TRIzol was added and cell lysates were stored in -20°C before RNA isolation. 

 

Enzyme-Linked Immuno Sorbent Assay (ELISA) of supernatant bone marrow-derived 

macrophages 

ELISA analysis was performed following standard manufacturer’s protocol for murine TNFα 

(ref 558534, BD OptEIA). Duplo samples of cultured macrophages were taken and each 

condition was tested in duplicate and using Cytation5 (BIOTEK) absorbance was read at 

450nm and at 570nm. TNFα concentrations were calculated from standard curve. 

 

Statistical analyses  

Data are presented as mean + SEM. Indicated differences have the following levels of 

significance: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. All tests were performed with a 

significance level of α<0.05. 

One sample t-test was performed to test differences of treated groups that are expressed 

relative to the control treatment, which is set to 100%. This test was used in myostatin 

addition and in vivo experiments and functional assays. 

Between specific groups, the presence of differences was assessed with Student’s t-test. 

These tests were used in comparison of PCNA expression in different treatment groups. 

Kruskal-Wallis test was used to identify possible differences between treatment groups for 

MAC3 staining. 

 

 

 



Results 

In vitro uptake of myostatin in VSMC 

Since myostatin can bind either to the cell surface receptor activin type II or can enter the 

nucleus, we first identified in vitro whether myostatin is taken up by VSMCs and, more 

specifically, is present in the nucleus. As shown in Figure 1A-C, myostatin was taken up into 

the VSMCs, concentrating mostly inside the nucleus. Endogenous expression of myostatin in 

the resting VSMC was negligible as in the negative control, where no myostatin was added, 

myostatin staining was absent (Figure 1D-F). 

 

 
Figure 1A-F Immunocytochemical staining of VSMCs. A-C – VSMCs treated with 10nM myostatin 
showed uptake of myostatin in the cell, concentrating mostly in the nucleus. A – Hoechst only, B – 
Myostatin only, C – Merged image. D-F – VSMCs not treated with myostatin showed no endogenous 
myostatin presence in the cells at all. D – Hoechst only, E – Myostatin only, F – Merged image. Picture 
taken with 63x magnification. 
 

Effect of myostatin on 14q32 microRNAs in VSMCs 

We analyzed the effects of myostatin on expression levels of the specific 14q32 microRNAs 

miR-433-3p, miR-494-3p and miR-495-3p. Addition of 10nM or 20nM recombinant myostatin 

to VSMCs affected microRNA expression levels. For miR-433-3p, 10nM of myostatin 

downregulated microRNA expression (p=0.04), but 20nM did not affect miR-433-3p 

expression (Figure 2A). MiR-494-3p showed a downregulation after treatment with both 

10nM and at 20nM myostatin (Figure 2B). MiR-495-3p was also downregulated by more than 



80% after both 10nM and 20nM myostatin treatment (p=0.01 and p=0.01, respectively) 

(Figure 2C). 

 

 
Figure 2A-C microRNAs in myostatin treated VSMCs relative to untreated control (100%). A – miR-433-
3p expression in VSMCs treated with 10nM and 20nM myostatin only showed a downregulation at 
10nM treatment (p=0.04). B – miR-494-3p expression in VSMCs treated with 10nM and 20nM 
myostatin was downregulated at 20nM treatment (p=0.03) and showed a trend towards 
downregulation at 10nM myostatin (p=0.06). C – miR-495-3p expression in VSMCs treated with 10nM 
and 20nM myostatin was decreased with more than 80% by both treatment concentrations (p=0.0098 
and p=0.0088, respectively). Mean expression is shown and error bar represents SEM (N=3). One-
sample t-test performed with 100% of control expression as hypothetical value. * p<0.05, ** p<0.01. 
 

 

 
Figure 3A-C PCNA expression, cell migration and cell viability in myostatin treated VSMCs relative to 
non-myostatin treated control (100%). A – PCNA mRNA expression in myostatin treated VSMCs was 
downregulated at 10nM myostatin, but not at 20nM myostatin, N=3. B – Scratch wound healing in 
myostatin treated VSMCs was not changed, N=3. C – Cell viability in myostatin treated VSMCs 
remained unchanged, N=4. Mean expression is shown and error bars represent SEMs. One-sample t-
test performed with 100% of Negative Control expression as control group. 

 

 



Functional effects of MSTN on VSMCs 

Proliferating Cell Nuclear Antigen (PCNA) mRNA expression, a measure of cell proliferation, 

was downregulated by approximately 40% when VSMCs were treated with 10nM myostatin 

compared to untreated cells (p=0.04) (Figure 3A). However, addition of 20nM myostatin did 

not result in downregulation of PCNA expression in cultured VSMCs. Migration and cell 

viability remained unaffected by 10nM myostatin, compared to the negative control (Figure 

3B+C). 

 

 
 

Figure 4A-F Quantification of restenosis in cuffed femoral arteries in different treatment groups. A – 
Media area was similar in different treatment groups. B – Lumen stenosis did not differ between 
treatment groups. C – Intima/Media ratio was similar in different treatment groups. D – Lumen area 
in different treatment groups was equal. E – Neointima area in different treatment groups did not 
differ. B-G Quantification of not occluded arteries. Mean expression is shown and error bar represents 
SEM. N=7 in control group, N=4 in 0.1µg/day, N=4 in 0.2µg/day, N=4 in 0.4µg/day. Student’s t-test, 
performed between myostatin treated groups and control group with α=0.05, did not show any 
significant differences. F – representative examples of cuffed femoral arteries in different treatment 
groups. LEE = Lamina Elastica Externa, LEI = Lamina Elastica Interna, NI = Neointima, M = Media. 



Restenosis in myostatin-treated mice 

As there appeared to be a rest restricted therapeutic window in myostatin efficacy in vitro, 

we used multiple myostatin dosages in vivo. The highest dose of 0.4µg/day was based on 

previously published work by others27. With the dose-specific effect in vitro, we choose to 

also include two groups of mice treated with either 0.1µg/day or 0.2µg/day. Mice subjected 

to femoral artery cuff placement thus received 0.0µg/day (control group), 0.1µg/day, 

0.2µg/day or 0.4µg/day of myostatin via continuous infusion from an osmotic pump. We 

analyzed intimal hyperplasia and restenosis in C57BL/6 mice that were sacrificed three weeks 

after femoral artery cuff placement. Arteries that showed 100% stenosis were excluded from 

the analyses (Supplementary Figure 1). In the remaining arteries, the medial layer area was 

similar in all groups (Figure 4A). Lumen stenosis and intima-media ratio did not differ either 

(Figures 4B+C). Finally, lumen area and neointima area were also similar in all groups (Figures 

4D+E). Figure 4F shows representative femoral arteries with restenosis formation for each 

group. 

 

Myostatin in cuffed femoral arteries 

No endogenous myostatin expression was measured in the femoral arteries in any of the 

groups (data not shown). However, as shown in Figure 5A, the infused myostatin was 

effectively taken up by the cuffed arteries at all three dosages, where no myostatin was 

present in the control group. 

 

Effect of myostatin treatment on proliferation 

We then stained the cuffed femoral arteries for Ki-67, however hardly any positive cells were 

observed within the medial and intimal regions in any of the arteries (average of one 

cell/section) (Figure 5B). These Ki-67 positive cells stained negative for αSMA, indicating that 

VSMCs are not the cells that are still proliferating at this late time point (three weeks after 

cuff placement). Moreover, we performed a BrdU staining and again we observed no 

proliferating cells in the neointimal layer or medial layer of the femoral arteries (Figure 5C). 

PCNA mRNA expression, however, was decreased in myostatin-treated mice compared to 

controls (Figure 6). 

 



 
Figure 5A-D Immunofluorescent stainings in different treatment groups. A – Myostatin-Hoechst 
immunofluorescent double staining. Representative mouse of every treatment group is shown and 
zoom-in of femoral artery shows presence of myostatin in all treated groups, but not in the control 
group. B – Ki-67-αSMA-Hoechst immunofluorescent triple staining in cuffed femoral arteries of 
different treatment groups shows few proliferating cells, especially not in the αSMA area. C – BrdU-
Myostatin-Hoechst immunofluorescent triple staining in cuffed femoral arteries of different treatment 
groups shows again little proliferating cells and those cells are not double stained with myostatin. D – 
Hoechst-MAC3 immunofluorescent double staining of cuffed femoral arteries showed macrophages 
in all groups in both the intimal and medial layers, but no differences were found. 



 
Figure 6 PCNA mRNA expression in femoral arteries of myostatin treated mice. PCNA mRNA 
expression in different treatment groups and control group is significantly lower in myostatin treated 
groups compared to control group showed significant differences between treated groups and control 
group. Mean expression is shown and error bar represents SEM (N=8 for 0.0, 0.1 and 0.4µg/day 
myostatin group, N=6 for baseline and 0.2µg/day group). Student’s t-test performed between treated 
groups and control group with α=0.05. * p<0.05, ** p<0.01.  

 

Effect of myostatin on macrophages 

We then stained for MAC3 and observed that macrophages were present in both the 

neointimal and the medial layers of the cuffed femoral arteries in all mice (Figure 5D). 

However, the percentages of macrophages in the intimal layer, the medial layer and in both 

layers together, did not differ between groups (Supplemental Figures 2A-C). To further 

analyze the effect of myostatin on macrophage activation, isolated bone marrow monocytes 

of four control mice and four 0.4µg myostatin/day-treated mice were pooled per group and 

subjected to either 10nM additional myostatin in culture medium or culture medium only 

during maturation into macrophages in vitro. After maturation, macrophages were 

stimulated with 10ng/mL LPS for 48 hours and TNFα level was measured in the medium. TNFα 

secretion appeared lower in macrophages from myostatin-treated mice than from untreated 

mice, independent of the additional in vitro treatment with myostatin during the culturing 

period (Figure 7A and 7B). However, when we looked within the myostatin-treated or 

untreated mice, TNFα secretion appeared higher when myostatin was added during in vitro 

maturation of monocytes into macrophages (Figure 7C and 7D). It should be noted that 

neither effect was strong enough to detect any statistically significant differences. 



  
Figure 7A-E Effect of myostatin on macrophages. A-D – TNFα in supernatant of bone marrow 
macrophages stimulated with myostatin. A-B – in vivo treated mice with 0.0 vs. 0.4µg myostatin/day 
and not treated in vitro with myostatin (A) or in vitro treated with 10nM myostatin (B) did not show 
significant differences. C-D – in vivo not treated (C) or treated (D) and in vitro not treated or treated 
with myostatin did not show significant differences. Mean expression is shown as average of duplicate 
measurements of pooled cells and error bar represents SEM. Student’s t-test did not show significant 
differences. 

 

Effect of myostatin treatment on 14q32 microRNA expression in vivo 

We assessed the effects of myostatin treatment on microRNA expression in vivo compared to 

the control group. As shown in Figure 8A-C, in the cuffed femoral arteries levels of the 14q32 

microRNAs miR-433-3p, miR-494-3p and miR-495-3p were downregulated in response to 

myostatin, but again, only at specific dosages. For miR-433-3p, 0.4µg myostatin/day resulted 

in downregulation (p=0.003, Figure 8A), but at other dosages, no effect was observed.         

MiR-494-3p, however, showed decreased expression in both 0.1µg myostatin/day (p=0.001) 

and 0.4µg myostatin/day groups (p<0.0001, Figure 8B). MiR-495-3p expression level was 

downregulated by 50% in the 0.2µg myostatin/day treatment group (p=0.0003, Figure 8C). 

No miR-495 downregulation was observed in the 0.1µg/day and for 0.4µg/day myostatin 

groups (Figure 8C). 



MicroRNA expression levels in bone marrow-derived macrophages were not downregulated 

in any of the treatment groups, i.e. long-term in vivo treatment with myostatin and control or 

in vitro treatment and control for any of the measured 14q32 microRNAs (Figure 8D-F).   

 

 

 
 

Figure 8A-F MicroRNA expression in femoral arteries and macrophages. A – miR-433-3p expression in 
femoral arteries of 0.1, 0.2, 0.4µg/day of myostatin relative to control mice (100%) showed significant 
downregulation of miR-433-3p at 0.4µg/day (p=0.003). B – miR-494-3p expression in femoral arteries 
of 0.1, 0.2, 0.4µg/day of myostatin relative to control mice (100%) showed significant downregulation 
of miR-494-3p at 0.1 (p=0.001) and 0.4µg/day (p<0.0001). C – miR-495-3p expression in femoral 
arteries of 0.1, 0.2, 0.4µg/day of myostatin relative to control mice (100%) showed significant 
downregulation of miR-495-3p at 0.2µg/day (p=0.0003). For A-C Mean expression is shown and error 
bars represent SEM (N=8 for 0.0, 0.1 and 0.4 treatment groups, N=6 for 0.2 treatment group). One-
sample t-test performed with 100% expression of control group. * p<0.05, ** p<0.01, **** p<0.0001. 
D – miR-433-3p expression did not show any differences between groups. E – miR-494-3p expression 
did not show any differences between groups. F – miR-495-3p expression did not show any 
differences. For D-E bone marrow monocytes matured into macrophages from in vivo treated mice 
with 0.0 vs. 0.4µg myostatin/day and in vitro treated without myostatin or with 10nM myostatin. 
Maturated cells were stimulated with LPS to trigger an inflammatory reaction. Mean expression is 
shown as average of duplicate measurements of pooled macrophages and error bar represents SEM. 
Wilcoxon rank sum test did not show any differences. 

