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Abstract 
 
Studies in fibrotic diseases demonstrate that myofibroblasts may be derived from cell 

types other than fibroblasts. Sources include endothelial-to-mesenchymal transition 

(EndMT), generating 27% to 35% of myofibroblasts in cardiac fibrosis and around 10% 

in kidney fibrosis. 

Over the last decade, miRNAs have increasingly been described as key regulators in 

biologic processes but their profile remains mainly undescribed in EndMT. Therefore, 

we have investigated the possible role of miRNA signatures in EndMT models relevant 

to cardiac and kidney fibrosis. 

EndMT was modelled in human umbilical vein endothelial cells (HUVEC) by treatment 

with TGFβ2 (10ng/mL) and IL1β (10ng/mL). Significantly decreased expression of 

endothelial markers such as vWF and increased levels of mesenchymal markers such 

as fibronectin were observed by qPCR in HUVEC after 48 hours of treatment (p<0.05). 

Similarly, immunofluorescence showed increased expression of fibronectin and 

decreased expression of VE-cadherin in HUVEC 6 days post-treatment. 

In parallel, miRNAs were profiled with an nCounter assay in HUVEC. Profiles in 

untreated cells were compared to cells treated with TGFβ2 and IL1β. In these profiles, 

miR-126-3p was found down-regulated 24 hours’ post-treatment. Over-expression of 

miR-126-3p in HUVEC by transfection restored the expression of CD31 and repressed 

the expression of fibronectin induced by TGFβ2 and IL1β treatment, protecting the 

cells from EndMT induction.  

EndMT in vivo was investigated using lineage tracing with transgenic Cdh5-Cre-ERT2; 

Rosa26R-stop-YFP mice. Mice expressing YFP specifically in endothelial cells 

underwent myocardial infarction or unilateral ureteral obstruction. After sacrifice, 

lineage tracing showed expression of mesenchymal markers in endothelial derived 

cells, indicating the presence of EndMT in cardiac and kidney fibrosis. In addition, in-

situ hybridisation revealed the presence of miR-126-3p mainly in endothelial cells in 

mouse heart and kidney. 

We conclude that miR-126-3p may have a role in EndMT and this may have 

therapeutic potential in cardiac and kidney fibrosis. 
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Chapter 1. Introduction 

 
 

  Heart failure 
 

Heart failure (HF) is a clinical manifestation of numerous cardiovascular diseases 

mainly represented by ischemic heart disease, valvular heart disease and 

hypertension (Ponikowski et al., 2016). According to the European Cardiovascular 

Disease Statistics, cardiovascular disease (CVD) causes 45% of all deaths in Europe 

and 37% of all deaths in the European Union. In fact, CVD-induced heart failure results 

in a heart that is unable to maintain the blood flow to supply the body with oxygen. In 

the onset of cardiac disease, the injured heart will try to compensate its dysfunction by 

remodelling the tissue giving rise to a change of shape of the heart. Initially 

compensatory, the change of heart structure induced by the remodelling maintains 

normal cardiac function at first but ultimately leads to a progressive heart dysfunction 

(Kemp and Conte, 2012).  

Historically, HF was assessed with the measurement of left ventricular ejection fraction 

(LVEF). As the heart function in cycle of diastole (blood filling) and systole (blood 

ejection), HF was distinguished between the systolic heart failure referring to a reduced 

ejection fraction (HFrEF) and the diastolic heart failure referring to a preserved ejection 

fraction (HFpEF) (Federmann et al., 1994; Ponikowski et al., 2016).  

 

The main differences between HFrEF and HFpEF are the performance of contractile 

function and left ventricular remodelling pathways (Komamura, 2013). In patients with 

systolic heart failure, blood filling is normal during diastole however the failing heart is 

unable to eject sufficient blood during systole. Compensatory mechanism to maintain 

the heart function led to eccentric hypertrophy which is defined by an increased  left 

ventricular mass and a normal relative wall thickness (Sehgal and Drazner, 2007). This 

hypertrophy is due to ventricular dilatation and stretching of the muscle fibers (Pearse 

and Cowie, 2014). 
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Figure 1.1 Two types of heart failure 
Heart failure can be distinguished between the systolic heart failure (HFrEF) and the diastolic 
heart failure (HFpEF). HFrEF is defined by an eccentric left ventricular hypertrophy (LVH) due 
to ventricular dilatation. Thereafter, this dilatation induces a reduction of the ejection fraction. 
HFpEF is characterized by a concentric LVH where ventricular wall is thicker and myocardial 
stiffness is increased. (Khouri et al., 2010; Komamura, 2013; Lazzeroni et al., 2016) 
 

In HFpEF patients, systolic function is preserved but filling is impaired during diastole. 

Impaired filling reduces cardiac output as the left ventricular (LV) is not filled enough. 

The decrease of cardiac output is then compensated for by an increase in myocardial 

stiffness which influences filling pressure. An increase in left ventricular mass and 

relative wall thickness is induced and gives rise to a concentric LVH (Komamura, 

2013). 

 

Cardiac remodelling is a predominant characteristic of HF and can be induced by a 

multitude of pathophysiological stimuli such as mechanical stress, hormonal stimuli or 

ischemia (Schirone et al., 2017). Ventricular remodelling caused essentially an 

alteration in cardiomyocyte and the development of fibrosis (Unverferth et al., 1986; 

Konstam et al., 2011).  

As the result of an insult, myocyte loss and therefore contractile tissue loss can be 

observed. Myocyte death occurs mainly through necrosis and apoptosis. 

Nevertheless, surviving cardiomyocytes undergo morphologic changes and become 

elongated or hypertrophied in order to maintain normal heart function (Segura et al., 

2014). In eccentric hypertrophy, lengthening of myocytes is observed while thickness 

of myocytes are increased in concentric hypertrophy (Gerdes, 2002).This two types of 

No LVH
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heart failure

Diastolic 
heart failure

Dilatation

Eccentric LVH Concentric LVH

Normal heart
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LV ejection fraction

None NoneVentricular dilatation

LV stiffness
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myocyte remodelling is explained by the addition and the rearrangement of myocyte’s 

sarcomeres (Katz and Rolett, 2016). 

 

 
Figure 1.2 Cardiac remodelling pathways leading to heart failure 
Remodelling of the heart occurs following pathophysiological stimuli. The remodelling affects 
essentially the cardiomyocyte and the extracellular matrix. Post-injury, numerous  
cardiomyocytes are lost through necrosis and apoptosis. In the context of oxidative stress, 
surviving cardiomyocytes undergo morphologic changes and became hypertrophied. 
Myocardial fibrosis also contributes to the remodelling via the accumulation of collagen 
secreted by the myofibroblasts. Altogether, the remodelling induces a change in shape and 
structure of the heart which can later on lead to heart failure. Reproduced from (Schirone et 
al., 2017). 
 

Cardiac fibrosis contributes to cardiac remodelling in both systolic and diastolic 

dysfunction (Brilla and Weber, 1992; Hein et al., 2003). Post-injury, myofibroblasts 

proliferate and lead to the development of fibrosis which is defined by an accumulation 

of extracellular matrix (ECM). Fibrotic ECM increases myocardial stiffness and can 

lead to diastolic dysfunction. In systolic dysfunction, fibrosis impairs the contractility 

(Kong et al., 2014). 

 

 

 

Remodelling pathways

Pathophysiologic stimuli

Change of heart shape and structure

Heart failure

Ventricular dysfunction

Myocardial fibrosisCardiomyocyte hypertrophyCardiomyocyte loss

Necrosis 
Apoptosis

Monocyte infiltration
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  Cardiac fibrosis 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  
Numerous cardiovascular diseases induce a ventricular remodelling in order to 

preserve heart integrity and maintain heart function. This remodelling is essentially 

associated with the development of fibrosis. Although initially compensatory, fibrosis 

contributes to structure and shape changes that can later on lead to heart failure 

Cardiac fibrosis is defined by an accumulation of extracellular matrix and contributes 

to both systolic and diastolic heart failure. Several types of cells contribute to cardiac 

fibrosis, directly such as the myofibroblast that secrete ECM protein or indirectly such 

as immune cells, cardiovascular cells and endothelial cells that secrete pro-fibrogenic 

factors. Regardless of the etiology, fibrosis is based on common cellular effectors and 

common signalling pathways. 

 

In physiological conditions, the extracellular matrix network is responsible for the 

laminar structure of the myocardium and prevents the sarcomeres within 

cardiomyocytes from stretching. In the interstitium, vascular smooth cells and the 

cardiac fibroblast are the most abundant cells meanwhile immune cells such as mast 

cells and macrophage are present in small numbers (Gersch et al., 2002). CF provides 

a structural scaffold for cardiomyocyte, diffuse mechanical force throughout the cardiac 

tissue and is the mediator of electric conduction (Souders et al., 2009).  

In the extracellullar matrix, collagen I confers  tensile strength and represents 85% of 

all collagen meanwhile collagen III represents only 11% and maintains elasticity of the 

network (Weber, 1989). In wound healing, collagen is degraded by metalloproteinase 

(MMP) which allows the tissue remodelling. MMP’s are tightly regulated and balanced 

by the tissue inhibitor of metalloproteinase (TIMP). In the late phase of wound-healing, 

fibroblasts undergo apoptosis leaving a mature scar consisting of collagen cross-linked 

and other components from the matrix. (Caley et al., 2015) 

 

In response to an injury, remodelling pathways are activated and inflammation, 

fibroblast proliferation or scar maturation can be observed. When necrotic injury 

occurs, the resulting inflammation leads to recruitment of immune cells and debris 

removal. Immune cells release Transforming growth factor beta 1 (TGFβ1) which 

triggers the transdifferentiation of fibroblasts into myofibroblast. Within the cardiac 

tissue myofibroblasts release pro-inflammatory and prohypertrophic signals as well as 

TGFβ1 which regulates the deposition of extracellular matrix protein. In the absence 
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of cell death, fibrosis can be induced by pathophysiological stimuli such as ischemia 

or metabolic injury. Thereafter, cardiac fibrosis induces irreversible changes in the 

structure such as chamber dilatation, cardiomyocyte hypertrophy and trigger 

apoptosis. In addition, excess ECM and fibroblasts impair mechano-electric coupling 

of cardiomyocytes, thus reducing cardiac contraction. 

 

Myofibroblasts first produce fibronectin which create a temporary scaffold for the 

deposition of fibrillary collagen. Fibronectin also promotes the transdifferentiation of 

fibroblasts in myofibroblasts through its ED-A splice variant which is well known to 

cooperate with TGFβ.  Activated fibroblasts are the main source of collagen and a 

significant increase of collagen I and III can be observed  in the fibrotic heart. Unlike 

the process of wound-healing, the MMP/TIMP balance is disturbed following a stress 

and this imbalance is associated with heart dysfunction. An increase of collagen in the 

interstitium around muscle fibers contributes to an increased ventricular stiffness and 

an impaired diastolic function. During fibrotic remodelling, degradation of collagen can 

trigger ventricular dilatation and therefore induce systolic dysfunction.  

  

There are two types of cardiac fibrosis namely reactive interstitial fibrosis and 

replacement fibrosis which can be observed in different types of heart failure. The 

reactive interstitial fibrosis is an adaptative response to preserve cardiac structure and 

function .This interstitial fibrosis will ultimately progress towards the replacement 

fibrosis. This second type of fibrosis restores regions of cardiomyocyte death and 

avoids cardiac rupture.(Krenning et al., 2010)  

 

Cardiovascular disease associated with cardiac fibrosis 

As stated before, fibrosis consists of common effectors and signalling pathways. 

However, the contribution of each pathway is dependent on the etiology of the 

ventricular remodelling.  

 

After an acute injury such as myocardial infarction (MI), loss of cardiomyocytes triggers 

an inflammatory reaction which activates the reparative pathways. Infarct healing can 

be divided in three phases. The inflammatory phase, the proliferative phase and the 

formation of mature scar 

During the inflammation, stimulation of cytokine and chemokine signalling results in 

the recruitment of immune cells into the injured area. Neutrophils and activated 
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macrophages remove dead cells, debris and release cytokines, growth factors leading 

to formation of granulation tissue. In fact, release of Interleukin-1β (IL1β) and Tumor 

Necrosis factor-a (TNFa) promotes MMP expression and therefore matrix degradation. 

Once the wound is cleared, leucocytes undergo apoptosis and pro-inflammatory 

mediators are inhibited which lead to the proliferative phase. During this phase, non-

myocyte cells such as fibroblasts and endothelial cells proliferate. In addition, 

fibroblasts undergo phenotypic changes and acquire a contractile apparatus. These 

activated fibroblasts secrete a high level of extracellular matrix proteins in the infarct 

area. During the maturation phase, matrix proteins are cross-linked and form a mature 

scar, meanwhile fibroblast and endothelial cells within the scar undergo apoptosis 

(Frangogiannis, 2008). The cross-linking of collagen increases stiffness and 

contributes to the diastolic dysfunction  

 

Pressure overload is a cardiac condition caused by hypertension or aortic stenosis. 

The remodelling includes cardiac fibrosis which is associated with increased stiffness 

and therefore contributes to diastolic dysfunction. If the pressure overload persists, the 

remodelling can lead to both, ventricular dilatation and the development of systolic 

dysfunction. 

Volume overload can be observed in patients with valvular regurgitant lesions and 

contribute to systolic dysfunction. It results in a decrease of collagen due to an increase 

of MMP that ultimately leads to ventricular dilatation. The presence of fibrosis in volume 

overload heart is still debated.   

 
  Cardiac fibroblast  

 
Regardless of etiology, cardiac fibroblasts (CF) are the main effectors in cardiac 

fibrosis. For years, fibroblasts were considered as the largest cell population in the 

cardiac tissue, however recent reports have suggested that cardiac fibroblast account 

for less than 20% of the cardiac total cells. Cardiac fibroblasts are mostly found in 

cardiac interstitium where they are the most abundant cell type. In addition, cardiac 

fibroblasts are also located in the epicardial and perivascular regions.  

Their function relies on the maintenance of the cardiac extracellular matrix and the 

regulation of cardiac structure. Furthermore, CF contributes to mechanical, chemical 

and electrical functioning of the heart. In the young adult heart, cardiac fibroblasts 

remain quiescent and do not exhibit significant inflammatory or proliferative activity. 
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 In general, fibroblasts are the most abundant cell type of connective tissue and are 

heterogeneous from one organ to the other. In physiological conditions, they do not 

express large amount of extracellular matrix protein and do not present any contact 

with cells or with the matrix. 

Cells are shielded from stress by the matrix that they secrete and remodel. In wound 

healing, fibroblasts are able to differentiate toward a cell type close to smooth muscle 

cells. (Majno et al., 1971) Gabbiani et al showed that fibroblasts were able to contract 

with the same stimuli that allow contraction of smooth muscle cells (Gabbiani et al., 

1971). 

After cardiac injury, cytokines released by damaged cells or immune cells activate 

fibroblasts. Fibroblasts then migrate to the site of injury and secrete extracellular 

matrix. In response to alterations in ECM and cytokines within the micro-environment, 

fibroblast acquire their first stress fibers of cytoplasmic actin and became proto-

myofibroblasts. Proto-myofibroblasts are negative for alpha smooth muscle actin 

(aSMA) and are described as an intermediate step in myofibroblast differentiation. 

Focal adhesion connects the stress fiber to ECM proteins and N-cadherin junctions 

link cells to cells. During wound healing, fibroblasts secrete specific transcripts of 

fibronectin that  later promote myofibroblast differentiation (Serini et al., 1998).  

 
Differentiation in myofibroblasts is characterised by their contractile functions and is 

denoted by the presence of a contractile apparatus which consists of actin filaments 

associated with myosin. This actin filament is a smooth muscle cell actin isoform and 

is called alpha smooth muscle actin (Darby et al., 1990). Expression of aSMA confers 

not only an increase in contractile activity but also induces a intracellular mechanical 

feedback loop (Hinz et al., 2001). Myofibroblasts are connected to the ECM via 

structures called fibronexus. Fibronexus are transmembrane complexes of intracellular 

actin filament and extracellular fibronectin and bind to collagen from ECM.(Singer, 

1979; Singer et al., 1984)  
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Figure 1.3 Transdifferentiation of fibroblast  
During the transdifferentiation, fibroblasts acquire their first stress fibers of cytoplasmic actin 
and reach the intermediate state of proto-myofibroblast. Differentiation in myofibroblasts 
requires the presence of a contractile apparatus consisting in alpha smooth muscle actin 
filaments associated with myosin. (Tomasek et al., 2002) 
 
The complete transdifferentiation of fibroblasts into aSMA positive myofibroblasts 

requires three key events : 

- presence of biologically active TGFβ1   

- presence of ECM protein such as ED-A  

- extracellular stress 

Myofibroblast can efficiently contract  and are essential for wound closure and 

structural integrity of infarct healing.  

 
Interestingly, extracellular matrix protein deposition is not usually considered for 

identification of fibroblasts. Fibroblasts were first defined by their morphology. 

Fibroblast are flat, spindle-shaped cells and contain an oval nucleus. Fibroblasts 

exhibit sheet like extension and differ from other cell type by their lack of basal 

membrane. Despite the progress in cells identification with lineage tracing, studies of 

fibroblasts and activated fibroblasts remain difficult as no robust marker were identified. 

 

Fibroblast specific protein 1 (FSP1) is considered as a reliable marker of both 

fibroblasts and myofibroblasts. However, recent study shows that FSP1 could be 

expressed by a multitude of cell line including endothelial cells. Alpha SMA reflects the 

activation of fibroblasts but is not specific as these actin fibers are also found in the 
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vascular smooth muscle cells (VSMC). Interestingly, fate mapping techniques that 

were normally used to study cell lineage in embryonic development, can be used to 

assess the relevance of fibroblast markers. A common approach of lineage tracing is 

the system Cre-Lox which requires 2 transgenes. The first transgene express Cre-

recombinase under the promoter of a specific cell type. The second transgene is 

composed with a STOP cassette flanked by two sequences LoxP and a reporter gene 

under an ubiquitous promoter. In cells expressing the recombinase, Cre interacts with 

the LoxP sequence, removes the stop cassette and allows the expression of the 

reporter gene (Zeisberg and Kalluri, 2010). This way, cells can be traced even after a 

phenotypic change. In fibroblasts, the lineage tracing revealed that some markers such 

as periostin, fibronectin or alpha SMA were expressed by a subpopulation of 

fibroblasts. The transcription factors Tcf21 and Wt1 are expressed by the epicardium 

in embryologic development and are present in epicardium-derived cardiac fibroblasts. 

Thus, these two factors were used in models of lineage tracing to study the role of 

resident fibroblasts in cardiac fibrosis (Moore-Morris, Guimarães-Camboa, Banerjee, 

Alexander C Zambon, et al., 2014; Kanisicak et al., 2016). Furthermore, lineage tracing 

was performed to elucidate the origin of the fibroblast population. 
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Table 1.1 Expression of fibroblast markers  
Adapted from (Ivey and Tallquist, 2016) 
 
 
  
 
 
  

Localisation Markers Adult heart Injured Adult  Heart 

Nuclear 
WT1 Epicardium, Endothelial 

cells(low) 
Epicardium, Endothelial 
cells(low), peri-vascular 

Tcf21 Fibroblast, Epicardium Fibroblast, Epicardium 

Cytosollic 

FSP1 
Fibroblast, Pericyte,VSMC, 
Endothelial Cells, Immune 

Cells 

Fibroblast, Pericyte, VSMC, 
Endothelial Cells, Immune 

Cells 

Prolyl-4-hydroxylase Fibroblast, Endothelial Cells Fibroblast, Immune Cells 

Cytoskeletal 
Vimentin Fibroblast, Pericyte, VSMC, 

Endothelial Cells Fibroblast, Pericyte, VSMC 

αSMA Pericyte, VSMC Fibroblast, Pericyte, VSMC 

Cell 
membrane 

PDGF alpha Fibroblast Fibroblast 

MEFSK4 Fibroblast, Pericyte, 
VSMC(low) , Immune Cells 

Fibroblast, Pericyte, VSMC, 
Endothelial Cells, Immune 

Cells 

DDR2 Fibroblast, Pericyte, VSMC Fibroblast, Pericyte, VSMC 

CD90 
Fibroblast, Pericyte, VSMC , 
Immune Cells, Endothelial 

cells 

Fibroblast, Pericyte, VSMC , 
Immune Cells, Endothelial 

cells 

Sca1 Fibroblast Fibroblast 

Extracellular 

Periostin   Fibroblast 

Fibronectin Fibroblast, Endothelial Cells Fibroblast 

ED-A fibronectin   Fibroblast, Endothelial Cells 

Collagen type I Fibroblast, Pericyte, VSMC Fibroblast, Endothelial Cells, 
Cardiomyoctye 

Collagen type III Fibroblast, Pericyte, VSMC Fibroblast, Pericyte, VSMC 

FAP   Fibroblast 
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 Origin of myofibroblasts 
 

 
Figure 1.4 Origin of cardiac fibroblasts 
Cardiac fibroblasts can arise from embryonic tissue through EMT and EndMT. Contribution to 
the pool of fibroblasts by pericytes, endothelial cells, bone marrow progenitor cells or 
fibrocytes was demonstrated in adult cardiac tissue in several studies.  
 

Resident fibroblast 

Traditionally, fibroblasts in the cardiac interstitium are thought to arise from embryonic 

mesenchymal cells (Norris et al., 2008; Ali et al., 2014). In the cardiac walls, cells from 

epicardium undergo epithelial-to-mesenchymal transition (EMT) (Gittenberger-De 

Groot et al., 1998). This process is regulated by growth factors such as  TGFβ, platelet-

derived growth factor (PDGF) and fibroblast growth factor (FGF) (Olivey et al., 2006). 

In addition to the development of cardiac interstitial fibroblasts, some cells from the 

endocardium undergo endothelial-to-mesenchymal transition and form a cushion 

mesenchyme that is require for the development of heart valve. (Markwald et al., 

1975). Furthermore, part of this fibroblast population resides in the interventricular 

septum (de Lange et al., 2004). Recent studies revealed that resident fibroblasts 

derived from epicardium and endocardium are the main source of cardiac fibroblasts. 

Lineage tracing of epicardial derived and endocardial derived fibroblast using WT1-

Cre and Tie2-Cre respectively revealed that their expression was complementary in 

healthy heart. In fact, 100% of fibroblast (Col1a1 +) were positive for WT1 in the right 

ventricle, 92% in the left ventricular free wall(LVFW) and 30 % in the interventricular 

septum (IVS). In addition, 12% of fibroblasts were positive for Tie2 lineage tracing in 

the LVFW and 60% in the IVS (Moore-Morris, Guimarães-Camboa, Banerjee, 

Alexander C. Zambon, et al., 2014). Following an injury, cells derived from the 

epicardium and endocardium respectively contributed to 80-85% and 20% of fibroblast 

during cardiac fibrosis development.  

Epicardium

EMT

Endocardium

EndMT

Pericytes

Endothelial cells Bone marrow

Fibrocytes

Embryonic

Adult

EndMT
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Interestingly, these results were contradicted by recent studies suggesting the 

contribution of other cell type to the pool of fibroblasts in the development of cardiac 

fibrosis.  

 

Endothelial-to-mesenchymal transition origin 

After an injury, endothelial cells were suggested as a source of myofibroblasts through 

endothelial-to-mesenchymal transition. In order to study the contribution of endothelial 

cells to the fibroblast population, lineage tracing under the promoter of Tie1 (Tie1-Cre), 

an endothelial/hematopoietic marker was generated. This study in heart post-aortic 

banding revealed that cells with an endothelial origin were able to express a 

mesenchymal marker such as FSP1 or alpha SMA. Endothelial origin was found in 

75% of alpha SMA positive cells and 15% of FSP1 positive cells (Zeisberg et al., 2007).  