 

 



Discussion 

In this study, myostatin was investigated as regulator of VSMC proliferation and 14q32 

microRNA expression with the ultimate goal to inhibit postinterventional restenosis. As 

anticipated, VSMC proliferation was inhibited and 14q32 microRNAs were downregulated in 

response to myostatin treatment, however, there were no effects on restenosis. 

Myostatin is known to act mainly on skeletal muscle cells to inhibit their proliferation and 

growth10, 11. However, the facts that myostatin also functions in VSMCs13 and that, in 

restenosis, exactly these VSMCs proliferate and migrate to form a neointimal layer28, suggest 

that myostatin treatment could be a promising therapeutic compound for this important 

clinical problem. PCNA expression was downregulated by myostatin treatment both in vitro 

and in vivo, indicating that cell proliferation was indeed reduced by myostatin, where cell 

viability and migration remained unaffected. In contrast to the reduction in in vivo PCNA levels 

however, BrdU and Ki-67 were hardly detectable anymore in either the neointimal layer or 

the medial layer in any of the groups, indicating that, at the time of sacrifice, no active cell 

proliferation was ongoing in the lesions anymore. We can only speculate on the reasons for 

this discrepancy, however, most likely, the process of neointima formation is already 

complete after three weeks in this particular model. 

It was previously shown that myostatin administration via injection of a Chinese Hamster 

Ovarian (CHO) cell line that overexpresses murine myostatin in athymic nude mice, compared 

to CHO-control cell injection, leads to muscle atrophy11, which would be detrimental of course 

for any potential therapeutic compound. However, at the dosages used in this study, we did 

not observe any adverse effects of myostatin infusion. The arterial medial layers appeared 

normal in all groups, suggesting that VSMC-specific cytotoxic effects did not occur, which 

corresponds with our in vitro observation that myostatin did not affect cell viability. 

Furthermore, the elastic laminas, that in case of toxic side effects may show typical breaks8, 

were intact in all patent vessels, confirming the absence of toxic effects. 

As anticipated, myostatin treatment resulted in downregulation of 14q32 microRNA             

miR-433-3p, miR-494-3p and miR-495-3p expression, both in vitro in VSMCs and in vivo in the 

arterial wall of which VSMCs are the major cellular component. This fits with previous findings 

of myostatin’s actions on the callipyge locus15. Both in vitro and in vivo we found that there is 

a defined therapeutic window however, with a dose-specific effect of myostatin on 14q32 

microRNA downregulation in VSMCs. In macrophages, microRNA expression levels remained 

unaffected by myostatin treatment. As described previously, microRNAs show highly cell-type 

specific expression patterns29 and have cell-type specific effects30, which we confirmed in the 

present study. 



The effect of myostatin on macrophages was further assessed in the cuffed femoral arteries. 

We did not observe differences in influx of macrophages in any of the treatment groups. This 

implies that myostatin does not affect migration and activation of macrophages in our 

restenosis model. Moreover, assessment of bone marrow-derived macrophages from 

myostatin-treated and control mice did not show any clear trend towards increased or 

decreased macrophage activation. Together with the lack of effect of myostatin on microRNA 

expression in these macrophages, we conclude that myostatin does not lead to sufficient 

changes in macrophage activation to contribute to a reduction in local inflammation in the 

artery and thus to a reduction in restenosis. 

14q32 microRNAs act in multiple forms of vascular remodelling. Previous experimental 

studies showed that inhibition of 14q32 microRNAs decreases atherosclerosis and stimulates 

angiogenesis, but also decreases restenosis17, 19, 21. Thus, lower expression of 14q32 

microRNAs stimulates beneficial remodelling and reduces maladaptive processes. In 

cardiovascular disease, this implies that downregulation of 14q32 microRNAs results in 

advantageous vascular remodelling. We anticipated that decreased levels of 14q32 

microRNAs, as a result of myostatin infusion, would therefore lead to a reduction in intimal 

hyperplasia and restenosis in our model. This was not the case, however. We have previously 

shown that systemic inhibition of a single 14q32 microRNA, miR-495-3p, which was also 

downregulated in the femoral artery wall in the current study, resulted in a significant 

reduction in restenosis17. However, after systemic miR-495-3p inhibition, we also observed a 

reduction in the number of macrophages that infiltrated the lesions. Myostatin reduces     

miR-495-3p, as well as other 14q32 microRNAs, but in VSMCs only. Clearly, 14q32 microRNAs 

act on multiple cell types and tissues and inhibition in VSMCs alone is not enough to reduce 

maladaptive changes in the arterial wall.  

Taken together, our findings demonstrate that systemically infused myostatin acts locally in 

the arterial wall to downregulate intracellular 14q32 microRNA expression and decreases 

VSMC proliferation, but myostatin does not decrease 14q32 microRNA expression levels in 

macrophages, nor does it affect their activation or infiltration in the arterial wall. As we could 

not decrease postinterventional restenosis, our myostatin study emphasizes the need to 

target both VSMC proliferation and inflammation in restenosis. Of the drugs available in the 

clinic nowadays, sirolimus is the only one that affects both VSMC proliferation and the 

inflammatory side of restenosis6. Other drug-eluting stents, like paclitaxel-eluting stents, only 

inhibit proliferation and are therefore less favorable9. 

In conclusion, myostatin inhibits expression of 14q32 microRNAs, as well as cell proliferation 

in VSMCs. In vivo, myostatin treatment also reduced 14q32 microRNA expression and VSMC 

proliferation in the femoral artery. However, 14q32 microRNA expression in bone marrow-



derived macrophages remained unaffected after myostatin treatment, nor did we observe 

changes in macrophage infiltration into the lesion. Moreover, myostatin treatment did not 

affect postinterventional restenosis. Our findings underline the fact that restenosis is driven 

by two major components, both VSMC proliferation and local inflammation. Therefore, 

therapeutic strategies to reduce postinterventional restenosis should aim to target both 

processes simultaneously.  
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Supplementary Data 

 

Supplementary Table 1 Primer sequences used for rt/qPCR 

 Forward sequence Reverse sequence 

MMU-PCNA TCACAAAAGCCACTCCACTGT CTTTAAGTGTCCCATGTCAGCA 

MMU-MSTN TGATCTTGCTGTAACCTTCCCA TCATCGCAGTCAAGCCCAAAG 

GAPDH CACCACCATGGAGAAGGC AGCAGTTGGTGGTGCAGGA 

 

 
Supplementary Figure 1A-B Occluded cuffed femoral arteries in different treatment groups. A – 
Occlusion percentages in different treatment groups. Control group N=8, 0.1µg/day N=7, 0.2µg/day 
N=6, 0.4µg/day N=8. B – Representative example of occluded cuffed femoral artery. Chi Square test 
did not show significant differences between groups. 
 

 

 
Supplementary Figure 2A-C Quantification of MAC3+ cells in different layers as percentage of total 
amount of cells in different treatment groups.  A – Percentage of MAC3+ cells in the intimal layer did 
not differ between treatment groups. B – Percentage of MAC3+ cells in the medial layer did not differ 
between treatment groups. C - Percentage of MAC3+ cells in the intimal and medial layer together did 
not differ between treatment groups. Kruskal-Wallis test did not show any significant differences 
between groups. 
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Abstract 

Aims: In peripheral artery disease (PAD) an occluded artery leads to downstream tissue 

ischemia. To restore blood flow, angiogenesis, an ischemia-driven neovascularization process, 

is needed. Inhibition of 14q32 microRNAs miR-495-3p and miR-329-3p improves post-

ischemic neovascularization. Using SILAC followed by pre-microRNA pulldown and Mass 

Spectrometry, Cold-inducible RNA-binding protein (CIRBP) was found to regulate these 

microRNAs. CIRBP expression is induced by hypothermic stress, an important component of 

PAD. Therefore, we hypothesized that CIRBP inhibition can improve post-ischemic 

angiogenesis via inhibition of 14q32 microRNA expression. 

Methods and results: In this study,  we investigated the regulatory mechanisms of CIRBP in 

relation to 14q32 microRNA expression and angiogenesis in vitro. We assessed expression of 

different CIRBP splice variants (CIRBP-SVs), as well as antisense lncRNA CIRBP-AS1 in 

hypothermia. We used siRNAs to determine how CIRBP and CIRBP-AS1 regulate each other, 

14q32 microRNA expression and angiogenesis. In HUVECs cultured at 32°C for 24h and 48h, 

CIRBP expression was upregulated, but miR-495-3p and miR-329-3p expression remained 

unaffected. CIRBP-SV1 and miR-495-3p, but not miR-329-3p or CIRBP-SV2-4, were 

downregulated in HUVECs after CIRBP knockdown. To assess angiogenesis, scratch-wound 

healing assays and tube formation assays were performed and both improved migration and 

tube formation were observed after either CIRBP or CIRBP-AS1 knockdown. CIRBP-AS1 

expression increased under hypothermia and decreased after CIRBP knockdown, mimicking 

the CIRBP-SV1 expression pattern. Similarly, knockdown of CIRBP-AS1, resulted in decreased 

expression of CIRBP, in particular of CIRBP-SV1, as well as inhibition of miR-329-3p and        

miR-495-3p expression. 

Conclusions: Both CIRBP-SV1 and CIRBP-AS1 were upregulated under hypothermia without 

affecting miR-495-3p and miR-329-3p expression. However, total CIRBP and CIRBP-SV1 

knockdown inhibited miR-495-3p expression and improved in vitro angiogenesis. Therefore, 

we conclude that CIRBP contributes to processing of miR-495-3p, but is not rate-limiting 

under normothermic conditions. CIRBP-SV1 and CIRBP-AS1 expression patterns closely 

mimicked each other under all experimental conditions. CIRBP-AS1 knockdown also increased 

angiogenesis and downregulated both miR-495-3p and miR329-3p. The mechanism of 

interaction will be studied in vitro and in vivo. Further exploration of CIRBP’s function in post-

ischemic neovascularization will be investigated in an in vivo hindlimb ischemia model, using 

CIRBP-/- mice.  



 

Introduction 

Peripheral artery disease (PAD) is caused by occlusions of the arterial vasculature in the lower 

limb, mainly the femoral artery, resulting in deprivation of blood flow, and thus of oxygen and 

nutrients, to the lower extremities. This shortage in blood supply leads to clinical features of 

painful and cold extremities (poikilothermia, i.e. inability to maintain core temperature). 

Other clinical features are pulselessness, pallor, paresthesia, paralysis. Together these 

symptoms are called the six Ps. Current treatment options include angioplasty procedures 

with stent placement and bypass surgery. However, these therapies have the risk of 

restenosis or bypass stenosis, and often they cannot be applied at all, because of anatomical 

restrictions or advanced stages of the disease. That is why other therapeutic 

neovascularization approaches are still required. The body has its own mechanism to restore 

blood flow to ischemic and cold tissues, namely neovascularization, the collective term for 

angiogenesis and arteriogenesis. In patients with severe PAD, this is insufficient to completely 

recover blood flow to the leg. Therefore, enhancing neovascularization is an interesting and 

promising new treatment option for patients with PAD. In this study we explored the role of 

the Cold-Inducible RNA Binding Protein (CIRBP) as a pro-angiogenic factor and study the 

potential of modulating CIRBP in order to enhance neovascularization. CIRBP is regulated by 

differential stress factors including ischemia1, 2 and, as its name suggests, temperature1, 3-6. In 

fact, CIRBP was described in 1997 as the first cold shock protein that was induced at mild 

hypothermia7 and this effect was conserved between humans and mice8. 

 

Figure 1 Schematic overview of CIRBP gene with splice variants and CIRBP-AS1. according to UCSC 
Genome Browser alignment GRCh38/hg38. Only splice variants affecting the protein coding sequence 
are depicted, however more variants are known that affect 5’- or 3’-UTR composition. 
 