However, recent studies demonstrated that immune cells can be labeled by Tie1 and 

FSP1 implying that these markers were not reliable to study EndMT (Gustafsson et al., 

2001; Osterreicher et al., 2011). Another study was performed with the Cre-Lox system 

under the promoter of VE-cadherin/Cdh5, to trace endothelial cells after thoracic aortic 

banding. No significant contribution of endothelial cells was observed, however, 

fibroblast identification was based on Col1A1 expression and did not overlap with 

mesenchymal markers expression such as FSP1(0%) and aSMA (7%) suggesting that 

only a part of fibroblast population was studied. (Moore-Morris, Guimarães-Camboa, 

Banerjee, Alexander C. Zambon, et al., 2014). Ali et al generated Tie2-Cre mice and 

confirmed the contribution of EndMT to the pool of fibroblast (around 20%) but did not 

find any difference post-injury implying that EndMT is not active after an injury (Ali et 

al., 2014). 

Interestingly, EndMT has been described as a contributor to fibrosis in other organs 

such as kidney and lung but remains elusive in cardiac fibrosis (LeBleu et al., 2013a; 

Seo-Hyun Choi et al., 2015). 

 

Bone marrow origin 

Bone marrow derived progenitor cells were described as a potential source of 

fibroblasts in the context of fibrosis. This has been suggested when bone marrow cells 

labelled with green fluorescent protein (GFP) and transplanted were found in the 

fibrotic cardiac tissue following myocardial infarction (van Amerongen et al., 2008). 

Zeisberg et al show, after transplantation of Tie1-Cre bone marrow, positive cells in 

the heart within the vessel but none of these cells were positive to aSMA or FSP1. 
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Thus, hematopoietic progenitor cell did not contribute to the pool of fibroblasts. In the 

same study, they performed transplantation of bone marrow cells from male mice to 

female mice and found that 13.4% of FSP1 positive  cells and 21.1% of aSMA positive 

cells carried a Y chromosome, implying that these fibroblasts came from the bone 

marrow. Bone marrow derived cells can contribute to the fibroblast population in 

cardiac fibrosis but not the hematopoietic progenitor cell. (Zeisberg et al., 2007). 

	
Fibrocytes 

Fibroblast progenitors namely fibrocytes have been observed in the circulation and 

present a mesenchymal-like phenotype. This population express both hematopoietic 

and mesenchymal marker such as CD34,CD45, vimentin and procollagen1 (Abe et al., 

2001). In addition, culture of fibrocytes revealed a slow decrease of CD34 expression 

and a progressive increase of collagen 1 production (Bucala et al., 1994).  

 

Perivascular origin 

Cells lying in the perivascular region namely pericytes were suggested as potential 

contributors of the fibroblast population in fibrosis. The study of Sundberg et al. was 

the first to demonstrate the transformation of pericytes into fibroblast. Indeed,  

pericytes were developed in collagen-producing cells in the context of dermal scarring 

(Sundberg et al., 1996). In addition, retinal pericytes were found with a similar 

phenotype to the mesenchymal stromal cells, suggesting their ability to 

transdifferentiate into mesenchymal cells (Covas et al., 2008). More recently, 

Humphreys et al. performed lineage tracing in mice with fibrotic kidneys and observed 

that CD73 positive pericytes were undergoing transdifferentiation into fibroblasts in 

kidney fibrosis (Humphreys et al., 2010). 

 

 Endothelial-to- mesenchymal transition 
 
Endothelial mesenchymal transition results in the differentiation of endothelial cells to 

mesenchymal cells. Endothelial cells exhibit a basal apical polarity, and form a 

monolayer. During EndMT, the transdifferentiated cells acquire a front rear polarity, 

migratory properties and lose their junctions. This transition is characterized by the 

decrease of endothelial markers such CD31, VE -cadherin and the increase of 

mesenchymal markers such as alpha SMA, and secretion of components of the 

extracellular matrix. 
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Figure 1.5 Process of endothelial-to-mesenchymal transition 
 

1.5.1 Endothelial-to-mesenchymal transition in heart development  

EndMT was first described in embryonic development. In mouse at embryonic day 9,5, 

the heart consist of two layers namely the endocardium and myocardium, separated 

by an acellular matrix called cardiac jelly. Transmission microscopy and histologic 

examination during the development of embryonic hearts of rats revealed the migration 

of endothelial cells in the cardiac jelly and the transdifferentiation of these cells into 

mesenchymal cells to form the cushion tissue (Markwald et al., 1975).These cells 

expressing Tie-1, Tie-2, VEGFRI/II and CD31 are precursors of cells forming heart 

valves in the outflow track (OFT) region and the atrioventricular (AV)canal. Evidence 

of this differentiation was confirmed in chicks in-vitro with the co-culture of the 

atrioventricular canal region and myocardium  on collagen gel. Both tissues were 

required for the differentiation as  AV canal or myocardium alone were not sufficient to 

induce EndMT (Runyan and Markwald, 1983). Several years later, Kinusaki et al 

developed a model of lineage tracing of endothelial cells Tie2-Cre;CAG-CAT-Z in 

mouse embryos. In this model, cells with an endothelial origin were positive for Lacz 

staining. LacZ staining in mouse heart embryos confirmed that mesenchymal cells 

forming heart valves were derived from endothelial cells (Kisanuki et al., 2001). During 

EndMT, endocardial cells lose their cell polarity, cell–cell junctions and acquire a 

migratory function. Mesenchymal cells invade the ECM and populate the cardiac 

cushions. 
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Among the numerous signalling pathways involved in EndMT, three are required to 

complete the formation of heart valves: BMP, TGFβ  and Notch signalling. 

TGFβ isoforms were described in the development of multiple tissues including the 

heart valves. Using culture on collagen gels, Potts et al first showed that EndMT was 

stimulated mainly by members of the TGFβ family (Potts and Runyan, 1989). TGFβ2 

and TGFβ3 were expressed in the myocardium of chick and their neutralisation by 

specific antibodies showed a distinct role in the process of EndMT. TGFβ2  contributed 

to the disruption of cell-cell contact and TGFβ3 was shown to be promoting their 

migration (Boyer et al., 1999). Studies in various species revealed different 

requirement of TGFβ isoforms for the formation of heart valve. In fact, avian hearts 

require both TGFβ2 and TGFβ3 for the transdifferentiation whereas mouse only 

require TGFβ2 (Camenisch et al., 2002). Additionally, inhibition of latent transforming 

growth factor beta binding protein 1 (LTBP1), a protein required for TGFβ1 activation 

prevented EndMT in mouse Av explants, arguing that TGFβ1 plays a role in EndMT 

(Nakajima et al., 1997). Altogether, these data suggest a different role for each of the 

three isoforms and could be involved at different stages of EndMT. However, TGFβ2 

knock-out in mouse AV explant reduced mesenchymal cells invading the collagen 

meanwhile, TGFβ1,3 knock-out showed invasion rates similar to the wild type, implying 

that EndMT was functional (Mercado-Pimentel and Runyan, 2007; Azhar et al., 2009).  

  

Bone morphogenetic proteins (BMP) proteins are essential in EndMT and particularly 

the protein BMP2 which is highly expressed in the myocardium before EndMT. AV 

canal explant stimulated with BMP2 were able to complete EndMT without the 

presence of myocardium explants (Sugi et al., 2004). Furthermore, BMP2 deletion in 

the myocardium revealed its importance in the initiation of EndMT and in the cushion 

formation (Ma et al., 2005). Signal transduction pathway of BMP proteins requires their 

binding to the receptors activin receptor-like kinase 2 (ALK2)/ALK3 and BMPR2. The 

deletion of ALK2, ALK3, or BMPR2 in endothelial cells severely impaired EndMT and 

reduced the expression of a transcription factor Snail1 known for its role in EndMT 

(Wang et al., 2005). This suggests that BMP2 signals from myocardium stimulate AV 

canal EndMT in endocardial cells through ALK2/BMPR2 and ALK3/BMPR2 

complexes. 

 

Notch signalling lead to the expression of genes from the Hey and Hes transcription 

factor families (MacGrogan et al., 2011). In mouse and chick heart embryos, Hey1 and 
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Hey2 were found in flanking atrial and ventricular chambers but not in the AV canal 

(Rutenberg et al., 2006; Kokubo et al., 2007). A gain of function of Notch, Hey1, Hey2 

in the AV canal led to the repression of BMP2 which is essential for the initiation of 

EndMT. Thus, BMP2 expression is restricted to the AV canal due to the absence of 

Hey genes (Rutenberg et al., 2006). 

In addition, Notch signalling was found necessary for the formation of heart valves. 

The knockout of the RBPJK complex which is a downstream protein in Notch signalling 

induced the loss of Snai1 expression. This prevented EndMT by blocking the down-

regulation of the cell adhesion protein VE-cadherin (Timmerman et al., 2004). The gain 

of function of Notch in the endocardium revealed the ectopic activation of Snai1/Snail, 

Snai2/Slug and pro-EndMT gene. Cells became positive for mesenchymal genes and 

migrate to the surface of the collagen gel but fail to invade it suggesting a partial 

EndMT. Interestingly, addition of BMP2 to this model led to the full EndMT (Luna-Zurita 

et al., 2010). This suggests that endocardial Notch1 interacts with myocardial Bmp2 to 

promote and regulate EndMT in both the AV canal and OFT. All together, these three  

signalling pathways are able to induce EndMT in heart development to build heart 

valves (Garside et al., 2013). 

1.5.2  Endothelial-to-mesenchymal transition in fibrosis  

In the last decade, the mechanism of endothelial-to-mesenchymal transition has been 

explored in a pathological context and more precisely in fibrotic diseases. In 2007, 

Zeisberg et al first described EndMT in cardiac fibrosis in adult organisms. In this work, 

transgenic mouse expressing a Cre-loxP recombinase under Tie-1 promoter allowed 

the expression of Lacz within cells of endothelial origin regardless of phenotype 

changes. Transgenic Mice underwent aortic banding and therefore induced cardiac 

fibrosis. Their results demonstrated that 27% to 35% of fibroblasts FSP1+/a-SMA+ 

were positive for cells of endothelial origin in fibrotic areas (Zeisberg et al., 2007). 

Similarly, EndMT was observed in cardiac fibrosis generated post-myocardial 

infarction with the ligation of the left ascending coronary artery. Lineage tracing of 

endothelial cells with the stem cell leukemia-Lacz system exhibited alpha SMA positive 

cells with an endothelial origin post-MI (Aisagbonhi et al., 2011). In the study of 

Widyantoro et al, cardiac fibrosis induced by diabete mellitus showed FSP1 and CD31 

positive cells suggesting the transdifferentiation (Widyantoro et al., 2010). 

 EndMT was found involved in fibrotic pathologies in multiple organs such as the lung, 

the kidney and the gut. In mouse, bleomycin-induced pulmonary fibrosis revealed the 
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presence of EndMT using a lineage tracing under the promoter of the endothelial 

marker Tie2. Up to 16% of fibroblasts were positive to the endothelial origin. In the 

same work, fibroblast populations derived from endothelial cells were divided into 2 

subcategories: aSMA negative, Collagen I positive fibroblasts (15%) and aSMA 

positive, Collagen I negative fibroblasts (85%) (Hashimoto et al., 2010). EndMT was 

also observed in pulmonary hypertension and radiation-induced pulmonary fibrosis 

(Qiao et al., 2014; Seo-Hyun Choi et al., 2015). Ranchoux et al, combined correlative 

light and electron microscopy in pulmonary artery hypertensionPAH from patients to 

study endothelial cell behavior at an ultrastructural level. Endothelial cells from PAH 

patients displayed a contractile phenotype suggesting the active process of EndMT 

(Ranchoux et al., 2015). 

Zeisberg et al discovered the participation of EndMT in renal fibrosis in three different 

mice models: streptozotocin (STZ)-induced diabetic nephropathy, unilateral ureteral 

obstruction (UUO) and alpha 3 chain collagen type 4 knockout (COL4A3 KO) . In UUO 

mice, co-expression of CD31 and FSP1 appeared one week after ureter ligation. This 

co-expression was observed in COL4A3 KO mice aged 22 weeks and in STZ induced 

diabetic nephropathy mice aged 6 months (Zeisberg et al., 2008) .These results were 

confirmed in STZ-induced diabetic nephropathy in early development of interstitial 

kidney fibrosis (Kisanuki et al., 2001). Lineage tracing was performed using Tie2-cre 

recombinase and population of alpha SMA positive cells with an endothelial origin was 

identified (Li et al., 2009).Tie2-cre recombinase was also used in UUO model where 

approximatively  10% of mesenchymal cells on site were positive for endothelial origin 

(LeBleu et al., 2013b). 

 

EndMT was also detected in intestinal fibrotic pathologies such as colonic fibrosis and 

inflammatory bowel disease. In the colonic mucosa of Crohn’s disease and ulcerative 

colitis patients, co-expression of endothelial and mesenchymal markers was seen in 

endothelial cells from inflammed tissue. In mouse, chronic murine colitis was induced 

by administration of trinitrobenzene sulfonic acid. Using Tie2–Cre model with GFP 

reporter, EndMT was observed after 8 weeks of injection which was corroborated with 

the emergence of intestinal fibrosis (Rieder et al., 2011). 
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 Inducers of EndMT in fibrosis 

1.6.1 TGFβ  

TGFβ is a pleiotropic growth factor that belongs to the TGFβ-superfamily and is 

characterized as the main EndMT inducer. The TGF-β superfamily is divided in two 

major categories including BMPs and TGFβ/activin A subfamilies. TGFβ  can be found 

in 3 isoforms in human, TGFβ1, TGFβ2 and TGFβ3 which share high homology but 

are coded by three individual genes (Massague and Chen, 2000). These three isoforms 

are unequally distributed across various tissues and exhibit distinct roles. TGFβ is 

released in a latent form and requires series of proteolytic steps in order to convert into 

mature TGFβ . Thereafter, bioactive TGFβ acts as a ligand and binds to a TGFβ 

transmembrane receptor 1 which activates the TGFβ transmembrane receptor 2 and 

subsequently transduces the signal via Smad-dependent and independent pathways. 

In endothelial cells, TGF-β binds two distinct type I receptors, ALK1 and ALK5 which 

activate respectively Smad1/5/8 and Smad2/3. In both pathways, activated Smads 

form with Smad 4, a heteromeric complex which is able to translocate in the nucleus 

and interact with DNA. ALK1 And ALK5 pathways regulate different genes and have 

opposite biological functions in these cells (Goumans et al., 2002). 
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Figure 1.6 TGFβ superfamily signalling 
 (Schmierer and Hill, 2007) 
 
In endothelial cells, three TGFβ isoforms are expressed and each of them have the 

potential to induce activated fibroblasts via a phenotypic conversion. In fact, TGF-β 

efficiently induces EndMT in different types of endothelial cells  both in vitro and in vivo. 

Arcienegas et al first promoted the transition in bovine aortic endothelial cell with 

TGFβ1 treatment. Post-treatment, factor VIII was significantly decreased and alpha 

SMA increased suggesting the transdifferentiation(Arciniegas et al., 1992). Similarly, 

TGFβ1 treatment induced alpha SMA expression in ovine aortic valve endothelial cell 

(Paranya et al., 2001).  

Likewise, TGFβ2 treatment in endothelial cells induced a decrease of cell adhesion 

markers such as VE cadherin and PECAM1 and were positive to alpha-SMA. Treated 

cells acquired a spindle shape morphology similar to mesenchymal cells.(Medici et al., 

2011; Mihira et al., 2012; R Kumarswamy et al., 2012). 

Studies for TGFB3-induced EndMT in fibrosis are quite sparse. The role of TGFβ3 in 

EndMT was mostly described in heart development where its inhibition resulted in the 
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inhibition of cell invasion (Boyer et al., 1999). However, TGFβ3 treatment was able to 

increase a-SMA expression at the same level as TGFβ2 and TGFβ1 in mouse 

pancreatic microvascular endothelial cells suggesting a proper role in EndMT.  

Similarly, TGFβ3 induced EndMT in mouse embryonic endothelial cells. Surprisingly, 

the effect of TGFβ3 treatment in human endothelial cells is lacking. 

The downstream mechanism of TGFβ in EndMT involves the transcription factors Snail 

and Slug, known as suppressors of cell adhesion. In fact, Snail was found up-regulated 

in endothelial cells post-treatment with TGFβ2 (Medici et al., 2011). The repression of 

Snail by siRNA prevented the down-regulation of claudin 5 and the up-regulation of a-

SMA, thus reducing EndMT. 

1.6.2 TNFa 

Tumor necrosis factor-alpha is a pro-inflammatory cytokine involved in endothelial 

activation. TNFα  signalling is initiated by its binding to one of two receptors, TNF 

receptor type 1 or TNF receptor type 2, downstream molecules are recruited and lead 

to transcription factors activation such as NF-κB (MacEwan, 2002). In endothelial cells, 

TNF-a activity  induces various cell adhesion molecules such as E-selectin, 

intercellular adhesion molecule type 1 (ICAM-1) and vascular cell adhesion molecule 

type 1 (VCAM-1) and increase permeability, suggesting that TNFa  is involved in 

adhesion and extravasation of leucocytes during inflammation (Mackay et al., 1993). 

Besides endothelial activation, evidence showed that TNFa could induce EndMT by 

activating NF-κB. In fact, TNFa treatment in porcine aortic valve endothelial cells 

stimulated Akt/ NF-κB  signalling which in turn resulted in the up-regulation of a-SMA 

and meanwhile endothelial markers such as VE-cadherin were reduced(Mahler et al., 

2013). Similarly, EndMT was induced by TNFa in lymphatic endothelium.(Chakraborty 

et al., 2015). 

1.6.3 IL1β   

IL1β is a pro-inflammatory cytokine which is mainly secreted by immune cells such as 

macrophage and monocyte. IL1β is synthesized in an inactive form namely pro-IL1β 

whose cleavage by the protease caspase 1 releases the mature IL1β (Lopez-Castejon 

and Brough, 2011). Transduction of IL1β signalling is via the binding to IL1R1 receptor. 

IL-1RacP is recruited and stimulates the recruitment of the adaptor protein MyD88 

(myeloid differentiation factor 88) and IRAK4 (IL-1 receptor-activated protein kinase 4). 

Downstream signalling stimulates several pathways including NFκB and MAP kinase 
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(Turner, 2014). In human dermal microvascular endothelial cells, IL1β treatment 

induces phenotypic changes, including the change from cobblestone to spindle shape. 

Moreover, PECAM and vWF were largely decreased implying that endothelial cells 

undergo a dedifferentiation and acquire a fibroblast-like phenotype. The same results 

were obtained in human intestinal microvascular endothelial cells and in human 

epithelioid dermal microvascular endothelial cells (Chaudhuri et al., 2007; Rieder et 

al., 2011). Interestingly, combination of TGFβ2 and IL1β treatment revealed an additive 

effect on EndMT. Using different conditions of treatment, evidence showed that IL1β 

treatment was only required for the initiation of EndMT and that TGFβ2 could sustain 

it (Maleszewska et al., 2013). 

1.6.4 Hypoxia 

Evidence has shown that EndMT could be induced under hypoxic conditions. The 

effect of hypoxia on cells is mainly due to the increased expression of the transcription 

factor hypoxia-inducible factor 1 alpha (HIF1α). Under hypoxic conditions, this 

transcription factor stabilize and dimerises with HIF1β. Thereafter, the newly formed 

dimer translocates into the nucleus, binds to hypoxia response element and can 

regulate gene expression. In the study of Xu et al, human cardiac endothelial cells 

were exposed to 1% oxygen for 4 days and an increase of HIF1α was observed. In 

addition, endothelial cells under hypoxic conditions lose their endothelial markers such 

as VE-cadherin and CD31 and gain mesenchymal markers such as a-SMA and 

COL1A1. Snail and Slug transcription factors were also up-regulated during hypoxia 

implying that hypoxic conditions are sufficient to induce EndMT (Xu et al., 2016). 

Interestingly,  HIF1α  was described as inducer of Snail expression due to its binding 

to the promoter region of Snail (Xu et al., 2015). Similarly, the hypoxic damage due to 

radiation stimulated EndMT through HIF1α up-regulation (S.-H. Choi et al., 2015). 

1.6.5 Oxidative stress 

Reactive oxygen species (ROS) derive from multiple sources and are the main 

mediator of oxidative stress. Under normal conditions, a low concentration of ROS is 

observed and is related to cellular processes in healthy cells. However, an increase 

of ROS during oxidative stress can cause DNA damage and cell death. ROS include 

the superoxide anion (O2-), hydroxyl radical(OH•) and hydrogen peroxide (H2O2) 

(Schieber and Chandel, 2014). Montorfano et al showed that treatment with H2O2 

triggers the transdifferentiation of endothelial cells in mesenchymal cells. Interestingly, 

oxidative stress-induced EndMT lead to secretion of TGFβ1 and TGFβ2 implying the 
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role of TGFβ signalling in oxidative stress. Indeed, H2O2-induced EndMT was 

prevented by silencing of the receptor ALK5 or the transcription factor Smad3 both 

involved in TGFβ signalling (Montorfano et al., 2014). In a study from the same group, 

H2O2 treatment enhanced the migration of endothelial cells undergoing 

EndMT(Sarmiento et al., 2015). 

1.6.6 MiRNAs 

Recently, MicroRNAs (miRNAs) appear as a potential inducer of EndMT (R. 

Kumarswamy et al., 2012; Li et al., 2017). Due to their capacity to target and silence 

numerous mRNA, miRNA are able to regulate signalling pathway in various biological 

processes. Certain miRNAs were described as regulator of the signalling pathway of 

previously described inducers of EndMT. Thus, the identification of miRNA involved in 

EndMT could define new therapeutic targets for fibrosis. 

 

 MicroRNA biogenesis and function 
 
MicroRNAs are defined as non-coding small RNA around 17-22 nucleotides and were 

discovered in C elegans. A small RNA lin-4 was found not coding for a protein but was 

necessary to regulate lin-14 protein. In addition, lin-4 was complementary to 3 prime 

untranslated region (3’UTR) of lin14 suggesting a direct RNA-RNA interaction (Lee et 

al., 1993). Seven years later, Reinhart et al discovered a second small RNA let-7 also 

regulating lin14 in C.elegans (Reinhart et al., 2000). As both small RNAs were involved 

in timing of development, these miRNAs were first called small temporal RNA 

(stRNAs). Identification of 21 new human small RNAs showed evidence of large class 

of small RNAs nominated microRNAs (Lagos-Quintana et al., 2001). Large discovery 

of miRNAs was then supported by deep-sequencing technologies and use of 

computational prediction tools.  In 2018, the database miRBase enumerated 48885 

mature microRNA from 271 species such as plants, invertebrate and vertebrate. 

1.7.1  Genomic organisation 

After the discovery of numerous miRNAs in multiple species, the origin of miRNAs was 

addressed. In parallel to the identification of 21 new human miRNAs , Lagos-Quitana 

et al highlighted the presence of miRNA cluster which refers to group of miRNA genes 

located at short distance on a chromosome.(Lagos-Quintana et al., 2001, 2003) Lee 

et al showed that these clusters were transcribed polycistronically and therefore as a 

single transcript.(Lee et al., 2002) They also demonstrated that long primary transcripts 
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derived from the cluster could be processed into to medium length precursor and  to 

mature miRNAs cluster consisting in miR-35,-36,-37,-38,-39,-40,-41 (Lau et al., 2001) 

Furthermore, study on the miR-23a, miR-27a and miR24-2 cluster revealed that 

miRNAs could have cluster-specific promoters (Lee et al., 2004). The related miRNAs 

are not always clustered however; miRNAs involved in a genomic cluster are often 

related to each other. 