CIRBP is an RNA-binding protein (RBP) that influences post-transcriptional processing of its 

target RNA9 and its gene is located at chromosome 19 in humans (Figure 1). CIRBP contains 

an N-terminal RNA-binding domain and a C-terminal domain that has protein binding 

properties7, 10. There are various splice variants of CIRPB which, in mice, showed altered 

expression patterns in response to hypothermia11. The four main splice variants in humans, 

CIRBP-SV1, CIRBP-SV2, CIRBP-SV3 and CIRBP-SV4, have the RNA-binding domain in common, 



 

but have different C-termini. Furthermore, the antisense strand of CIRBP contains an 

antisense long noncoding RNA (CIRBP-AS1). Antisense  long noncoding RNAs (lncRNAs) can 

have several functions. Antisense lncRNAs have been shown to affect transcription and 

support function of their respective coding sense-strand12. For example, lncRNA MALAT1 has 

an antisense transcript TALAM1 and together they function as a sense-antisense pair13, 14. 

Therefore, it is possible that either sense and antisense strands are co-transcribed and 

counteract or cooperate in their actions12 or that one strand affects expression of the other 

strand. 

 

CIRBP, as an RBP, does not only affect processing of messenger RNAs (mRNAs), but also has 

the ability to act in microRNA processing. MicroRNAs (miRs) are small noncoding RNA 

molecules of approximately 22 nucleotides in length. They are transcribed from DNA by RNA 

polymerase II into primary microRNAs. Next, these primary microRNAs (pri-miRs) are 

processed by Drosha, a processing complex, into precursor microRNAs (pre-miRs), which in 

turn are cleaved into two mature microRNA strands by the enzyme Dicer15, 16. Mature 

microRNAs are loaded into an RNA Induced Silencing Complex (RISC), which binds to the         

3’-untranslated region of target mRNAs, leading to translational repression. Therefore, 

microRNAs are negative regulators of protein expression. Because a single microRNA has the 

ability to bind to a large number of target mRNAs, microRNAs can affect complete 

physiological and pathophysiological processes. However, the expression of microRNAs 

themselves can also be regulated, either transcriptionally or post-transctiptionally17-19. 

 

Previously, we showed that a large microRNA cluster located on chromosome 14 (14q32 

locus), plays a regulatory role in different types of vascular remodelling, including 

atherosclerosis and restenosis, but also in post-ischemic neovascularization20-23. This cluster 

is also known as DLK1-DIO3 cluster and is conserved in mice where it is located at the 12F1 

locus. CIRBP was shown to directly bind two precursors of 14q32 microRNAs, namely             

pre-miR-329 and pre-miR-49518, thereby inducing the processing into the mature microRNAs 

miR-329-3p and miR-495-3p. In previous studies, we found that inhibition of 14q32 

microRNAs miR-495-3p and miR-329-3p increased post-ischemic neovascularization20. At the 

same time, inhibition of these microRNAs also reduced post-interventional restenosis21, 

potentially offering a double advantage for patients with severe PAD. Therefore, we 

hypothesized that inhibition of CIRBP leads to a decrease in mature miR-495-3p and              

miR-329-3p and consequently promotes post-ischemic neovascularization.  

 



 

In this study, we first studied how hypothermic stress affects total CIRBP, its splice variants 

and its antisense lncRNA, and subsequently, 14q32 microRNA expression. Furthermore, we 

studied the effect of CIRBP and CIRBP-AS1 inhibition on angiogenesis. 

 

Materials and Methods 

Isolation of human umbilical cord arterial fibroblasts (HUAFibs), arterial smooth muscle cells 

(HUASMCs), venous endothelial cells (HUVECs) and arterial endothelial cells (HUAECs) 

Primary human vascular cells were isolated as described earlier by Welten et al20. In brief, for 

HUAFib and HUASMC isolation, the arteries were removed and cleaned from remaining 

connective tissue. Endothelial cells were removed by gently rolling the artery over a blunted 

needle. The tunica adventitia and tunica media were separated using surgical forceps. After 

overnight incubation in HUAFib/HUASMC culture medium, (DMEM GlutaMAX™ (Invitrogen, 

GIBCO)), 10% heat inactivated fetal calf serum (FCSi) (PAA), 10% heat inactivated human 

serum, 1% penicillin (10000U/mL) / streptomycin (10000U/mL) and 1% nonessential amino 

acids (ref 11140-035, GIBCO, Life Technologies), the tunica adventitia and the tunica media 

separately were cut with scissors in pieces of maximum of 2mm incubated in a 2mg/ml 

collagenase type II solution (Worthington) at 37°C. Cell suspensions were filtered over a 70µm 

cell strainer and centrifuged at 400g for 10 minutes. Cell pellet was resuspended and plated 

in culture medium. Cells isolated from the tunica adventitia were washed with culture 

medium after 90 minutes to remove slow-adhering non-fibroblast cells. Cells isolated from 

tunica media were plated in 1% gelatin coated plates with culture medium. 

For HUVEC and HUAEC isolation, respectively, the vein and the arteries were inserted with a 

cannula and was flushed with sterile PBS. The vessel was infused with 0.075% collagenase 

type II (Worthington) and incubated at 37°C for 20 minutes. The collagenase solution was 

collected and the vessel was flushed with PBS in order to collect all detached endothelial cells. 

The cell suspension was centrifuged at 400g for 5 minutes and the pellet was resuspended in 

HUVEC culture medium (EBM-2 (LONZA) with 2% FBS) HUVECs were cultured in plates coated 

with fibronectin from bovine plasma (Sigma). 

 

Primary cell culture 

HUAFibs and HUASMCs were cultured at 37°C in a humidified 5% CO2 environment. Culture 

medium (DMEM GlutaMAX™ (Invitrogen, GIBCO)), 10% FCSi (PAA), 1% penicillin 

(10.000U/mL) / streptomycin (10.000U/mL)) was refreshed every 2-3 days. Cells were passed 

using trypsin (Sigma) at 70-80% confluency. HUAFibs were used for scratch-wound healing 

assay at passage four, HUVECS at passage three. Stock solutions of isolated HUAFibs up to 



 

passage four and murine fibroblasts up to passage five were stored at -180°C in 50% DMEM 

GlutaMAX™ containing 10% FCSi and 1% Penicillin/Streptomycin, 40% FCSi (PAA) and 10% 

DMSO (Sigma). HUVECs were stored up to passage three in 90% heat-inactivated New Born 

Calf Serum (NBSCi) (Sigma) and 10% DMSO (Sigma). 

 

Hypothermic HUVEC cell culture 

Primary HUVECs were seeded in 12-well plates coated with fibronectin at 100.000 cells per 

well in culture medium. After overnight incubation at 37°C, cells were washed with PBS and 

new medium was applied before putting the plates in the right incubator: normothermic 

incubator 37°C and hypothermic incubator 32°C, all humidified and 5% CO2 and 20% O2. After 

24 or 48 hours, cells were washed with PBS and 0.5mL TRIzol/well was added for RNA 

isolation. Each single condition was performed in triplicate and the hypothermia experiment 

was performed three independent times. 

 

In vitro CIRBP and CIRBP-AS1 knockdown with siRNA transfection 

Primary HUAFIBs were seeded in 12-well plates at 80.000 cells per well in culture medium, 

for HUVECs 100.000 cells per well. After 24 hours, cells were washed with PBS and each well 

was incubated with 900µL of Opti-MEM medium with 10% NBSCi for HUVECs and 1% 

penicillin/streptomycin for both cell types and, after 10 minutes of incubation of transfection 

medium, 100µL of transfection medium (94µL Opti-MEM with 3µL of Lipofectamine RNAiMax 

(Life Technologies) and 3µL of siRNA) was added. siRNA concentration used per well was 

30nM. siRNAs used were siRNA CIRBP (sasi-172352), siRNA CIRPB-AS1 (sasi-208901) and 

siRNA NegCtrl: Mission universal Negative Control #1 (all Sigma-Aldrich). After addition of 

transfection agents, cells were put in the incubator at 37°C for 24 hours. 

 

Migration assay - scratch-wound healing  

After incubation of 24 hours, medium was aspired and a scratch-wound was made across the 

diameter of each well using a p200 pipet tip. Next, cells were washed with PBS and fresh 

starve medium (EBM-2 (LONZA) containing only 0.2% of FBS and 1% Gentamicin Amphotericin 

of the provided bulletkit) was added. In order to monitor scratch-wound closure, live 

phasecontrast microscropy (Axiovert 40C, Carl Zeiss) was used for taking pictures immediately 

after (0h) and 18 hours (HUVECs) after introducing the scratch-wound. Pictures were taken 

at two different locations in each well and averaged for analysis. Scratch size was calculated 

at 0h and 18h using the wound healing tool macro for ImageJ. Finally, cells were washed with 

PBS and 0.5mL TRIzol/well was added for RNA isolation. Each single scratch assay condition 



 

was performed in triplicate and this scratch-wound healing assay was performed three 

independent times. 

 

Tube formation assay 

Tube formation assay was performed using HUVECs at passage three. At confluency, cells 

were transfected as described previously with Lipofectamine RNAiMax and siRNA CIRPB or 

siRNA Negative Control. After 24 hours, cells were counted and seeded on solidified GeltrexTM 

(ref: A14132-02, Gibco) in a 96-wells plate. Photos were taken using live phasecontrast 

microscropy at 12 hours after seeding and quantified using ImageJ Angiogenesis Analyzer. 

Each single tube formation assay was performed in 6 wells per condition and the independent 

tube formation assay was performed five independent times. 

 

RNA isolation 

RNA isolation of cultured cells was performed by standard TRIzol-chloroform extraction, 

according to the manufacturer’s instructions (Thermo Fisher Scientific). RNA concentrations 

were measured using NanodropTM 1000 Spectrophotometer (Thermo Fisher Scientific).  

 

MicroRNA Quantification 

For microRNA quantification of miR-329-3p and miR-495-3p, in all samples RNA was reversed 

transcribed using the TaqmanTM MicroRNA Reverse Transcription Kit (Thermo Fisher 

Scientific) and subsequently quantified using microRNA-specific TaqmanTM qPCR kits (Thermo 

Fisher Scientific) on the VIIa7 (Thermo Fisher Scientific). MicroRNA expression was normalized 

against U6 small nuclear RNA.  

 

mRNA, pri-microRNA and pre-microRNA quantification 

For mRNA quantification of CIRBP, antisense lncRNA, primary microRNAs and precursor 

microRNAs, RNA was reverse transcribed using ‘high-capacity RNA to cDNA kit’ (Thermo 

Fisher Scientific) and quantified by qPCR using SybrGreen reagents (Qiagen) on the VIIa7. 

mRNA and antisense lncRNA expression was normalized against GAPDH and primary-

microRNA and pre-microRNA expression was normalized to U6. Primer sequences are 

provided in Supplementary Table 1. 

 

 

 



 

Statistical Analysis 

Data are presented as mean + SEM. Indicated differences have the following levels of 

significance: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. All tests were performed with a 

significance level of α<0.05. 

One-sample t-tests were performed to test differences of treated groups that are expressed 

relative to the negative control treatment, which is set to 100%. This test was used in 

knockdown experiments, hypothermia experiment and functional assays. 

Differences in scratch wound healing van PCNA expression between CIRBP-AS1 siRNA and 

negative control siRNA treated cells were assessed using independent sample Student’s            

t-tests. 

One-way ANOVA test was performed to detect statistical significant differences over multiple 

groups. Between specific groups, the presence of differences was assessed with independent 

sample Student’s t-tests, corrected for multiple testing. These tests were used in comparison 

of CIRBP expression in different vascular wall cell layers. 

 

Results 

CIRBP expression of in primary vascular cells 

First, we determined total CIRBP gene expression in primary vascular cells originating from 

human umbilical cords. These cells were HUVECs, HUAECs, HUASMCs and HUAFIBs. CIRBP 

was expressed in cells derived from all layers of the vessel wall and no differences in 

expression levels were observed (Figure 2). However, as venous or capillary endothelial cells 

initiate angiogenesis and are thus leading cells in angiogenesis24, we focused on HUVECs in all 

further experiments to study the pro-angiogenic potential of targeting CIRBP. 

 

 

Figure 2 CIRPB expression in primary cells of human umbilical cord cell layers. For each cell type, total 
CIRBP mRNA expression was measured in three independent samples and did not show differences in 
expression between different vascular cell layers. Mean expression is indicated and error bars 
represent SEM. No significant differences were observed with one-way ANOVA (α<0.05). 



 

Total CIRBP and CIRBP splice variants in hypothermia 

Previous studies showed upregulated CIRBP expression under cellular stress conditions, 

including mild hypothermia3. Therefore, we measured total CIRBP expression in HUVECs that 

were subjected to mild hypothermia (32°C) either for 24 or 48 hours. Total CIRBP expression 

was increased after both 24 and 48 hours compared to the normothermic condition (37°C) 

with ~200% and ~70%, respectively (Figure 3B+C).  

Furthermore, we measured the expression of four different splice variants (SV) of CIRBP 

shown in Figure 3A. Although not significant, CIRBP-SV1 expression was increased by ~80% at 

24 hours (p=0.12) and by ~60% at 48 hours (p=0.14) of hypothermia (Figure 3D+E). The 

remaining three splice variants were not altered consistently over time under hypothermia, 

however. 