 

Regarding the genomic location, miRNAs can either be intergenic or can be derived 

from a pre-mRNA. Intergenic miRNAs are localised in regions distinct from annotated 

transcription units and are transcribed with their own promoter.(Lagos-Quintana et al., 

2003)Their transcription can be monocistronic or polycistronic where a group of miRNA 

genes is transcribed in a single primary transcript with a common promoter. MiRNAs 

derived from pre-mRNA can arise from intron or exon. In 2004, half of the 232 

mammalian miRNas repertoire were found within intron of either non coding TU or 

protein coding TU (Antony Rodriguez et al., 2004). Similar to intergenic miRNAs, 

intronic and exonic miRNAs can be present as single or as group of miRNAs gene. 

The cluster miR-25,-93,-106b and the single miR-190 are located in protein-coding 

introns of the gene MCM7 and TLN2 respectively. In long non-coding RNA DLEU2 and 

NCMRS, miR-15a,-16-1 cluster and miR135a-2 were localized in intron respectively 

(Calin et al., 2002; A. Rodriguez et al., 2004). These miRNAs are defined by a shared 

single primary transcript with the gene in which they reside and a proportional 

expression to the host gene expression. 

Another class of miRNAs deriving from pre-mRNA, originate from exons. These 

miRNAs are mainly found in non-coding TU such as miR-155 in BIC gene. BIC is 

composed of 3 exons with a miRNA stem loop of miR-155 within the third exon (Tam, 

2001; Lagos-Quintana et al., 2002).  
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Figure 1.7 Genomic location of miRNA genes 
MiRNA genes can be found as a single miRNA gene or clustered. A cluster of miRNA is defined 
by several miRNA genes at short distance on a chromosome that share a same primary 
transcript. In addition, multiple genomic location were observed for both organization. A) In a 
region distinct from transcription unit. Intergenic miRNA are transcribed with their own 
promoter B) In an intronic region non-coding or coding for a protein. In most intronic miRNA, 
host gene promoter is shared with miRNA gene C) In an exonic region overlapping on an 
intronic region non-coding for a protein. In most exonic miRNA, host gene promoter is  shared 
with miRNA gene. Adapted from(Olena and Patton, 2010) 
 

1.7.2 MiRNA transcription 

MiRNAs are generated from a first long single transcript called primary miRNA (pri-

miRNA) and containing a stem loop structure. Both RNA polymerases II and III were 

considered for the transcription machinery of miRNAs. RNA polymerase III is well 

known for the transcription of short and non-coding RNA including tRNAs, U6 small 

nuclear RNA(snRNA) whereas RNA polymerase II generates mRNAs and some non-

coding RNAs such as four snRNA of the spliceosome and small nucleolar RNAs 

(snoRNAS) (Dieci et al., 2013). First observations of miRNA transcription suggested 

that RNA pol II was responsible for the transcription of miRNAs. In fact, the pri-miRNA 

transcript can be longer than basic transcripts of RNA polymerase II. Furthermore, pri-

miRNA often contain repetitive uridine residues which would terminate the transcription 

of RNA polymerase III (Bartel, 2004). Cai et al showed that mature miRNA were 

derived from capped and polyadenylated pri-miRNA. The 5′ end of the pri-miRNA 

consists in 7-methyl guanylate (m7G) cap and the 3′ end in poly(A) tail (CAI et al., 

2004). These modifications were observed on most eukaryotic mRNAs implying that 
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miRNAs transcription was RNA polymerase II dependant. Meanwhile, Lee et al proved 

experimentally that miRNAs were mostly transcribed by the RNA polymerase II. In fact, 

HeLa cells treated  with a-amanitin, an inhibitor of RNA polymerase II showed a 

significant decrease of all the pri-miRNAs tested (Lee et al., 2004). A detailed study on 

miRNA promoters revealed similarities with mRNA promoter. As promoter encoding 

from RNA pol II transcripts, miRNA promoters were found with Cpg islands, TATA box, 

TFIIB recognition element (BRE), an Initiator (Inr) or even downstream promoter 

element (DPE).   

In the same work, part of intronic miRNas were found with an initiation transcription 

site independent on the gene in which they reside. In this case, miRNAs can be co-

transcribed with the host gene and have its own transcripts (Ozsolak et al., 2008). 

Therefore, RNA polymerase II transcribed most miRNAs gene in pri-miRNA with some 

exceptions such as the cluster found on the human chromosome 19 which is 

transcribed by RNA polymerase III (Borchert et al., 2006). 

1.7.3 miRNA maturation 

Nuclear maturation 

Once transcribed by RNA polymerase II, pri-miRNAs are cleaved in the nucleus by an 

RNAse III protein called Drosha. This enzyme require the presence of a cofactor, 

DiGeorge syndrome critical region gene 8 (DGCR8)(Han et al., 2006). DGCR8 and 

Drosha form a complex called microprocessor where DGCR8 interact with pri-miRNA 

and Drosha cleaves at 11nt away from the stem loop. Interestingly, Morlando et al 

found that cleavage of pri-miRNA occurred co-transcriptionally and that Drosha did not 

impair the splicing (Morlando et al., 2008). The complex releases a hairpin RNA 

around 70 nucleotides long called pre-miRNA and generate one end of the mature 

miRNA (Denli et al., 2004).  

 

A drosha-DCGR8 independent pathway was discovered where intronic miRNA are 

generated from the splicing of a small intron. These miRNA entitled miRtrons have 

been first described in C. elegans and Drosophilia (Okamura et al., 2007; Ruby et 

al., 2007). Ruby et al showed that the initial spliced intron was not linear and gave rise 

to a lariat where the intron 5’ end was connected to a 3’ end branch point (Ruby et al., 

2007). A lariat debranching enzyme linearises the intron which can thereafter  fold into 

pre-miRNA. Both miRNAs Drosha-DGCR8-dependent and miRtrons are then 

submitted to the canonical biogenesis pathway (Westholm and Lai, 2011). 
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Figure 1.8 miRtrons biogenesis 
miRtron comes from intronic miRNA gene whose transcript is not linear and form a 
lariat. After splicing, the 5’end is connected to a 3’branchpoint. A debranching lariat 
enzyme linearise the miRtron lariat which can then fold into pre-miRNA. Thereafter, 
pre-miRNA of miRtrons follows the canonical biogenesis pathway 
 

Thereafter, Exportin 5 a nuclear protein transport , is associated with the cofactor Ran-

GTP and translocates pre-miRNA in the cytoplasm (Bohnsack et al., 2004; Lund et al., 

2004). Exportin5:RanGTP recognizes double-stranded stem and the 2 nucleotides 3′ 

overhang of the pre-miRNA. This interaction forms a hetero ternary complex Exp-

5:RanGTP:pre-miRNA. Once in the cytoplasm, hydrolysis of RanGTP in RanGDP by 

RanGTPase activating protein (RanGAP) allows the release of the pre-miRNA and the 

return of exportin 5 in the nucleus (Okada et al., 2009). 

 

Cytoplasmic maturation 

In the cytoplasm, pre-miRNa released from Exportin 5 are cleaved by a second RNAse 

III protein Dicer. Dicer is highly conserved between species and have been found in 

worms, flies, plants, fungi and mammals. This nuclease cleaves double stranded 

RNA and was first described in the RNA interference pathway (Bernstein et al., 

2001). Indeed, Dicer was required to produce small RNAs which are homologous to 

the target gene and repress their expression.  

In C.elegans, Grishok et al observed that Dicer was not only involved in the RNAi 

pathway but was also necessary for the maturation of the miRNAs lin-4 and let-7 

(Grishok et al., 2001; Ketting et al., 2001). Evidence of the role of Dicer in miRNA 

biogenesis was further confirmed in Drosophila where the inactivation of Dicer led 

to a precursor accumulation of the miRNA let-7 (Hutvágner et al., 2001). Regarding 
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the structure of Giardia Dicer and Human Dicer, the RNase III protein consists in a 

processing center with two RNase III domains that are connected to the PAZ domain 

by a long, positively charged helix. PAZ domain contain a 3’two-nucleotide RNA 

binding pocket that allow the binding of miRNA duplex 3’ end generated previously by 

Drosha (MacRae et al., 2006; Liu et al., 2018). Furthermore, evidence showed that 

human Dicer was interacting with two related protein TRBP and PACT that seem to 

contribute to the stabilisation of Dicer (Chendrimada et al., 2005; Ha and Kim, 2014). 

Thereafter, Dicer acts as molecular ruler and cleaves at 25 nucleotides of the dsRNA 

end. This length correspond to the distance between the RNA binding pocket and the 

active site of the RNase IIIa. Cleavage of pre-miRNAs give rise to a mature double 

stranded miRNA (Svobodova et al., 2016). The mature miRNA sequence  was 

determined on one end by Drosha and the second end by Dicer . 

Interestingly, some miRNAs bypass the Dicer cleavage such as the miR-451 whose 

maturation depends on the argonaute protein Ago2 (Herrera-Carrillo and Berkhout, 

2017).  
 
The double stranded miRNA is loaded into Argonaut protein to form a RNA induced 

silencing complex (RISC). Argonaut proteins are ubiquitous and can be divided in two 

sub-families: the PIWI subfamily and the AGO subfamily. Four copies of AGO proteins  

were found in humans and Ago1,Ago3 and Ago4 genes were clustered on the 

chromosome 1 whereas Ago2 was found on chromosome 8 (Sasaki et al., 2003). Ago 

protein consists in two domain interacting with the duplex RNA (PAZ and MID) and 

one catalytic slicer domain PIWI that is functional only with Ago2 (Meister et al., 2004). 

The PAZ domain bound to the 3’end of the duplex meanwhile the 5’ end is anchored  

to the interface of MID and PIWI. Although, only Ago2 possess a target cleavage 

activity, copies of Ago proteins can still repress translation and conduct to 

exonucleolytic mRNA degradation through interaction with other protein factors. 

 The formation of the RISC complex can be separated into two steps, the loading of 

the double stranded miRNA into the Argonaut protein and the unwinding of the miRNA 

duplex (Ha and Kim, 2014). After the processing of the pre-miRNA, Argonaut protein 

is recruited by the protein TRBP associated to Dicer. The formation of RISC complex 

is an active process and requires consumption of ATP to induce the loading of miRNA 

(Yoda et al., 2010). Iwasaki et al found out that the heat shock cognate 70 (HSC70)–

heat shock protein 90 (HSP90) machinery hydrolysed ATP that mediates the 

conformational opening of Ago and therefore allows the loading of the duplex into the 
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Ago protein (Iwasaki et al., 2010). The Ago opening conformation was compared to a 

stretched rubber band which contains structural tension. It has been suggested that 

the release of this tension supports the ATP-independent unwinding. In some species, 

the association of the duplex to Argonaut protein is controlled by the structure of the 

precursor unlike in human where the four Argonaut proteins bound similarly to 

miRNAs. 