 

CIRBP-AS1 in hypothermia 

As CIRPB expression was induced in HUVECs under hypothermic conditions, we asked what 

would happen to the expression of the antisense long noncoding RNA of CIRBP (CIRBP-AS1) 

under hypothermia. CIRBP-AS1, like CIRBP, showed a trend towards increased expression of 

~160% under hypothermia after 24 hours (p=0.096, Figure 4A) and we observed even further 

upregulated expression of ~220% after 48 hours of hypothermia (p=0.097, Figure 4B) 

compared to normothermia.  

 



 

 

Figure 3A-E Total CIRBP and CIRBP splice variants expression after 24 or 48 hours hypothermia. A – 
schematic representation of the CIRBP gene and its splice variants with primer binding sites indicated. 
B+C – total CIRBP expression after 24 and 48 hours of hypothermia was induced compared to 
normothermic condition (200% increase and 70% increase, respectively). D+E – expression of CIRBP 
splice variants after 24 and 48 hours of hypothermia, respectively, was not changed significantly for 
any splice variant. Mean expression relative to GAPDH and normalized to normothermic condition 
(dotted line). Error bars represent SEM (N=3). One sample t-test is performed with α< 0.05. *p<0.05. 



 

 

 
Figure 4A-B CIRBP-AS1 expression under hypothermia in HUVECs. A – CIRBP-AS1 expression after 24 
hours of hypothermia showed a trend towards increased expression (p=0.096). B – CIRBP-AS1 
expression after 48 hours of hypothermia showed a trend towards increased expression (p=0.097). 
Mean is indicated relative to GAPDH and normalized to normothermia (dotted line). Error bars 
represent SEM (N=3). One-sample t-test with a significance level of α<0.05 did not show significant 
changes. 
 

Target microRNAs in hypothermia 

As our previous study showed that CIRBP targets 14q32 microRNAs miR-329-3p and              

miR-495-3p on a post-transcriptional level18, we determined the levels of all intermediate 

products of these microRNAs, i.e. primary, precursor and mature microRNA levels. Under 

hypothermic conditions, no changes in pri-, pre- nor mature microRNA expression of miR-

329-3p were observed (Figure 5A-B). Similarly, for miR-495-3p no differences in any stage of 

microRNA processing was observed (Figure 5C-D). 

 



 

 

Figure 5A-D 14q32 microRNA expression after 24 or 48 hours hypothermia in HUVECs. A – primary, 
precursor and mature miR-329-3p expression after 24 hours of hypothermia did not show significant 
differences compared to normothermia. B – primary, precursor and mature miR-329-3p expression 
after 48 hours of hypothermia did not show significant differences compared to normothermia. C – 
primary, precursor and mature miR-495-3p expression after 24 hours of hypothermia did not show 
significant differences compared to normothermia. D – primary, precursor and mature miR-495-3p 
expression after 48 hours of hypothermia did not show significant differences compared to 
normothermia. Mean expression relative to U6  and normalized to normothermic condition (dotted 
line) is indicated. Error bars represent SEM (N=3). One sample t-test was performed and did not show 
any significant differences (α< 0.05). 

 

CIRBP knockdown with siRNAs 

Hypothermic stress induced total CIRBP expression, but it did not affect target microRNA 

expression. Next, we used an siRNA to silence CIRBP and assessed the expression of total 

CIRBP and of its splice variants. As shown in Figure 6A, the siRNA was expected to target all 

splice variants of CIRBP. Total CIRBP expression was indeed knocked down by ~90% (p=0.002). 

Of the splice variants, especially CIRBP-SV1 was knocked down even further than total CIRBP 



 

(~99% decrease, p=0.002, Figure 6B), whereas other splice variants remained unaffected. 

When measuring CIRBP-AS1 in CIRBP-silenced cells, we observed a trend towards decreased 

CIRBP-AS1 expression (40% decrease, p=0.078, Figure 6C). 

 
Figure 6A-D CIRBP and CIRBP-AS1 expression after knockdown with siRNAs in HUVECs. A – schematic 
representation of siRNA target sites along the CIRBP and CIRBP-AS1 genes. B – Expression of total 
CIRBP and CIRBP splice variants after CIRBP knockdown using siRNA showed a downregulation of total 
CIRBP by 90% (p=0.002). Of the splice variants, only CIRBP-SV1 showed a knockdown (99%, p=0.002). 
C – CIRBP-AS1 expression after CIRBP siRNA knockdown showed a trend towards decreased expression 
(p=0.078). D – CIRBP and CIRBP-AS1 expression after CIRBP-AS1 silencing using siRNA showed effective 
knockdown of CIRBP-AS1. Total CIRBP was downregulated as well (p=0.017) and of the CIRBP splice 
variants, only CIRBP-SV1 and CIRBP-SV3 were decreased (p=0.004 and p=0.007 respectively). Mean 
expression relative to GAPDH is indicated and normalized to negative control siRNA treatment (dotted 



 

line). Error bars represent SEM (N=3). One-sample t-tests were performed with a significance level of 
α<0.05. *p<0.05, **p<0.01. 

 

CIRBP-AS1 knockdown 

After CIRBP knockdown, CIRBP-AS1 changed in a similar direction as total CIRBP, i.e. a ~40% 

decrease (p=0.078). Next, CIRBP-AS1 was knocked-down using an siRNA (Figure 6A) and 

expression of CIRBP-AS1, total CIRBP and the CIRBP splice variants was assessed. CIRBP-AS1 

knockdown was successful with 70% (p=0.017). In response to CIRBP-AS1 knockdown, total 

CIRBP was also downregulated by ~65% (p=0.001). When looking at the specific splice 

variants, CIRBP-SV1 (~80% downregulation, p=0.004) and CIRBP-SV3 (~60% downregulation, 

p=0.007) were downregulated, whereas the expression of CIRBP-SV2 and CIRBP-SV4 was not 

affected (Figure 6D). 

 

MicroRNA expression in CIRBP and CIRBP-AS1 knockdown 

Then we asked what the effect of CIRBP-silencing was on its target microRNAs. For                  

miR-329-3p no effects on expression levels were observed for either primary and precursor 

microRNAs or the mature miR-329-3p (Figure 7A). Figure 7B shows that pri-miR-495 and      

pre-miR-495 also remained unchanged by CIRBP siRNA treatment, compared to Negative 

Control siRNA. Mature miR-495-3p, however, was affected by CIRBP knockdown and showed 

a downregulation of ~70% (p=0.02).  

Knockdown of CIRBP-AS1 resulted in a ~55% downregulation of mature miR-329-3p (p=0.01), 

but expression of primary and precursor miR-329 remained unchanged compared to negative 

control treated HUVECs (Figure 7C). For miR-495-3p, similar results were observed as with 

siRNA-mediated silencing of CIRBP. Primary and precursor miR-495 expression were not 

affected, whereas miR-495-3p was significantly downregulated by ~85% (p=0.003) in       

CIRBP-AS1 knockdown (Figure 7D). 

 



 

 

Figure 7A-D MicroRNA expression in HUVECs after CIRBP or CIRBP-AS1 siRNA treatment. A – 
expression of primary, precursor and mature miR-329-3p after CIRBP knockdown using siRNA did not 
show differences compared to negative control siRNA treatment. B – expression of primary and 
precursor miR-495 remained unchanged after knockdown of CIRBP, but mature miR-495-3p was 
significantly downregulated after CIRBP silencing. C – knockdown of CIRBP-AS1 led to mature             
miR-329-3p downregulation, but primary and precursor microRNAs remained unchanged. D – 
expression of primary and precursor miR-495 did not change in CIRBP-AS1 knockdown, but miR-495-
3p expression was downregulated. Mean expression relative to U6 (miRs) and GAPDH (CIRBP) is 
indicated and normalized to negative control siRNA treatment (dotted line). Error bars represent SEM 
(N=3). One-sample t-tests were performed with a significance level of α<0.05. *p< 0.05, **p<0.01. 

 

Scratch wound healing in HUVECs after CIRBP and CIRBP-AS1 knockdown 

Subsequently, the effect on endothelial cell migration as measure of angiogenic potential was 

assessed, using scratch wound healing assay in siRNA treated endothelial cells. Scratch wound 

healing in HUVECs after CIRBP knockdown was 4 times higher compared to the negative 



 

control treated cells (p=0.004, Figure 8A+B). Expression of PCNA mRNA in CIRBP knockdown 

was assessed as a measure of proliferation, but did not show differences compared to 

negative control treatment (Figure 8C). Furthermore, the angiogenic potential of CIRBP-AS1 

knockdown was investigated as well. Knockdown of CIRBP-AS1 resulted in 5-fold increased 

cell migration compared to negative control treated HUVECs (p=0.0002, Figure 8D+E). PCNA 

mRNA expression levels were similar in CIRBP-AS1 knockdown and negative control (Figure 

8F).  

 

Figure 8A-F Functional assays after CIRBP siRNA treatment in HUVECs. A+B - Scratch wound healing in 
siRNA CIRBP treatment increased compared to negative control siRNA treatment (p=0.004). C - PCNA 
expression in HUVECs after CIRBP siRNA treatment did not show differences in expression compared 
to negative control. D+E – CIRBP-AS1 knockdown resulted in increased cell migration compared to 
negative control siRNA treated cells (p=0.0002). F - PCNA expression in HUVECs after CIRBP-AS1 siRNA 
treatment did not show differences in expression compared to negative control. Mean is indicated 
and error bars represent SEM (N=3). Significant differences were found with independent sample 
Student’s t-test with a significance level of α<0.05. **p< 0.01, ***p<0.001. 



 

Tube formation in CIRBP knockdown 

Next, we performed Matrigel tube-formation assays with HUVECs treated with siRNAs against 

CIRBP. As shown in Figure 9, CIRBP siRNA-treated cells showed significantly more segments 

and branches compared to Negative Control siRNA-treated cells (~100% increase, p=0.046 

and ~60% increase p=0.016, respectively). Moreover, the total length of all tubes was 

increased when CIRBP was knocked down (~25% increase, p=0.014). 

 

 

 

Figure 9A-C Tube formation assay in HUVECs. A – tube formation indicated in number of segments, 
number of branches and total length of tubes of HUVECs after CIRBP siRNA treatment compared to 
Negative Control siRNA treatment. Mean is indicated and error bars represent SEM (N=5). Indicated 
bars show significant change to Negative Control siRNA treated HUVECs (dotted line), found with    
one-sample t-test. *p< 0.05 with a significance level of α<0.05. B+C – pictures of siRNA treated HUVECs 
at 12 hours after start of tube formation in CIRBP siRNA-treaded and negative control siRNA treated 
cells, respectively. 
 

  

 

 

 

 



 

Discussion 

In this study, we investigated Cold-Inducible RNA Binding Protein (CIRBP) as a potential 

therapeutic target to stimulate angiogenesis in patients with PAD. We show that CIRBP is 

upregulated under hypothermic conditions and, when we directly inhibit CIRBP expression, 

cell migration and tube formation capacity of endothelial cells is promoted. Upon inhibition 

of CIRBP, miR-495-3p expression is downregulated as well, suggesting that pro-angiogenic 

properties of CIRBP may act via miR-495. 

 

We confirm that CIRBP is regulated under hypothermic conditions, as was reported 

previously1, 3-6. The novelty of this study, however, is that we showed this in vascular 

endothelial cells that were subjected to hypothermic conditions, as frequently occurs in PAD. 

CIRBP has four splice variants that alter the coding sequence. Of these four variants,         

CIRBP-SV1 specifically showed a trend towards  upregulation after 24 and 48 hours of 

hypothermia. When we knocked-down CIRBP using an siRNA, we again observed specific 

knockdown of CIRBP-SV1 (as well as of total CIRBP). This was unexpected, as the binding site 

of the siRNA was predicted to target an mRNA sequence that is present in all four splice 

variants.  

 

The antisense strand of CIRBP encodes a long noncoding RNA, CIRBP-AS1, of which the 

function has not yet been elucidated. We observed a trend towards upregulation of          

CIRBP-AS1 under hypothermic conditions, although the response to hypothermia was slower 

than that of CIRBP itself.  After CIRBP knockdown, CIRBP-AS1 expression decreased and the 

opposite was also true. Inhibition of CIRBP-AS1 with an siRNA resulted in simultaneous 

downregulation of total CIRBP and of CIRBP-SV1 and CIRBP-SV3 expression. Potentially, a 

positive feedback loop supports transcription of the CIRBP locus, where CIRBP and CIRBP-AS1 

induce each other’s expression.  