 

After the loading of the miRNA duplex, one strand is selected to generate a mature 

RISC. The strand selected remains in the complex as mature miRNAs, whereas the 

other strand is considered as a passenger strand and is degraded. The unwinding of 

the miRNA duplex can be induced by cleavage. However, the cleavage requires base-

paired at the centre  and an Argonaut protein with an endonuclease activity. In humans, 

only Ago2 possess a slicer activity and is able to remove the passenger strand by 

cleavage. This mechanism is not often used as central mismatches are common and 

that human Ago1, Ago3, Ago 4 lack the slicer activity. In both cases, the passenger 

strand is removed by a bypass mechanism where seed and central mismatch could 

facilitate the dissociation of the passenger strand (Yoda et al., 2010).The selection of 

the guide strand is based on the thermodynamic stability of both ends of the miRNA 

duplex. The less stably paired at the 5ʹ side is usually the strand selected as guide 

(Khvorova et al., 2003). Study on the expression and the sequence of human miRNAs 

revealed a sequence bias in the strand selection. In fact, miRNA strand with a uracil in 

the 5’ end were highly expressed unlike strand with a cytosine in the 5’ end that were 

lowly expressed. A high expression was also observed in strands composed with an 

excess of purine. Strand selection is not a stringent process and sometimes allows the 

production of both microRNA strands, sometimes at the same frequency (Ro et al., 

2007). 
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Figure 1.9 Biogenesis of miRNAs 
In the nucleus, RNA polymerase II first transcribed miRNA gene and gave rise to a pri-miRNA 
with stem loop structure. Drosha, a RNAse III protein, is binding to cofactor DGCR8 to form 
the microprocessor complex which cleaves 11 nucleotides away from the stem loop. Pre-
miRNA is released with 2 nucleotide 3’ overhang which is recognized by Exportin 5 coupled to 
RanGTP. After the translocation of the pre-miRNA to the cytoplasm by Exportin5, Ran GTP is 
hydrolysed and set free the pre-miRNA. Dicer, another RNAse III protein, is associated with 
TBRP and cleaves at 22 nucleotides of the pre-miRNA end. A miRNA duplex is generated 
meanwhile TRBP recruit an Argonaute protein. MiRNA duplex interact at the 3’end with the 
PAZ domain and is anchored on the 5’ end at the interface between the domains MID and 
PIWI. The miRNA duplex is loaded into the argonaute protein, and the duplex is dissociated. 
One strand remain in the complex as guide strand and the other passenger strand is degraded. 
The selection of the guide strand is based on thermodynamic stability and on the sequence. 
Once the guide strand is selected, the miRISC (Argonaute+ miRNA) can then repress 
translation and induce mRNA decay.(Kim et al., 2009; Ha and Kim, 2014; Suzuki et al., 2015) 

1.7.4 Target mRNA recognition 

A few years after the discovery of miRNAs , Reinhardt et al observed that miRNA can 

regulate mRNA translation by interacting with their 3’UTR (Reinhart et al., 2000). 

These results were confirmed and showed that the interaction of miRNA-mRNA could 

disturb mRNA stability or regulate translation (Valencia-Sanchez et al., 2006; Standart 

and Jackson, 2007). In animals, extensive complementarity, is a rare phenomenon. In 

the few cases with a perfect complementarity, mRNA target is cleaved by the miRISC 
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including the protein Ago2 which is the only human Ago protein with a slicer activity 

(Meister et al., 2004; Yekta et al., 2004). In order to predict miRNA targets, algorithms 

were developed to search segments of the UTR with a perfect Watson-Crick 

complementarity to the seed region of the miRNA. The seed sequence consists in the 

nucleotide 2 to nucleotide 8 on 5’ end of the miRNA and is very well conserved between 

species (Lewis et al., 2003). The importance of the seed sequence was corroborated 

in Drosophila where the miRNA 5’ end was complementary of the 3’UTR of known 

mRNA target (Stark et al., 2003). In many instances, mRNA target can be recognized 

only with a matching seed (Lewis et al., 2005). However, studies revealed that 3’end 

of the miRNA also contributed to the binding (Grimson et al., 2007). Wiktos et al 

reviewed the interaction between the miRNA and 3’UTR mRNA target (Witkos et al., 

2011)(Figure 1.10). Three of these interactions were called canonical sites, and 

represent the majority of validated conserved targets : 

 

7mer-A1 site: A perfect seed match and a Watson-Crick match with an adenine in the 

first position. Evidence showed that an adenine as anchor in the first position could 

increase the specificity of target prediction. Among prediction target tool, adenine in 

position 1 was not rewarded except for the target tool Target Scan. 

 

7mer-m8 site : A perfect seed match and a Watson-Crick match at the position 8 

 

8-mer site : 8 nucleotides with a perfect Watson-Crick complementarity at the seed 

region along with the position 1 and 8. 

 

Some other target sites are non-canonical. The conformation 6-mer requires the 6 

nucleotide matching in the seed region but its specificity in target recognition is 

reduced. The 3’ supplementary and the 3’ compensatory site are based on additional 

Watson-Crick pairing in 3’ of the miRNA to respectively contribute to the specificity  and 

compensate a mismatch in the seed region (Bartel, 2009; Witkos et al., 2011). 
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Figure 1.10 MiRNA target sites 
Three types of miRNA target sites are considered as canonical sites with a perfect seed match. 
6-mer site require 6 matched nucleotides in the seed region but is less specific than the 
canonical sites. 3’supplementary and 3’ compensatory site are additional pairing that support 
the specificity of target recognition. In this figure, the seed region is represented in red, the 
adenine in first position in green and additional pairing in blue.(Witkos et al., 2011) 
 
Multiple tools were developed in order to predict miRNA targets. Each algorithm was 

based on a selection of criteria such as the pairing in the seed region, the conservation 

between species, the thermodynamic and others. The analysis beyond these 

prediction tools will be addressed in Chapter 4, Materials and Methods. 

1.7.5  Regulation of gene expression 

In order to accomplish their regulatory functions, miRNA incorporated in the miRISC 

complex can initiate the decay or the translation repression on its mRNA targets 

(Filipowicz et al., 2008). The degradation of mRNA by the endonucleotic activity of 

AGO2 is not frequently adopted by mammalian RISCs as most miRNAs are partially 

complementary of their targets. In this case, silencing of mRNA targets is mediated 

by the interaction of Ago protein with the GW182 protein family (Tritschler et al., 

2010). 



 32 

 

Glycine tryptophane protein of 182KDa (GW182) can bind with its silencing domain 

to PABPC1 and compete with eukaryotic initiation factor 4G (eIF4G). Interaction 

between PABPC1 and eIF4G is known to be essential for the circularisation of 

mRNA which stimulates translation. Due to the interaction GW182-PABPC1, 

silenced mRNAs are not circularised anymore and this represses the recruitment of 

initiation factors and reduces translation efficiency.(Zekri et al., 2009) GW182 

proteins also participate to the recruitment of the CCR4-CAF1-NOT and PAN2-PAN3 

deadenylase complexes.(Braun et al., 2011; Huntzinger et al., 2013). Deadenylation 

is followed by the decapping with a protein recruited by miRISC decapping protein 

2 (DCP2).(Nishihara et al., 2013) DCP2 requires additional proteins including DCP1, 

enhancer of decapping 4 (EDC4) and the putative RNA helicase DEAD-box protein 

6 (DDX6). (Ling et al., 2011) Post-deadenylation and decapping, mRNA is exposed 

to 5′-to-3′ exonucleolytic degradation by XRN1. A direct interaction of DCP1 and 

XRN1 was observed suggesting the mRNA decay (Braun et al., 2012). 

 

Regarding the localisation of the translation repression, argonaute proteins, miRNAs, 

and miRNA targets were found colocalised in cytoplasmic foci called P-bodies. 

Accumulation of protein involved in mRNA degradation such the decapping 

DCP1:DCP2 complex and exonuclease XRN1 or the presence of GW182were 

observed in P-bodies. This suggests that the silencing of the mRNAs translation and 

the mRNA decay might occurs in P-bodies (Liu et al., 2005; Filipowicz et al., 2008). 
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Figure 1.11 Summary of mRNA degradation regulated by miRNA 
Once miRISC binds specifically to its mRNA target, the proteins GW182 are recruited and 
interact with deadenylation complexes Pan2-Pan3 and CCR4-NOT. Following deadenylation, 
decapping complex DCP2 associated with a multitude of decapping proteins remove the cap 
from the 5’ end. Deadenylated and decapped miRNA is then exposed to the XRN1 
exoribonuclease and is degraded from 5’end to the 3’end  (Jonas and Izaurralde, 2015). 
 

 MicroRNA and myocardial infarction 
Myocardial infarction (MI), commonly known as heart attack, results from a prolonged 

ischemia that lead to an irreversible death of cardiomyocytes. In this pathological 

context, several studies demonstrated the up-regulation and down-regulation of 

specific miRNAs in MI tissue. 

MiR-1 was demonstrated as a key miRNA in cardiovascular diseases and in cardiac 

development. Following ischemia/reperfusion injury, miR1 transgenic mice showed an 

increased infarct area whereas the knockdown of miR-1 by antagomir led to an 

attenuation of cardiac injury (Pan et al., 2012). 

MiR-15 family is composed with several miRNAs miR-15a, miR-15b, miR-16-1, miR-

16-2, miR-195, and miR-497 and was found up-regulated in porcine and murine infarct 

tissue. The use of antagomir against miR-15 family members effectively decreased 

infarct size and reduce cardiac remodeling (Hullinger et al., 2012) 

During MI, cardiomyocytes underwent apoptosis and this was correlated with an 

increase of miR-34 family (Bernardo et al., 2012). Inhibition of miR-34 family led to an 

improvement of cardiomyocyte survival. MiR-499,  miR-24 are down-regulated in MI 

and the restoration of their expression has a protective effect against apoptosis (Wang 

et al., 2011; Chen et al., 2017). MiR-24 targets the pro-apoptotic protein Bim and 

therefore over-expression of miR-24 inhibits apoptosis (Qian et al., 2011). Post-

ischemia reperfusion injury, miR-320 was found down-regulated. This miRNA directly 
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targets the cardioprotective proteins IGF1 and HSP20 and the silencing of miR-320 by 

antagomir allowed the reduction of the infarct size (Ren et al., 2009; Song et al., 2016). 

Expression of miR-214 was found up-regulated after acute myocardial infarction or 

ischemic cardiac injury. Deletion of miR-214 led to an increased apoptosis post-MI 

suggesting that miR-214 has a cardioprotective role (Aurora et al., 2012; Yang et al., 

2016).Decrease of miR-873 and miR-2861 expression was observed post ischemia- 

reperfusion injury. Both miRNAs were found involved in the process of cardiomyocyte  

necrosis and their inhibition led to an improvement of cardiomyocyte survival (K Wang 

et al., 2016; Kun Wang et al., 2016).  

All together, these miRNAs are suggested as regulator of cardiomyocytes 

death/survival in the context of MI. Interestingly, miR92-a was found up-regulated after 

acute myocardial infarction and was correlated with the increase of endothelial injury 

markers. In fact, the inhibition of miR-92a reduced the expression of endothelial injury 

markers and promoted endothelial activation which show an improvement of the 

cardiac tissue post-MI (Liu et al., 2016). 
 
 

  MicroRNA related to endothelial-to- mesenchymal transition 
 
To date very few studies have identified miRNAs and have shown evidence of their 

role of miRNAs in EndMT. 

  

In vitro studies 

Some miRNAs were described as negative regulators of endothelial-to-mesenchymal 

transition which means that their down-regulation is required to allow EndMT and 

their over-expression is preventing it. 

In healthy endothelial cells, the inhibition of let-7 family by LIN28, a well-known 

regulator of let-7, increased the expression of TGFBR1 receptor which in turn activated 

TGFβ signalling. This activation resulted in an increase of mesenchymal markers and 

a decrease of endothelial markers (Chen et al., 2012). 

Over-expression of miR-29 family (miR-29a, miR-29b and miR-29c) in endothelial cells 

treated with TGFβ2 attenuated EndMT. Indeed, transfection of miR-29 induced a 

marked decrease in cell migration(Kanasaki et al., 2014). 

Endothelial cells treated with glucose (25-30nM) undergo EnDMT and display a 

fibroblast-like phenotype. In this model, miR-18a-5p and miR320 were both down-

regulated post-treatment (Feng and Chakrabarti, 2012; Geng and Guan, 2017). In 
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addition, mimic transfection of miR-18a-5p prevented EndMT in high glucose 

conditions. In the same study, a Notch2 receptor, known to initiate EndMT, was 

predicted and validated as a direct target of miR-18a-5p, implying that the down-

regulation of miR-18a-5p could allow EndMT(Geng and Guan, 2017). 

Interestingly, serum from patients with Kawasaki disease has been shown to promote 

EndMT by increasing connective tissue growth factor (CTGF) expression, a key factor 

in EndMT. Kawasaki disease is an inflammatory disease which affects the vasculature 

and cells implicated in the arterial wall damage could originate from EndMT. With the 

use of prediction target tool, CTGF appeared to be a direct target of miR-483 which 

was found down-regulated in KD sera. Its over-expression reduced EndMT by 

silencing the factor CTGF(He et al., 2017). 

Certain miRNAs are defined as positive regulators of EndMT including miR-21-5p. 

Increased expression of mir-21-5p was detected in an ionizing radiation and TGFβ 

model of EndMT but contradictory results were also observed about the role of miR-

21-5p. In fact, post-treatment with TGFβ2, inhibition of miR-21-5p was shown to 

prevent the transition. Meanwhile in ionizing radiation-induced EndMT, miR-21-5p was 

found to be dispensable factor in the initiation of EndMT (R. Kumarswamy et al., 2012; 

Guo et al., 2015; Kwon et al., 2016). Therefore, miR-21-5p is up-regulated in EndMT 

but its precise role remains elusive. 

 

Preclinical studies 

As EndMT is described as an active process during fibrosis, profiles of miRNA were 

assessed in tissue from animals with fibrotic disease. Differential expression suggests 

implication of miRNAs in fibrosis but does not directly indicate that these miRNAs are 

involved in EndMT. However, once the correlation made between miRNA expression, 

extent of fibrosis and amplitude of EndMT, implication of specific miRNAs in EndMT 

was suggested. 

Studies in diabetic mouse showed a negative correlation between kidney fibrosis and 

the expression of miR-29. In addition, restoration of miR-29 expression led to reduced 

fibrosis. Evidence demonstrated the presence of EndMT in diabetic kidneys but the 

relation between EndMT and miR-29 was not directly studied. Interestingly, the miR-

29 family was found down-regulated in EndMT in vitro suggesting that miR-29 could 

have a role in EndMT in vivo (Kanasaki et al., 2014). 

Another study on diabetic mice demonstrated that miR-200b-3p was down-regulated 

in cardiac fibrosis. Interestingly, miR-200-3p was markedly down-regulated in 
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endothelial cells and its expression was unchanged in myocytes. Transgenic mice 

overexpressing miR-200b-3p only in endothelial cells attenuated cardiac fibrosis and 

was able to prevent EndMT (Feng et al., 2016a). 

As previously stated, miR-18a-5p inhibits EndMT by silencing Notch2. In cardiac 

fibrosis induced by high glucose conditions, over-expression of miR-18a-5p reduced 

cardiac fibrosis and prevented EndMT. 

In vitro, inhibition of let-7 by a miRNA sponge induced EndMT. Interestingly, 

administration of a let-7 antagomir promoted EndMT by increasing mesenchymal 

markers in endothelial cells in healthy mouse liver. Its role was then investigated with 

a transplant rejection model of aorta in transgenic mice with lineage tracing of 

endothelial cells under the promoter of VE-cadherin (Cdh5). Analysis of tissue was 

proceeded two weeks post-transplantation, and mice treated with let-7 antagomirs 

revealed an increase proportion of luminal endothelial cells undergoing EndMT had 

increased from (61% to 80-90%). On the contrary, a let-7 mimic reduced the proportion 

of endothelial cells undergoing EndMT(33.7%) and inhibited collagen deposition (Chen 

et al., 2012). 

Consistent with in vitro data, up-regulation of miR-21-5p was observed in two fibrotic 

models: radiation-induced pulmonary fibrosis and transverse aortic constriction (TAC) 

which generates cardiac fibrosis. Interestingly, antagomiR-21 treatment in TAC mouse 

reduced the number of cells co-stained for a mesenchymal marker and endothelial 

marker, thus attenuated EndMT. 

Altogether these data suggest that miRNA expression can be modulated in vivo and 

affect EndMT. 
 
Therapeutic applications of miRNA 
 
Some studies have demonstrated that treatments for fibrotic disease could have an 

impact on miRNA expression that are involved in EndMT. In Kawasaki’s disease, 

atorvastatin was able to prevent EndMT by targeting the KLF4-miR-483-CTGF axis. In 

diabetic mice, treatment with linagliptin restored miR-29 level which reduced DDP4 

expression and finally lead to reduced kidney fibrosis (Kanasaki et al., 2014). N-acetyl-

seryl-aspartyl-lysyl-proline (AcSDKP) treatment was shown to inhibit EndMT and to 

reduce kidney fibrosis in diabetic mouse. In addition, AcSDKP prevented the down-

regulation of let-7 which can inhibit EndMT.  

In order to stimulate or block a signalling pathway that could lead to an amelioration 

of the disease stage, miRNA can be targeted and their expression can be modified in 
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vivo. The use of synthetic miRNA mimics or pre-miRNA sequence can be used to 

increase the miRNA expression meanwhile miRNA sponge or miRNA mask can 

block the interaction miRNA-mRNA.  

 

Therapy based on miRNA have entered into the clinic for the first time in 2013 with 

MRX34. MRX34 was able to replace the lost expression of miR-34 and was involved 

in the silencing of 24 oncogenes in liver cancer. This clinical study was stopped in 2016 

due to adverse effects (Bouchie, 2013).Progress has been made with the miR-122 

inhibitor (Miravirsen) in the field of hepatitis C virus. In fact, miR-122 is miRNA mostly 

found in the liver and is involved in the life cycle of HCV. Miravirsen, specifically 

antisense oligonucleotide of miR-122, hybridizes with the mature miR-122 and 

consequently reduces HCV RNA expression (Gebert et al., 2014).  

Last year, another miRNA-based therapy RG-012 entered into a phase II clinical trial. 

RG-012 is an inhibitor of miR-21 that could prevent Alport syndrome. Alport syndrome 

is a genetic disorder which is characterized by a renal dysfunction. This disease is 

progressive with a glomerular and tubulointerstitial fibrosis that can lead to an end-

stage renal disease. MiR-21 was largely studied in fibrotic disease and contributed to 

kidney fibrosis, its inhibition has an important therapeutic potential against the Alport 

Syndrome (Gomez et al., 2015).   

Numerous studies demonstrate the alteration of miRNA expression in disease. The 

interpretation of these changes could improve the diagnosis and the monitoring in 

various human diseases. Furthermore, selective modulation of miRNA could have an 

impact on a disease prognosis. In conclusion, targeting miRNA involved in EndMT  

may offer the possibility to reduce the progression of fibrotic diseases. 
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 Aim of the study 
 
Endothelial-to-mesenchymal transition contributes to the pool of myofibroblasts in 

fibrosis of various organs. Targeting EndMT might therefore be effective as a 

therapeutic treatment in fibrotic diseases. Over the last decade, miRNAs were 

described as regulator of key biological processes by modulating gene expression. 

This study hypothesised that miRNA could play a role in endothelial-to-mesenchymal 

transition and might be useful for diagnostic or therapy of fibrotic diseases. 

 

  Objectives  
 

1. To establish a model of EndMT in vitro 
 

2. To explore the miRNAs profile in EndMT in vitro. 
 

3. To investigate the role of miR-126-3p in EndMT both in vitro and in vivo 
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Chapter 2. Materials and methods 

 
  Cells line and primary cells 

2.1.1  Human microvascular endothelial cell line (HMEC-1) 

The human microvascular endothelial cell line (HMEC-1) was purchased from ATCC 

and was immortalized through transfection with the PBR-322-based plasmid 

containing the sequences encoding the protein Simian virus SV40 Large T. The 

HMEC-1 cells express von Willebrand factor(vWF), CD31, CD36 but also adhesion 

molecules such as CD44 or ICAM1. 

HMEC-1 cells were grown in reconstituted MCDB 131. Powdered MCDB- 131 and 

15,7mL of sodium bicarbonate was added to 900mL of sterile water. Medium was 

filtered through sterile 0.2μm filters using a vacuum pump and supplemented with 10% 

Fœtal bovine serum (FBS),100U/mL penicillin, 100μg/ml streptomycin, 10ng/mL of 

epidermal growth factor (EGF) (Prepotech) and 1μg/ml of hydrocortisone (Sigma). 

HMEC-1 cells were also cultured in MCDB 131 media (Thermofisher scientific) with 

the same supplements and L-glutamine. 

2.1.2 Human saphenous vein endothelial cells   

Primary endothelial cells from saphenous vein were obtained from Dr Lash. Cells were 

maintained in cell vascular basal medium (ATCC) supplemented with 50ug/mL 

ascorbic acid, 5ng/mL EGF, 5% FBS, 0.75U/mL heparin sulphate, 10mM L- glutamine, 

1ug/mL hydrocortisone and 0.2%bovine brain extract (ATCC). As primary endothelial 

cells became senescent after passage 7-8, cells were only cultured until passage 7. 
 

2.1.3 Human umbilical vein endothelial cells (HUVEC)  

Human umbilical vein endothelial cells were purchased from Promocell. These cells 

originated from pooled tissue from up to 4 different umbilical cords and have a doubling 

population of over 15 times. HUVECs are positive for CD31, vWF and negative for 

Alpha-SMA. These cells were chosen to establish a model of endothelial-to-

mesenchymal transition as they were negative to alpha SMA, and therefore did not 

present any signs of stress or baseline levels of endothelial-to-mesenchymal transition. 

. 
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 Cell culture  
 
All laboratory work was performed in a containment level II laboratory in accordance 

with University Health and Safety policy. COSHH and BIOCOSH forms were 

reviewed and signed post-induction and before the work has started. Cell culture was 

carried out in Class II biosafety cabinets which were cleaned with 70% ethanol before 

use. During culture, all cell types were grown in 75cm2 plastic tissue culture flasks 

placed horizontally (Corning) and were incubated in a humidified atmosphere of 5% 

CO2 at 37°C. Every cell types were sub- cultured every 2-3 days in order to prevent 

high confluence and stress of the cells 

2.2.1 Cell passaging for sub-culturing 

In a 90% confluent 75cm2 flask, media was carefully removed. Cells were washed with 

sterile phosphate buffer saline (PBS) and then with HEPES buffered saline solution in 

order to remove proteins that could inactivate trypsin. Trypsin EDTA was used to 

detach adherent cells from the flask and was incubated for 5min at 37°C. Once cells 

were detached and transferred to a 50mL falcon tube, complete media was added to 

inactivate the trypsin. Tubes were spun at 300G for 5 min and the supernatant was 

discarded. Pellets containing cells were then resuspended in an appropriate volume of 

media and split into 75cm2 flasks containing 10-15mL of media. Cells were routinely 

split to a ratio of 1:2 to 1: 4 depending on the cell types. 

2.2.2 Counting  

Cells were counted when necessary using an improved Neubauer chamber 

haemocytometer. After resuspension of cells, 20µl was added to the chamber, cells 

were counted in one diagonal in each corner square of the counting area. Cells number 

was multiplied by 104 to obtain the relative number of cells per mL. 

2.2.3 Cryopreservation  

Cells were cryopreserved in liquid nitrogen in order to maintain a stock of cells. Once 

cells were pelleted, they were resuspended in 500µl of freezing media and transferred 

in a Cryo Vial, Freezing media consisting in 20% dimethyl sulfoxide (DMSO) in FBS 

was directly added to the cells in 1:1 ratio. A different freezing method was used for 

HUVEC cells. CryoSFM (Promocell), a freezing media optimised for HUVEC was 

added to the pellet of cells. Cryovials were then placed at -80°C in a freezing container 

“Mr Frosty” (Thermofisher) filled with isopropanol which allow a cooling rate of -
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1°C/minute. Cells were removed from the container 24 hours later and placed in -80°C 

or in liquid nitrogen. 