 

The expression of 14q32 microRNAs miR-329-3p and miR-495-3p was not increased under 

hypothermia, even though the expression of their reported post-transcriptional regulator 

CIRBP was increased. In contrast, silencing of CIRBP using an siRNA did lead to a decrease in 

miR-495-3p expression. Likely, the processing rate of 14q32 microRNAs is already at an 

optimum under normothermic conditions, which explains that an increase in CIRBP does not 

induce more processing of precursor microRNAs. The dramatic decrease in CIRBP expression 

does result in insufficient processing of miR-495-3p however. Surprisingly though, expression 

of miR-329-3p was still unaffected. Furthermore, CIRBP-AS1 knockdown resulted in a 

decreased expression of both mature microRNAs. However, regulation of microRNA 



 

expression is highly complex and involves many RBPs that may compensate for the loss of 

CIRBP. Processing of miR-329-3p, but not miR-495-3p, for example, is also enhances by the 

RBP Myocyte Enhancer Factor 2A (MEF2A)17.  When we speculate what these findings could 

mean to human PAD, CIRBP expression would likely be increased, as patients suffer from cold 

extremities. However, induced CIRPB does not affect 14q32 microRNA expression and thus, 

there would likely be only minor effects on angiogenesis. Therapeutic silencing of CIRBP 

however, would decrease the expression of mature miR-495-3p, which has profound effects 

on ischemia-induced neovascularization and thus on perfusion of the affected limb20. 

 

Therefore, we assessed these potential pro-angiogenic features of CIRBP knockdown. Indeed, 

both cell migration assays and tube formation assays in HUVECs showed an increase in 

angiogenic potential following CIRBP and CIRBP-AS1 knockdown. We know that direct 

inhibition of miR-495-3p promotes angiogenesis20 and we observed here that CIRBP 

knockdown leads to decreased expression of miR-495-3p. These findings of course suggest 

that the increased angiogenic potential induced by CIRBP downregulation is accomplished via 

the subsequent miR-495-3p decrease. However, it remains to be determined whether CIRBP 

can also target additional pro-angiogenic factors. 

 

It has been shown in CIRBP-/- mice that the inflammatory response in tissue wound healing is 

faster than in wildtype mice. More CD31 expression, as marker of endothelial cells and thus 

angiogenesis, was observed in wounds of CIRBP-/- mice25, although the exact mechanism of 

action for CIRBP in wound healing was not elucidated. The inflammatory function of CIRBP in 

stress conditions was already reported by Qiang et al26. Moreover, the authors reported that 

CIRBP binds TLR4, MD2 and the TLR4/MD2-complex, which is known to stimulate 

neovascularization. Therefore, the question arises whether CIRBP binding to TLR4 increases 

or decreases TLR4 availability. If the latter is the case, CIRBP-silencing would increase TLR4 

availability and this may therefore be an explanation for increased neovascularization after 

CIRBP inhibition.  

 

We found that inhibition of CIRBP leads mainly to a decrease in CIRBP-SV1, which then 

resulted in increased in vitro angiogenesis. It would be interesting in future research to target 

CIRBP-SV2-4 specifically and assess the effect on angiogenesis, and on 14q32 microRNA 

expression, for these splice variants separately. With this, we could better understand the 

exact part of the CIRBP sequence that targets microRNA expression and, possibly, link this to 

the pro-angiogenic potential of CIRBP. Since the RNA binding domain is similar in all splice 

variants, it is likely that all bind to precursor microRNAs in a similar manner. However, the 



 

splice variants differ in their protein binding domains, which could result in the attraction of 

different proteins. This may still lead to changes in microRNA processing, but may also 

influence angiogenesis more directly via these proteins. 

Silencing of CIRBP-AS1, like of CIRBP, resulted in increased angiogenesis and decreased 

mature microRNA expression. Furthermore, downregulation of CIRBP-AS1 decreased CIRBP 

expression and vice versa. However, we did not yet uncover whether CIRBP or CIRBP-AS1 is 

the key regulating factor in angiogenesis and thus the main potential therapeutic target in 

stimulating neovascularization. Moreover, as both CIRBP and CIRBP-AS1 are able to 

downregulate expression of mature 14q32 microRNAs, it remains to be determined whether 

CIRBP-AS1 can affect microRNA processing directly and, thereby, play a role in angiogenesis.  

 

We found that hypothermia caused CIRBP expression upregulation and that CIRBP silencing 

resulted in proangiogenic features. Therefore, one could speculate that hyperthermia leads 

to decreased CIRBP expression, followed by subsequent increase in angiogenesis. In PAD, this 

would imply that warming affected cold legs could lead to increased angiogenesis and 

therefore to improved circulation. A next step in this study could be to assess whether 

increased temperature causes decreased CIRBP expression in endothelial cells and 

subsequent miR-495-3p downregulation. 

 

In conclusion, our findings demonstrate that hypothermia induces CIRBP expression, but does 

not affect 14q32 microRNAs miR-329-3p and miR-495-3p expression. Silencing of CIRBP 

decreases miR-495-3p expression and promotes in vitro angiogenesis. CIRBP-AS1 is affected 

by CIRBP knockdown and silencing of CIRBP-AS1 also inhibits CIRBP expression. Furthermore 

CIRBP-AS1 knockdown inhibits both miR-329-3p and miR-495-3p and promotes in vitro 

angiogenesis as well. This makes CIRBP and CIRBP-AS1 promising targets in post-ischemic 

neovascularization. Future studies will determine whether these targets work in an in vivo 

model as well. 
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Supplementary Data 

Supplementary Table 1 sequences of primers used for qPCR and of siRNAs used for 
knockdown 

 Forward sequence Reverse sequence 

HSA-CIRBP TTGACACCAATGAGCAGTCG GGCATCCTTAGCGTCGTCAA 

HSA-splice variant 1 CGTGGGTTCTCTAGAGGAGGA CTCGTTGTGTGTAGCGTAACTG 

HSA-splice variant 2 CGTGGGTTCTCTAGAGGAGGA CGCCCTCGGAGTGTGACTTA 

HSA-splice variant 3 CGTGGGTTCTCTAGAGGAGGA TCAACCGTAACTGTCATAACTG 

HSA-splice variant 4 GTAGACCAGGCAGGAGGAG CGCCCTCGGAGTGTGACTTA 

HSA-CIRBP-AS1 CAATGGGAAAAGGAGGAAACT CCTTGTAAAGCTGGTTCTCCA 

GAPDH CACCACCATGGAGAAGGC AGCAGTTGGTGGTGCAGGA 

HSA-pri-miR-329-1 TGGGGAAGAATCAGTGGTGT GACCAGAAGGCCTCCAAGAT 

HSA-pri-miR-329-2 TGTCAAGTTTGGGGAAGGAA GACCAGAAGGCCTCCAAGAT 

HSA-pre-miR-329 TGAAGAGAGGTTTTCTGGGTTT ACCAGGTGTGTTTCGTCCTC 

HSA-pri-miR-495 CTGACCCTCAGTGTCCCTTC ATGGAGGCACTTCAAGGAGA 

HSA-pre-miR-495 GCCCATGTTATTTTCGCTTT CCGAAAAAGAAGTGCACCAT 

U6 AGAAGATTAGCATGGCCCCT ATTTGCGTGTCATCCTTGCG 

siRNA CIRPB GAGUCAGAGUGGUGGCUAC 

siRNA CIRBP-AS1 CAGGACCCUCACUCACUA 

 

  



 

 



 

 

 

 

 

Part III  



  



Chapter 7 

 

General Discussion and Future Perspectives  



General discussion 

A large noncoding RNA gene cluster located on the 14th chromosome in human includes the 

largest known microRNA cluster, a snoRNA cluster and three long noncoding RNAs. 

MicroRNAs and snoRNAs of the 14q32 locus are known to play different roles in 

cardiovascular disease and vascular remodelling. The aim of this thesis was to elucidate the 

differential expression of 14q32 microRNAs and snoRNAs in the vasculature and to identify 

regulators of 14q32 microRNAs in vascular remodelling. It is known that microRNAs can 

change in vascular remodelling processes. However, it was not uncovered whether 

expression of 14q32 microRNAs differs between different locations in the vasculature. 

Moreover, 14q32 microRNAs are regulators of vascular remodelling processes, but can also 

be regulated. The mechanisms of action of 14q32 microRNA regulators and the possibility to 

use these regulators in targeting vascular remodelling were investigated in this thesis. 

 

 

Figure 1 Graphical representation of microRNA clusters in vascular remodelling. MiR-126 and       
miR-23/24/27 induce positive remodelling and inhibit negative remodelling, whereas miR-17-92 and 
14q32 microRNAs inhibit positive remodelling and stimulate negative remodelling. The effect of   
miR-143/145 and miR-155 on negative remodelling is inconclusive, but miR143/145 inhibits positive 
remodelling. Figure from Welten & Goossens et al. Cardiovasc Res. 2016. 

 

In Chapter 2, we focused on microRNAs that are involved in both positive vascular 

remodelling (neovascularization) and negative vascular remodelling (atherosclerosis, 

restenosis and aneurysm formation). The individual microRNAs miR-126 and miR-155 as 

well as microRNA gene clusters miR-17/92, miR-23-24-27, miR-143/145 and 14q32 

microRNAs were reviewed. Their multifactorial nature was highlighted as they play a role in 



multiple vascular remodelling processes. MiR-126 and the miR-23/24/27 family was shown 

to stimulate positive vascular remodelling and inhibit negative remodelling at the same 

time. MiR-17/92, miR-143/145 and the 14q32 microRNA cluster, on the other hand, inhibit 

positive remodelling and induce negative remodelling. MiR-155 was described to play a role 

in all vascular remodelling processes, but could not be determined as specific inhibitor or 

inducer of remodelling processes. As different microRNAs or microRNA families affect 

vascular remodelling similarly or oppositely, it could be suggested that they reinforce each 

other, however, this needs to be studied further. This chapter provides openings for new 

therapeutic opportunities and more research is needed to identify the efficacy of promising 

microRNAs or microRNA clusters in treatment of cardiovascular disease. Findings of Chapter 

2 are summarized in Figure 1. 

 

14q32 ncRNA expression  

The human 14q32 ncRNA cluster is known to include 41 snoRNAs. In mice, the number of 

snoRNAs has not yet been established. The function of snoRNAs in general in cardiovascular 

disease1, 2 and the function of 14q32 microRNAs in cardiovascular disease3-6 was studied. 

However, the role of 14q32 snoRNAs in cardiovascular disease had not yet been elucidated. 

In Chapter 3, several lines of evidence are found to support 14q32 snoRNAs to be highly 

important regulators in cardiovascular disease. Firstly, single nucleotide polymorphisms 

(SNPs) that are present in genes encoding for 14q32 snoRNAs, were associated with heart 

failure, independently of microRNAs and long noncoding RNAs. Furthermore, in human 

blood vessel samples, both healthy and diseased, 14q32 snoRNAs were measured and 

showed higher expression in the head and neck area than in the lower limbs. Moreover, five 

out of seven measured 14q32 snoRNAs were upregulated in failed human vein grafts 

compared to the naïve vein grafts. In mice a similar upregulation of snoRNA expression was 

observed in vein graft disease. Next, in the STEMI cohort blood samples collected during   

ST-Elevation Myocardial Infarction (STEMI). After STEMI, SNORD113-2 in peripheral blood 

was changed 4 days after the myocardial infarct compared to 30 days after the event. This 

implies that 14q32 snoRNAs are affected in various forms of cardiovascular disease. 

Additionally, functional in vitro assays showed that upregulation of snoRNAs in murine cells 

led to a decreased cell migration in two of five measured snoRNAs and Fibrillarin, a 

methyltransferase that acts as a snoRNA-guided 2’O-ribose-methylation agent of target 

ncRNAs, was bound to 14q32 snoRNAs. Taken together, this study demonstrates the 

importance of 14q32 snoRNAs in cardiovascular disease and vascular remodelling. Further 

studies into finding snoRNA targets and mechanistic pathways of 14q32 snoRNAs are 

required to fully understand the role of snoRNAs in vascular processes. 



 

More was already known about 14q32 microRNAs in cardiovascular disease. Inhibition of 

14q32 microRNAs decreases negative vascular remodelling processes and improves positive 

vascular remodelling3-6. As it was not known what ‘normal’ expression of these microRNAs 

is, how they change under pathophysiological conditions and whether 14q32 microRNAs 

have vascular location-specific expression patterns, we aimed to make a vascular map of 

microRNA expression. This study is described in Chapter 4 for which a biobank was compiled 

of vascular tissue samples originating from most location in the vasculature. Surplus 

vascular tissue samples were discarded during surgery and microRNA expression levels were 

measured. As for 14q32 snoRNAs, microRNA expression was shown to be highly vascular 

location specific. We could therefore conclude that microRNA expression really shows 

vascular fingerprints. Highest expression was present in the lower limb vessels, whereas 

vessels in the neck area that could suffer from the same vascular disease, namely 

atherosclerosis, showed lowest expression for all microRNAs. Furthermore, all 14q32 

microRNAs showed higher expression in arteries than in veins. Within a blood vessel wall, 

highest microRNA expression was present in the smooth muscle cell layer. This is a layer 

that is prominently present in the arterial wall, but smooth muscle cells are less abundant in 

the venous vessel wall. Endothelial cells had lowest expression for all microRNAs. 14q32 

microRNA expression did not correlate with age, nor with sex, but showed inverse 

expression of target genes that were known to play a role in cardiovascular disease. 

Malignancies tended to increase vascular microRNA expression which was already shown 

within tumor cells itself. While compiling the miRMap biobank, even though we succeeded 

in including many different vessels, we realized that parts of the vasculature are missing to 

complete the atlas. For example, lung vessels, heart tissue, intracranial vessels and caval 

vein are not included as these tissues are not taken out during surgery of living patients. 

However, it would be interesting to include these samples as cardiovascular disease like 

thromboembolic events occur in the brain and lung vessels. 

 

Interestingly, expression in atheroprone locations as the lower limb vessels and the neck 

vessels is opposing for 14q32 snoRNAs (Chapter 3) and microRNAs (Chapter 4). Whereas 

both ncRNAs showed increased cell migration upon downregulation. Given these 

differences in expression patterns, the question remains what the association is between 

microRNAs and snoRNAs encoded in the same locus. Both ncRNAs could antagonize each 

other, like was seen between lncRNAs and other ncRNAs as microRNAs and snoRNAs7. 

Another possibility is that, for example, in a healthy vessel microRNAs are residing and, 

therefore, not active during low expression in the neck vessels, whereas the snoRNAs are 



highly expressed and actively repressing vascular remodelling. In that way, they cooperate 

in maintaining integrity of the vessel wall. The exact mechanism of interaction between 

14q32 microRNAs and snoRNAs has to be investigated. Summarizing, the first part of this 

thesis emphasizes that expression is regulated individually for each 14q32 ncRNA and is 

highly vascular disease and location specific. 

 

Expression regulation 

DNA methylation along the 14q32 locus was proposed as a possible gene expression 

regulator and, therefore, a regulator of 14q32 microRNA expression. In Chapter 4 14q32 

DNA methylation was measured throughout the human vasculature. In comparison of 

arteries and veins of patients with either PAD or CAD, differences between naïve VSMs 

harvested before implantation as coronary bypass, lower limb veins of patients with PAD 

and critically ischemic lower limb veins were observed. Especially in patients with severe 

ischemia, for which lower limb amputation was indicated, 14q32 DNA methylation was 

extremely high in the IG-DMR-CG4-2, MEG3-DMR-1B and MEG8-DMR-1H. Furthermore, in a 

murine ischemia model and a vein graft disease model, we observed remodelling-specific 

14q32 DNA methylation changes. In vein graft remodelling, during active remodelling at two 

weeks after grafting8, 9, DNA methylation was changed. At four weeks this process is more or 

less stabilized and 14q32 DNA methylation level returned to the native status. This was 

observed for DNMTs as well. In hindlimb ischemia, DNA methylation increased over time 

within the different DMRs between ischemic and control hindlimbs. However, as microRNAs 

and DNA methylation vary between vascular remodelling statuses, it was assessed whether 

these two correlate directly. This was not the case for any microRNA or DMR along the 

14q32 locus nor for primary microRNAs and DNA methylation and not for (primary) 

microRNAs and DNMT expression. Therefore, 14q32 DNA methylation is not directly linked 

to 14q32 microRNA expression throughout the human vasculature. This was previously 

claimed by Aavik et al.10 for atherosclerotic plaques. This difference could be explained by 

the fact that we looked at individual methylation site changes using restriction enzyme 

digestion followed by qPCR and not looked at a more global level, using bisulfite sequencing. 

DNA methylation is not only known as a gene expression regulator, but was also described 

as a regulator of alternative splicing11. However, the extend in which 14q32 DNA 

methylation acts in this process in cardiovascular disease, has to be investigated. Taken 

together, 14q32 DNA methylation cannot be considered as regulator of 14q32 microRNA 

expression in cardiovascular disease, but is associated with vascular remodelling status 

independently of 14q32 microRNAs. 

 



Another possible 14q32 microRNA regulator discussed in this thesis is myostatin. As 

described in Chapter 5, myostatin is a negative regulator of muscle cell proliferation and of 

14q32 microRNA expression. This is due to the ability of myostatin to bind the callipyge 

locus, another name for the 14q32 locus, and thereby affects microRNA expression. 

Therefore, we decided to study the effects of inhibiting 14q32 microRNA expression by 

myostatin administration. It is interesting that previous studies found that microRNA 

expression of the whole locus was affected by myostatin, because we observed in Chapter 4 

that expression of the 14q32 microRNAs along the locus differs from microRNA to 

microRNA. We observed indeed a downregulation of 14q32 microRNA expression upon 

myostatin administration in a dose-specific way. Next to the effect of myostatin on 

microRNA expression, the functional hypothesis was that myostatin, as negative muscle cell 

regulator, could inhibit vascular smooth muscle cell proliferation, one of the main features 

of post-interventional restenosis. Proliferation was indeed inhibited both in vitro and in vivo. 

However, myostatin did not have a clear consistent effect on the other cell type that is 

involved in restenosis, i.e. macrophages. Moreover, 14q32 microRNA expression in 

macrophages was not consistently changed either. As myostatin only has an effect on 

VSMCs, but not on macrophages, no clinical effect was found. This emphasizes that for 

targeting restenosis, compounds are needed that target both inflammation and VSMC 

proliferation. Findings of Chapter 5 are summarized in Figure 2. 

 
Figure 2 Graphical representation of the function of myostatin in restenosis. 

 

The last possible regulator of 14q32 microRNA expression that is discussed in this thesis, is 

on RNA binding protein (RBP). We investigated cold-inducible RNA binding protein (CIRBP) 

in detail. It was shown previously that this RBP is able to bind 14q32 precursor microRNAs of 



miR-329 and miR-495 to enhance processing into mature microRNAs12. Chapter 6 

investigates the in vitro effects of hypothermia and knockdown of CIRBP on total CIRPB, its 

splice variants, antisense long noncoding RNA and the target microRNAs. The target 

microRNAs of CIRBP, miR-495 but not miR-329, were downregulated in CIRBP knockdown. 

They were not altered in CIRBP overexpression, suggesting that CIRBP is needed for 

processing, but is not a rate limiting factor under normothermic conditions. Furthermore, 

the proangiogenic features of CIRBP knockdown, especially splice variant 1 of CIRBP,    

CIRBP-SV1, were assessed and it was shown that this condition had better migration and 

tube formation capabilities. Moreover, the antisense long noncoding RNA of CIRBP,     

CIRBP-AS1, seemed to react similarly to hypothermia and CIRBP knockdown as CIRBP itself. 

Therefore, CIRBP-AS1 was knocked down and this showed a knockdown of CIRBP as well. 

Again,   CIRBP-SV1 was most prominently affected. Furthermore, endothelial cell migration 

increased upon CIRBP-AS1 knockdown. However, it remains unclear whether CIRBP affects 

CIRBP-AS1 or vice versa and whether they collaborate or reinforce each other in 

angiogenesis. This still needs to be elucidated. Taken together, CIRBP is a promising target 

to stimulate post-ischemic neovascularization, like another RBP, MEF2A, was shown to act 

on 14q32 microRNAs to stimulate neovascularization5. HADHB in a previous study was 

shown to have the same 14q32 microRNA targets as CIRBP12 and it is interesting to assess 

the effect of HADHB knockdown on angiogenesis and its target microRNAs. Moreover, other 

RBPs that target microRNAs13 have to be investigated for binding to 14q32 microRNAs to 

link them to specific vascular remodelling processes. Given this, it is interesting to target 

RBPs to affect microRNAs and thus regulating vascular remodelling processes. Thereby, off 

target effects of direct microRNA manipulation are avoided, as microRNAs have specific 

expression patterns for each vessel type. This was shown in Chapter 4. However, it remains 

to be investigated whether RBPs only bind microRNAs under specific conditions or stress 

factors or that this binding and affecting process is always present. Findings of Chapter 6 are 

summarized in Figure 3. 

 



 
Figure 3 Graphical representation of CIRBP in angiogenesis. 

 

Future perspectives 

This thesis has uncovered that 14q32 noncoding RNA expression differs highly throughout 

the human vasculature. Moreover, we have discussed several potential 14q32 microRNA 

regulators. However, still numerous hurdles have to be taken before this knowledge can be 

applied in clinical practice.  

 

As we now know that 14q32 noncoding RNAs have location-specific expression fingerprints, 

it would be interesting to investigate the possibility to target these noncoding RNAs locally. 

Systemic side effects of noncoding RNAs are avoided in this strategy. In future clinical 

practice it would be ideal to treat patients suffering from cardiovascular disease by 

targeting, for example, a microRNA or snoRNA that is only present in the diseased vessel. It 

would even be more interesting to use microRNAs or snoRNAs as guide RNAs to bring a 

specific substance to particular cells and once it is in the cell, release a DNA methylation 

changing substance to affect methylation that is specific for the remodelling process, as 

DNA methylation is vascular remodelling process-specific. Thereby, systemic DNA 

methylation treatments that are mostly toxic and used in the field of oncology, are avoided. 

Steps that have to be taken, are investigation of off-target effects of noncoding RNA 

treatment in different cell types and vascular locations. Identifying these effects, results in 

finding an optimal therapeutic window. 



In this thesis, restenosis is emphasized to involve both VSMC migration and -proliferation 

and inflammatory reactions, mainly by macrophage influx. These factors are equally 

important to be  targeted in restenosis prevention or treatment. Therefore, to overcome 

post-interventional vascular remodelling, both VSMCs and macrophages should be targeted. 

Myostatin acts on local VSMCs and local microRNAs in VSMCs, but a regulator of 

macrophages should be added to decrease restenosis. Preferably, again only local anti-

inflammatory compounds should be considered, as systemic immune suppressing agents 

are not favorable. 

 

CIRBP is a promising target for increasing angiogenesis and it is even more interesting as 

downregulation of CIRBP-AS1 also targets CIRBP and angiogenesis. It has to be elucidated in 

further research what the actual interaction is between CIRBP and CIRBP-AS1. Furthermore, 

future research will point out whether CIRBP knockout in vivo results in increased blood 

flow recovery in hindlimb ischemia. Does CIRBP knockout increase neovessel formation 

around the occluded vessel in this model and ultimately in PAD? The final aim is to target 

CIRBP in human PAD or CAD. Moreover, in this thesis, we found that miR-495 is affected by 

CIRBP knockdown, but it remains to be determined whether this is the key factor in 

promoting angiogenesis or that CIRBP has another main target in stimulating 

neovascularization. A remaining question is whether CIRPB-AS1 knockdown affects 

angiogenesis via 14q32 microRNA expression or via which other pathway CIRBP-AS1 

knockdown stimulates neovascularization. In finding answers to these questions CIRBP will 

turn out as potential clinical target or not. 

 

The ultimate goal in noncoding RNA research in vascular remodelling is to find a therapeutic 

option to prevent, stop or even diminish cardiovascular disease and the subsequent burden 

on patients. This aim could either be accomplished by direct or indirect targeting of 

noncoding RNAs.  

In conclusion, this thesis provides novel insights in the differential expression of 14q32 

noncoding RNAs in the human vasculature. Experimental studies have identified possible 

regulators of 14q32 microRNA expression in vascular remodelling processes as restenosis 

and neovascularization. With many steps to take, ncRNA therapies in cardiovascular disease 

are still far away, but hopefully in the future it is possible to prescribe these therapies to 

patients that are currently not treated optimally.  
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Introductie 

Cardiovasculaire ziekten 

Cardiovasculaire ziekten zijn vandaag de dag nog steeds de meest voorkomende oorzaak 

van mortaliteit en morbiditeit in de westerse wereld. Dit komt met name doordat 

risicofactoren voor het krijgen van cardiovasculaire ziekten, zoals inname van te veel vet en 

zout, een zittende leefstijl en te weinig fysieke activiteiten, in de hedendaagse maatschappij 

niet meer weg te denken zijn.  

Bij hart- en vaatziekten is er een gemeenschappelijke factor, namelijk dat er in de 

bloedvatwand vasculaire remodellering plaatsvindt. Deze vasculaire remodellering kan 

onderverdeeld worden in positieve remodellering en negatieve remodellering. Onder 

negatieve remodellering vallen atherosclerose, restenose en de vorming van aneurysmata, 

allemaal processen die nadelig zijn voor gezondheid van vaten. Positieve remodellering 

omvat de vorming van nieuwe bloedvaten, bijvoorbeeld als natuurlijke bypass om een 

geoccludeerd bloedvat heen, en is in hart- en vaatziekten dus een gunstig proces. 

Momenteel zijn preventie- en behandelopties voorhanden, maar deze zijn nog steeds 

ontoereikend om de ziektelast te verlagen. Daarom is verder onderzoek nodig naar nieuwe 

strategieën om positieve remodellering te stimuleren en negatieve remodellering te 

remmen. De laatste decennia is veel onderzoek gedaan naar de genetische componenten 

van vasculaire remodellering. Een van deze genetische componenten is het gebied van niet-

coderende RNA’s, maar ondanks het feit dat al vele studies op dit gebied zijn verricht, is nog 

veel onbekend.  

 

Niet-coderende RNA’s 

Een klein deel van het genoom codeert voor messenger RNA (mRNA) dat vervolgens wordt 

getransleerd tot proteïnen. Het grootste deel van het genomische materiaal (>95%) codeert 

niet voor eiwitten, maar heeft wel degelijk een functie. Deze RNA’s worden niet-coderende 

RNA’s genoemd. Nadat DNA is afgelezen, en het dus RNA wordt genoemd, hebben de 

gevormde moleculen een sturende functie op andere RNA’s, waaronder mRNA. Hiermee 

kunnen niet-coderende RNA’s dus de expressie van eiwitten reguleren. Een niet-coderend 

RNA kan meerdere target RNA’s hebben en daarmee is een niet-coderend RNA dus in staat 

om complexe fysiologische processen te reguleren. Er bestaan heel veel verschillende niet-

coderend RNA’s, die onderverdeeld kunnen worden in grote- en kleine niet-coderende 

RNA’s. MicroRNA’s en small nucleolar RNAs (snoRNA’s) die in dit proefschrift worden 

besproken vallen onder de kleine niet-coderende RNA’s. 

Niet-coderende RNA’s, met name microRNA’s, komen vaak voor in clusters of families. Het 

14q32 niet-coderende RNA cluster is een voorbeeld hiervan. Het is gelegen op de lange arm 



van het 14e chromosoom in de mens en bestaat uit 54 microRNA’s, 41 snoRNA’s en 3 lange 

niet-coderende RNA’s. In de muis is het equivalent gelegen op het 12e chromosoom (12F1 

locus) en bevat 61 microRNA’s. Van enkele microRNA’s van het 14q32 cluster is aangetoond 

dat remming hiervan positieve remodellering stimuleert en negatieve remodellering remt. 

Daarom zijn dit en mogelijk andere clusterleden ideale kandidaten om toekomstige 

therapeutische interventies op te baseren.  

 

Regulatie van microRNA’s 

MicroRNA’s reguleren niet alleen andere RNA’s, maar kunnen ook zelf gereguleerd worden. 

Dit betekent dat hiermee indirect de targetgenen van microRNA’s gereguleerd worden. 

Regulatie kan op meerdere manieren plaatsvinden en de meest voorkomende vormen van 

regulatie zijn transcriptionele regulatie en posttranscriptionele regulatie. Bij de 

eerstgenoemde vorm van regulatie kunnen transcripten die coderen voor microRNA’s, beter 

of juist minder goed afgelezen worden van het DNA. Bij posttranscriptionele regulatie van 

microRNA’s is transcriptie onveranderd, maar grijpt de regulator aan tijdens de ontwikkeling 

van primair- naar precursor- en/of naar volwassen microRNA. Ook hierbij kan de regulator 

deze processen remmen of juist stimuleren. 

 

Proefschrift 

Het doel van dit proefschrift is om de expressie van 14q32 niet-coderende RNA’s in het 

menselijke vaatbed te onderzoeken. Tevens worden mogelijke regulatoren van 14q32 

microRNA expressie besproken en onderzocht in diverse vormen van vaatremodellering.  

 

In Hoofdstuk 2 is een overzicht gegeven van diverse microRNA’s en microRNA clusters die in 

verschillende vormen van vasculaire remodellering (i.e. positieve en negatieve 

remodellering) een rol spelen. Hierbij wordt de multifactoriële aard van deze microRNA’s 

benadrukt. De individuele microRNA’s miR-126 en miR-155 en de microRNA clusters         

miR-17/92, miR-23-24-27 en 14q32 microRNA’s werden besproken. In eerdere studies is 

gevonden dat miR-126 en de miR-23-24-27 familie positieve remodellering stimuleren en 

negatieve remodellering tegelijkertijd remmen. Deze microRNA’s zouden daarom ideale 

targets zijn om te stimuleren in de strijd tegen cardiovasculaire ziekten. Het miR-17/92 

cluster, het miR-143/145 cluster en het 14q32 microRNA cluster hebben tegenovergestelde 

effecten. Zij remmen juist positieve remodellering en stimuleren negatieve remodellering. 

Door het remmen van deze microRNA’s is aangetoond dat neovascularisatie gestimuleerd 

kan worden, maar ook dat atherosclerose en restenose geremd kunnen worden. Juist de 

mogelijkheid om beide processen tegelijk te beïnvloeden in een gunstige richting, biedt 



interessante therapeutische mogelijkheden. In het verleden is namelijk gebleken dat door 

andere targets te beïnvloeden, neovascularisatie werd gestimuleerd, maar atherosclerose 

tegelijk ook werd gestimuleerd. Dit is geen positieve ontwikkeling en daarom zijn de 

beschreven microRNA’s en microRNA clusters idealere kandidaten in toekomstige 

behandelingen voor cardiovasculaire ziekten. 

 

Differentiële expressie van 14q32 niet-coderende RNA’s 

Zoals hierboven beschreven, hebben de 14q32 microRNA’s diverse functies in vasculaire 

remodellering. De 14q32 locus in de mens bevat naast deze 54 microRNA’s ook 41 

snoRNA’s. Echter, over snoRNA’s is nog weinig bekend. Enkele eerdere studies hebben 

beschreven dat snoRNA’s een functie kunnen hebben in vasculaire remodellering, maar van 

de 14q32 snoRNA’s is nog niet bekend of zij een rol spelen in cardiovasculaire ziekten en, 

indien dit het geval is, hoe dit precies werkt. In Hoofdstuk 3 worden meerdere 

onafhankelijke bewijzen gegeven die allemaal ondersteunen dat 14q32 snoRNA’s 

belangrijke regulatoren zijn van cardiovasculaire ziekten. Als eerste is aangetoond dat Single 

Nucleotide Polymorphisms (SNP’s) in het 14q32 snoRNA cluster significant geassocieerd zijn 

met hartfalen, onafhankelijk van SNP’s in het microRNA cluster of MEG3, een lang niet-

coderend RNA op de 14q32 locus. Daarnaast is gevonden dat 14q32 snoRNA expressie in de 

bloedvatwand erg bloedvat specifieke patronen laat zien. Hoge expressie is gemeten in 

hoofd-halsvaten en lage expressie was aanwezig in bloedvaten uit de onderste 

extremiteiten. Tevens werden snoRNA expressie levels van naïeve venen die erna gebruikt 

zouden worden als bypass, vergeleken met geoccludeerde, en dus gefaalde, bypass venen. 

De expressie van SNORD113.2 was significant hoger bij geoccludeerde vaten. Expressie van 

dit snoRNA was ook tweemaal zo hoog in het bloed direct na ST-elevatie myocard infarct 

(STEMI) vergeleken met 30 dagen na behandeling, maar de hoogste 14q32 snoRNA 

expressie werd gezien in hartsamples van patiënten met hartfalen. Al deze associaties laten 

dus zien dat snoRNA’s daadwerkelijk een rol moeten spelen in cardiovasculaire ziekten, 

maar hoe snoRNA’s precies een functie hebben of worden beinvloedt in cardiovasculaire 

ziekten, is nog niet bekend. Veranderen zij als gevolg van de ziekte of treedt de ziekte op als 

gevolg van snoRNA veranderingen, zijn vragen die nog beantwoord moeten worden. 

Hiervoor is het nodig de exacte aangrijpingspunten van snoRNA’s te achterhalen. Daarom 

zijn in deze studie reeds enkele functionele experimenten uitgevoerd die aantoonden dat 

opregulatie van twee snoRNA’s in de muis leidde tot verbeterde cel migratie en dat 

methyltransferase Fibrillarine, dat niet-coderende RNA’s kan methyleren als het is  

aangestuurd door snoRNA’s, ook gebonden kan zijn aan 14q32 snoRNA’s.  



Samenvattend laat deze studie zien dat 14q32 snoRNA’s een belangrijke rol spelen in 

cardiovasculaire ziekten en mogelijke werkingsmechanismen zijn onderzocht. Echter, hoe 

dit exact werkt, via welke mechanistische route en welke targets 14q32 snoRNA’s precies 

hebben, zal moeten worden onderzocht in vervolgstudies. 

 

Mechanistische werking van microRNA’s is al veel meer bestudeerd. MicroRNA’s worden 

afgeschreven van het DNA tot primair microRNA. Vervolgens wordt het omgezet tot 

precursor microRNA door het enzym Drosha. Als het precursor microRNA vanuit de nucleus 

naar het cytoplasma wordt getransporteerd komt het enzym Dicer dat zorgt voor de 

omzetting naar volwassen microRNA. De volwassen vorm wordt geladen in een zogenoemd 

RISC complex (RNA-Induced Silencing Complex) waarmee het de uiteindelijke functie kan 

gaan uitoefenen. Daarmee bindt het microRNA aan het 3’uiteinde (3’UTR) van zijn target 

mRNA en reguleert zo de expressie van zijn targetgenen. Omdat is aangetoond dat 14q32 

microRNA’s in diverse vormen van vasculaire remodellering een rol kunnen spelen en dat 

cardiovasculaire ziekten vaak op specifieke locaties in het menselijk lichaam voorkomen, 

kwam de vraag op of 14q32 microRNA’s specifieke expressiepatronen hebben in de 

vaatboom. Daarom is het doel gesteld om de expressie van 14q32 microRNAs in de 

menselijke vasculatuur in kaart te brengen. Hoofdstuk 4 beschrijft de resultaten van deze 

studie waarin vaatweefsel samples vanuit zoveel mogelijk verschillende locaties in de 

menselijke vaatboom zijn verzameld. In deze samples is de microRNA expressie van 17 van 

de 54 14q32 microRNA’s gemeten. Deze microRNA’s liggen verspreid over de locus en zij zijn 

in eerdere studies beschreven belangrijke functies te hebben in vasculaire remodellering. In 

deze studie zijn inderdaad bloedvat specifieke microRNA expressiepatronen gevonden. De 

bloedvaten in de benen lieten hoge expressie levels zien, waar de bloedvaten uit het 

hoofdhalsgebied een lage 14q32 microRNA expressie hadden. Dit was een interessante 

bevinding, omdat in beide bloedvaten atherosclerose kan voorkomen, maar de microRNA 

expressie dus duidelijk verschilt. Ook is gevonden dat voor elk microRNA de expressie in 

arteriële bloedvaten hoger is dan in veneuze bloedvaten. Daarnaast correleerde 14q32 

microRNA expressie niet met leeftijd of geslacht, maar werd wel gezien dat de targetgenen 

lager tot expressie kwamen wanneer er hoge microRNA expressie was, en vice versa. Dit 

laatste werd ook verwacht op basis van het eerder beschreven werkingsmechanisme van 

microRNA’s en dit impliceert dat de 14q32 microRNA’s die aanwezig zijn ook daadwerkelijk 

een functie uitoefenen. 

 



Samenvattend benadrukt het eerste deel van dit proefschrift dat 14q32 niet-coderend RNA 

expressie individueel gereguleerd is voor elk niet-coderend RNA en dat bloedvatlocatie- en 

vasculaire ziekte specifieke expressie aanwezig zijn. 

 

Regulatoren van 14q32 microRNA expressie 

14q32 microRNA’s komen differentieel tot expressie in de menselijke bloedvatwand en dit 

verschil uit zich in locatie en ziekte specifieke expressiepatronen. De vraag die hierbij 

opkomt is hoe deze regulatie precies verloopt en op welke verschillende manieren 14q32 

microRNA expressie gereguleerd kan worden. Dit wordt in het tweede deel van dit 

proefschrift besproken. 

 

Allereerst is in Hoofdstuk 4 DNA methylatie besproken als mogelijke microRNA expressie 

regulator. DNA methylatie is de additie van een methylgroep aan een cytosine-guanosine 

dinucleotide, zogenoemde CpG’s. Op het DNA zijn regio’s waarin veel CpG’s gelegen zijn en 

er dus veel methylatie plaats kan vinden. Deze regio’s worden Differentially Methylated 

Regions (DMR’s) genoemd. Ook op het 14q32 cluster zijn drie DMR’s gelegen. Methylatie is 

niet een statisch proces, maar kan veranderen tijdens ziekte. Het is bekend dat DNA 

methylatie status verandert tijdens oncogene processen en enkele cytostatica grijpen dus 

aan op methylgroepen. In fysiologische omstandigheden veranderd DNA methylatie niet 

zomaar. Dit gebeurt onder invloed van enzymen die DNA MethylTransferases (DNMT’s) 

heten. In eerdere studies was aangetoond dat DNA methylatie omgekeerd evenredig is met 

de expressie van nabijgelegen genen. Dit kan verklaard worden doordat de methylgroep het 

onmogelijk maakt voor RNA polymerase om te binden en dus het DNA te transcriberen. In 

deze studie hebben wij echter gevonden dat op de 14q32 locus DNA methylatie levels en 

microRNA expressie levels niet correleren in de bloedvatweefsel. Ook DNA methylatie status 

en primair microRNA expressie of DNMT expressie en (primair) microRNA expressie tonen 

geen relatie in bloedvaten. Wel is aangetoond dat 14q32 DNA methylatie direct gerelateerd 

kan worden aan status van het bloedvat in vasculaire remodellering. Ook DNMT expressie 

liet dit zien. Deze bevindingen werden in menselijke zieke en gezonde bloedvaten gedaan, 

maar zijn ook in diverse diermodellen bevestigd. 14q32 DNA methylatie is dus geen 14q32 

microRNA expressie regulator, maar een onafhankelijke factor die geassocieerd is met 

vasculaire remodellering. Hoe deze associatie precies werkt en of dit mogelijkheden biedt 

tot nieuwe therapeutische interventies, zal verder onderzocht moeten worden. 

 

In Hoofdstuk 5 is een andere 14q32 microRNA regulator bestudeerd, namelijk myostatine. 

Myostatine was reeds bekend als regulator van skeletspiercelgroei en -proliferatie. De 



afwezigheid van myostatine leidt tot overmatige spiermassa in zowel mensen als dieren. In 

de veehouderij is dit een positief verschijnsel, maar in mensen veroorzaakt het ook 

overmatige groei van hartspiercellen. Dit kan leiden tot een verslechterde pompfunctie van 

het hart met ziekte en mogelijk de dood tot gevolg. Niet alleen skeletspiercellen en 

hartspiercellen, maar ook gladde spiercellen kunnen van fenotype veranderen door 

myostatine. Juist deze gladde spiercellen spelen in post-interventionele restenose een 

belangrijke rol. Normaal gesproken verblijven gladde spiercellen in de mediale laag van een 

bloedvat. Zij dragen bij aan de elasticiteit en compliantie van een bloedvat en daarmee kan 

een bloedvat hoge systolische drukken weerstaan, maar tegelijk ook rekbaar zijn. Als een 

bloedvat (kransslagader of beenslagader) occludeert door het ontstaan van een 

atherosclerotische plaque, moet deze met spoed behandeld worden om de bloedstroom 

door het vat te herstellen. Dit gebeurt door middel van een dotterprocedure. Ter plaatse 

van de vernauwing wordt een ballonnetje opgeblazen waardoor de plaque naar buiten 

geduwd wordt en het lumen weer groot genoeg is om voldoende bloed door te laten. Om 

snelle re-occlusie te voorkomen, wordt vaak een stent achtergelaten. Meest gebruikte 

stents geven ook medicijnen af die re-occlusie vertragen. Ondanks de medicijnen uit de 

stent en het feit dat de patiënt levenslang medicijnen moet slikken, komt het vaak voor dat 

er toch ter plaatse van de stent restenose optreedt. Dit komt doordat het opblazen van de 

ballon en het achterlaten van de stent reacties triggert in de bloedvatwand. Gladde 

spiercellen reageren door extra te prolifereren en van de media naar de intima te migreren. 

Daarbij vormen ze een dikke intima en dit wordt de neointima genoemd. Daarnaast wordt 

een ontstekingsreactie uitgelokt waarbij met name macrofagen geactiveerd worden en in de 

laesie migreren. Met het feit dat myostatine afwezigheid leidt tot verhoogde spiercel 

proliferatie, werd in deze studie verwacht dat de toediening van myostatine zou leiden tot 

minder gladde spiercelproliferatie, wat een gunstig effect zou hebben op post-

interventionele restenose.  

Daarnaast is in eerdere studies beschreven dat myostatine de callipyge locus, een andere 

naam voor de 14q32 locus, beïnvloedt en microRNA expressie van de locus verandert. 

Myostatine knock-out muizen hebben naast grote spiermassa ook een verhoogde 14q32 

microRNA expressie. Andersom wordt dus verwacht dat myostatine aanwezigheid leidt tot 

een verlaging van 14q32 microRNA expressie. Ook dit zou een positieve invloed moeten 

hebben op post-interventionele restenose, omdat eerder onderzoek heeft aangetoond dat 

directe remming van 14q32 microRNA miR-495 restenose vermindert en ook de 

macrofageninflux verlaagd. Dit effect op macrofagen door myostatine is ook onderzocht.  

Zowel in vitro als in een in vivo model voor post-interventionele restenose werd de functie 

van myostatine op restenose en 14q32 microRNA’s onderzocht. De resultaten van deze 



studie lieten zien dat myostatine inderdaad gladde spiercel proliferatie remt en microRNA’s 

in gladde spiercellen lager tot expressie brengt. We zagen echter niet dat myostatine een 

effect had op macrofaagactivatie of de microRNA’s in macrofagen. Dit verklaart ook waarom 

restenose niet afnam in de myostatine behandelde groepen vergeleken met de controle 

groep. Myostatine alleen zal dus niet de nieuwe remedie zijn tegen restenose, ondanks dat 

het een sterke 14q32 microRNA regulator is in gladde spiercellen. Deze bevindingen 

benadrukken dat voor de behandeling van post-interventionele restenose niet slechts een 

component getarget moet worden, maar dat therapieën zowel gladde spiercelproliferatie 

als macrofaagactivatie moeten kunnen remmen om succesvol te zijn in de strijd tegen 

restenose. 

 

De laatste regulator van 14q32 microRNA’s die in dit proefschrift (Hoofdstuk 6) besproken 

wordt, is CIRBP. Dit is de afkorting van Cold-Inducible RNA Binding Protein. Zoals de naam 

suggereert, staat dit proteïne bekend om de eigenschappen om RNA te binden, en dus te 

beïnvloeden, en om geïnduceerd te worden door kou. Dit zijn twee interessante 

eigenschappen. Allereerst kan CIRBP diverse soorten RNA binden, zowel mRNA’s als niet-

coderende RNA’s. Onder deze niet-coderende RNA’s die target zijn van CIRBP vallen ook 

twee 14q32 microRNA’s. In een eerdere studie is aangetoond dat CIRBP de omzetting van 

precursor microRNA naar volwassen microRNA beïnvloedt voor 14q32 microRNA’s miR-329 

en miR-495. Daarnaast wordt CIRBP geïnduceerd door lage temperatuur. Juist dit is een 

belangrijk kenmerk van perifeer vaatlijden. Wanneer in het been door een arteriële occlusie 

de bloedstroom naar lager gelegen weefsels wordt afgesloten, zullen verschijnselen als 

polsloosheid, pijn, paresthesie, pallor (bleekheid), paralyse en poikilothermie 

(onmogelijkheid om lichaamstemperatuur te behouden) optreden, samen de 6 P’s. Door het 

tekort aan bloedtoevoer, en dus zuurstof en voedingsstoffen, naar de perifere weefsels, 

worden deze ischemisch en sterven af. Daarom moet een arteriële occlusie behandeld 

worden. Dit kan, zoals ook in Hoofdstuk 5 beschreven is, door middel van een 

dotterprocedure met of zonder plaatsing van een stent, maar ook door middel van een 

bypass. Deze omleiding om de occlusie heen kan chirurgisch worden aangelegd met behulp 

van een ander lichaamseigen bloedvat, maar het lichaam heeft ook zelf een manier om een 

bypass te vormen. Dit heet neovascularisatie en omvat de vorming van nieuwe bloedvaten 

ófwel uit bestaande onrijpe bloedvaten door toename in druk en shear stress 

(arteriogenese) ófwel de vorming van volledig nieuwe bloedvaten naar ischemisch weefsel 

(angiogenese). Hoewel het lichaam zelf in staat is tot neovascularisatie, is dit in 

omstandigheden zoals perifeer arterieel vaatlijden niet voldoende om de bloedstroom naar 

lager gelegen gebieden volledig te herstellen. Daarom moeten strategieën gevonden 



worden waarbij neovascularisatie ondersteund en versterkt wordt. In eerdere studies is 

gevonden dat directe remming van 14q32 microRNA’s, waaronder miR-329 en miR-495, 

leidt tot betere neovascularisatie in een diermodel voor achterpootischemie. Tevens is 

gevonden dat remming van een ander RNA bindingsproteïne, MEF2A, leidt tot lagere 14q32 

microRNA expressie met als gevolg betere post-ischemische neovascularisatie. 

Voortbordurend op deze studies, is in Hoofdstuk 6 onderzocht of door het targetten van 

CIRBP 14q32 microRNA’s gereguleerd worden en dus neovascularisatie gestimuleerd wordt. 

Daarnaast is gekeken naar het effect van hypothermie op CIRBP, verschillende splice 

varianten van CIRBP en het antisense long noncoding RNA CIRBP-AS1. Ook is het effect van 

CIRBP op 14q32 microRNA expressie onderzocht. Vervolgens is gekeken naar het effect van 

CIRBP- en CIRBP-AS1 remming op de 14q32 microRNA’s en ook is onderzocht of dit 

angiogenese stimuleert in vitro. CIRBP werd in endotheelcellen geïnduceerd door koude 

stress, met name CIRBP-SV1, maar een duidelijk effect op CIRBP-AS1 en de 14q32 target 

microRNA’s bleef uit. CIRBP remming leidde tot downregulatie van volwassen miR-495, 

maar niet van miR-329, en zorgde voor verbeterde in vitro angiogenese. Ook 

bewerkstelligde deze CIRBP remming een lagere CIRBP-AS1 expressie. Andersom zorgde 

CIRBP-AS1 remming ook voor een lagere CIRBP expressie en tevens een verbetering van in 

vitro angiogenese. Hoe deze interactie tussen CIRBP en CIRBP-AS1 precies werkt en welke 

van de twee de hoofdverantwoordelijke factor is van de proangiogene eigenschappen, moet 

nog onderzocht worden.  

Deze bevindingen samen impliceren dat CIRBP en CIRBP-AS1 zeer interessante mogelijke 

targets zijn in neovascularisatie en verder onderzoek zal moeten uitwijzen of dit 

daadwerkelijk in een levend organisme ook werkzaam is. Daartoe is de volgende stap om in 

CIRBP knock-out muizen een achterpootischemie model te verrichten. Hierbij wordt de 

arteria femoralis geligeerd en vervolgens gekeken naar het herstel in de bloedtoevoer naar 

de poot via neovascularisatie. Normaal gesproken zal dit in 7-10 dagen hersteld zijn, maar 

de verwachting is dat in muizen die geen CIRBP hebben, 14q32 microRNA’s veel lager tot 

expressie komen en er dus meer en snellere neovascularisatie plaatsvindt.  

 

Samenvattend bespreekt het tweede deel van dit proefschrift drie verschillende mogelijke 

regulatoren van 14q32 microRNA expressie. 14q32 DNA methylatie bleek geen regulator 

van 14q32 microRNA expressie te zijn, maar is een onafhankelijke factor die geassocieerd is 

met vasculaire remodellerings status. Myostatine daarentegen is wel een duidelijke 

regulator van 14q32 microRNA expressie, maar alleen in spiercellen, dus in VSMCs in de 

bloedvatwand. Myostatine heeft geen duidelijk effect op andere cellen in restenose zoals 

macrofagen. Daarom is het geen potente regulator van post-interventionele vasculaire 



remodellering, omdat dit een proces is waarin meerdere factoren tegelijk getarget moeten 

worden om een klinisch effect te bereiken. De laatste regulator van 14q32 microRNA 

expressie die in dit proefschrift is besproken, is CIRBP. Bij remming van CIRBP in 

endotheelcellen wordt miR-495 eveneens geremd zoals verwacht. MiR-329 werd niet 

beïnvloed. Tevens liet remming van CIRBP een duidelijk positief effect zien op in vitro 

angiogenese. Of deze effecten in vivo ook aanwezig zijn, zal onderzocht moeten worden, 

maar in vitro data zijn zeer veelbelovend.  

 

Conclusie 

Dit proefschrift geeft nieuwe inzichten in de differentiële expressie van 14q32 niet-

coderende RNA’s in het menselijke vaatbed. Experimentele studies hebben enkele mogelijke 

regulatoren van 14q32 microRNA expressie in vasculaire remodelleringsprocessen, zoals 

post-interventionele restenose en post-ischemische neovascularisatie. Veel stappen moeten 

nog gezet worden en therapieën met 14q32 niet-coderende RNA’s of regulatoren van 14q32 

microRNA’s zijn nog ver weg, maar hopelijk is het in de toekomst mogelijk om deze 

therapieën aan patiënten voor te schrijven die vandaag de dag nog suboptimaal behandeld 

worden. 
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