For cell recovery following cryopreservation, cells were quickly warmed up in the water 

bath at 37°C and were added to pre-warmed media in a T75 flask. Media was changed 

the next day to prevent any cell death due to the presence of traces of DMSO.  

2.2.4 Mycoplasma testing 

Mycoplasma are one of the major potential contaminants in cell culture and compete 

with cells for media nutrients altering cellular responses. Mycoplasma are prokaryote\ 

lacking a cell wall, making antibiotics such as penicillin ineffective. Mycoplasma 

infection is undetectable under the microscope and can only be suggested by a slow 

growth rate. Detection testing for mycoplasma was performed using the MycoAlertTM 

mycoplasma detection kit (Lonza) to ensure healthy cell proliferation. This kit is based 

on mycoplasmal enzyme activity, measured by luminescence, where mycoplasma are 

lysed to release enzymes and enzyme substrate is added. To perform the test, 

supernatant from cell cultures was collected, mycoAlert reagent was added in a 1:1 

ratio and luminescence was read five minutes later (Reading A). The same volume of 

MycoAlert substrate was incubated 10 minutes before a second reading (Reading B). 

A ratio of Reading B to Reading A greater than 1,2 was considered as positive for 

mycoplasma infection. Only cells negative for mycoplasma were used in this project. 

 

  Molecular biology 
 
Reagents were designed for molecular biology and were RNAse free. Autoclaved 

Eppendorf tubes and sterile filter tips were used for each experiment. RNA samples 

were stored in first instance at -20°C and then at -80°C.  

2.3.1 Total RNA extraction 

Pellets were collected as described in 2.2.1 and an extra wash was performed with 

cold PBS followed by 5 min centrifugation at 300G. Supernatant was carefully removed 

and RNA extraction was processed using QIAGEN RNeasy kit. Pellets were dissolved 

in Buffer RLT plus (volume according to the cells number). After 30 seconds of 

vortexing, lysates were placed through a gDNA eliminator column and centrifuged 

progressively to 10 000G for 1 minute. Columns were discarded and the flow through 

was mixed with the same volume of ethanol 70%. The mix was placed into RNeasy 

spin columns and centrifuged 15 seconds at 10,000G. Flow through was discarded 
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and the column was washed with RW1 buffer for 15 seconds at 10,000G. Three 

washes were performed with RPE buffer. Columns were then placed in a new 

collection tube and spun at 10,000G for 2 minutes in order to dry the membrane of the 

column. RNA free water was added and tubes were spun progressively for 2 minutes 

at 10,000g. RNA concentrations were quantified according to absorbance at 260nm 

with a Nanodrop and samples were stored at -80°C. 

2.3.2 Total RNA extraction enriched in small RNAs 

The recovery of miRNAs from total RNA extraction was performed with the mirVana 

Paris kit. Pellets were collected as described in 2.2.1 and an extra wash was performed 

with cold PBS followed by 5 min centrifugation at 300G. Cell disruption buffer was 

added to the pellet on ice followed by the same volume of 2X denaturation buffer. A 

volume of Acid: phenol chloroform equal to the volume of the lysate and denaturing 

solution was added and mixed vigorously. The sample was spun 5 min at 10,000G to 

dissociate the sample into two phases: aqueous (upper phase) and organic (lower 

phase). The upper phase containing RNA was carefully collected without disturbing 

the lower phase. The upper, aqueous phase was gently mixed with 1.25X 100% 

ethanol and was placed in the column and spun at 10,000G for 30 seconds. The 

column was washed with miRNA wash solution 1 and centrifuged for 30 seconds at 

10,000G. The flow-through was discarded and washing steps were repeated twice with 

wash solution 2/3. The empty column was then spun 1 for minute in order to dry the 

membrane. The column was transferred to a new collection tube, pre-heated nuclease 

free water at 95°C was applied to the center of the column and centrifuged for 1 min 

at 10,000G. RNA concentrations were quantified at 260nm with Nanodrop and 

samples were stored to -80°C. 

2.3.3 Determination of RNA concentration and purity  

RNA concentration and purity was assessed by Nanodrop spectrophotometer. The 

RNA concentration was determined by measuring absorbance at 260nm. To evaluate 

RNA purity, absorbance was also measured at 280nm to estimate the amount of 

protein and 230nm to detect other contaminants such as phenol or residual guanidine 

thiocyanate. Samples with ratios 260/230 and 260/280 superior to1,8 were considered 

free of contaminants. 
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Figure 2.1 RNA measurement using a Nanodrop spectrophotometer 
 

2.3.4 Messenger RNA reverse transcription  

To convert mRNA into cDNA, reverse transcription was carried out with the Tetro 

cDNA synthesis kit (Bioline). Each reagent was vortexed and quickly spun before 

use. The reverse transcription(RT) was performed with oligo dT primers that bind to 

the poly-A tail representing most of mRNAs. Up to 5ug of RNA was mixed to 10μM 

oligo dT, 10mM dNTP mix, 200U of tetro reverse transcriptase, RNAse inhibitor and 

reverse transcriptase buffer. Samples were made up to a final volume of 20μl with 

DEPC treated water and were incubated at 45°C for 30 minutes, 85°C for 5 minutes 

using a T100™ Thermal Cycler (BioRad). cDNA samples were stored at -20°C. 

2.3.5  MiRNA reverse transcription  

Reverse transcription of specific miRNAs was performed with TaqMan™ MicroRNA 

Reverse Transcription Kit (Thermofisher). First, an RT mix was prepared with 100mM 

dNTPs, 50U of multiscribe reverse transcriptase, 10x reverse transcriptase buffer, 

9.10-3U RNAse inhibitor and nuclease free water up to 15μL for each reaction. 

Total RNA sample concentration was diluted to 20ng/μL and 100ng was used for each 

reaction. A specific RT primer was then added and the mix was spun and left on ice 

for 5 minutes. Samples were loaded into the T100™ Thermal Cycler and incubated 30 

minutes at 16°C, 30 minutes at 42°C and 5 minutes at 85°C. Samples were stored at 

-20°C. 
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  Real time polymerase chain reaction  
 

2.4.1  General principle  

The Polymerase chain reaction (PCR) is a reaction which amplifies specific sequences 

of DNA. This method is based on repeating cycles of amplification of DNA. Each cycle 

is composed of three steps: denaturation, annealing and elongation. During 

denaturation, the sample is heated to around 95°C and double stranded DNA is 

denatured to single strand. Annealing is characterized by the binding of primers to 

complementary single strand DNA at a lower temperature. For the last step of 

elongation, a polymerase extends the DNA sequence from 5’ to 3’ by adding bases on 

3’ of primers. The amplification is exponential and each cycle produce 2(Number of cycle +1) 

copies of the amplicon. In conventional PCR, only the detection of the amplicon is 

analysed. In real time PCR, the amplification is measured at each cycle due to the 

presence of a fluorescent reporter in each reaction and gene expression can be 

analysed. An internal reference dye can be included to normalise the fluorescence 

between reactions. 

 

Real time PCR plots show two phases:  

- Exponential phase: Increased number of cycles generate accumulation of the 

amplicon necessary to increase fluorescence above background signal and 

give rise to the amplification curve. The cycle threshold (CT) is then defined as 

the intersection between the threshold and the amplification curve 

- Non-exponential phase: As reagents are limited, amplification slows down and 

amplification plot results show a plateau 

 
Figure 2.2 Amplification plot of real time PCR 
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2.4.2 Taqman probe-based assays  

PCRs were carried out with Taqman assay probes or with Taqman miRNA assay 

(Thermofisher). Both assays contains probes 250nM, with 900nM of forward and 

reverse primers.  

 

Probes are labelled with a FAM dye on the 5’ end and a non fluorescent quencher 

(NFQ) with minor groove binder (MGB) on the 3’ end. When the PCR starts, 

fluorescence is repressed by the proximity of the quencher. The probe binds to the 

template during annealing and the MGB increases the melting temperature to stabilize 

probe target complex. In the course of elongation, the probe is cleaved and the 

fluorescent dye is freed from the quencher. Fluorescent intensity increases at each 

cycle due to the cleavage of  the probe.  

 

Figure 2.3 Reverse transcription and real time PCR using Taqman technologies for 
mRNA or miRNA.  
Reverse transcription of mRNA is based on Oligo dT primers that bind to the poly-A tail whether 
RT of miRNA requires a specific stem-loop primer. Taqman technologies for PCR consists of 
a  forward primer, reverse primer and probe. The probe contains a fluorophore and a quencher 
which inhibits the fluorescence. During annealing the probe binds to the cDNA and the 
polymerase cleaves the probe in the course of elongation. The fluorophore is released from 
the quencher and emits fluorescence.(Chen et al., 2005) 
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PCR reactions were performed with the SensiFAST Probe Hi-ROX Mix (Bioline). First, 

a PCR mastermix was created with 20x Taqman assay probe, 2x SensiFAST Probe 

Hi-ROX Mix made up to 18 μL with nuclease free water. Each reaction was executed 

in triplicate. The mastermix was first placed into 96 well plates and cDNA template (25-

100ng) were added directly into the well for a final reaction volume of 20μl. The plate 

was spun and placed into the Step one plus Real time PCR system (thermofisher). For 

Taqman probe assays, reactions were incubated 5 minutes at 95°C to activate the 

polymerase and then by a 40 x cycle of 10 seconds at 95°C for denaturation, 20 

seconds at 60°C for annealing and extension.  

2.4.3  Primer efficiency 

 PCR efficiency is defined by the rate of template amplification. If the amplicon doubles 

in every cycle during exponential phase, PCR efficiency is equal to 100%. This value 

is calculated from PCR with serial dilutions of cDNA plotted on a standard curve. The 

standard curve represents the log of cDNA factor dilution on log axis and the Ct value 

obtained for each dilution on the Y axis. Amplification efficiency is defined by the slope 

of the standard curve: Efficiency (E) = 10^ (-1/slope) and %Efficiency = (E-1)x100 

The optimal slope for the standard curve is -3.32 as it represents 100% efficiency. 

Efficiency should be between 90-100%, lower efficiency can relate to poor primer 

design and higher efficiency can be explained by presence of PCR inhibitors or by 

amplification of non-specific products such as primer dimers. Figure 2.2 shows the 

efficiency curves for miRNA taqman primers. 

 
Figure 2.4 Primers efficiency of Taqman microRNA assay. 
Primer efficiency was evaluated by PCR with different dilutions of cDNA. The log of cDNA 
dilution were plotted against the average of cycle threshold. Efficiency was calculated from the 
slope of the standard curve. RNU6 and miR-21-5p were within the range of 90-100% of primer 
efficiency. 
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2.4.4 Gene expression analysis  

For gene expression analysis, the ∆∆Ct method was performed for each PCR as the 

procedure states below:  

a) ∆Ct treated = Average Ct target gene (treated) – Average Ct reference gene (treated) 

      This step was carried out for each sample.   

b)  ∆Ct control= Average Ct target gene (control) – Average Ct reference gene (control)   

c)   ∆∆CT = ∆Ct treated - ∆Ct control   

      ∆∆CT is then converted to relative expression or fold change 

d)  Fold change= 2-ΔΔCt 	

2.4.5  List of Taqman Assay  

Taqman assays for this project had 6-carboxyfluorescein (FAM) as a fluorophore and 

tetramethylrhodamine (TAMRA) as the quencher. (Table 2.1) 
 

Gene  ID  miRNA ID 
HPRT1 Hs02800695_m1  RNU48 1006 
S100A4 Hs00243202_m1  RNU6B 1093 

vWF Hs01109446_m1  hsa-miR-146a-5p 468 
FN1 Hs01549976_m  hsa-miR-21-5p 397 

PECAM1 Hs01065279_m1  hsa-miR-195-3p 2117 
PCDH12 Hs00170986_m1  hsa-miR-103a-3p 439 
ADAM9 Hs00177638_m1  hsa-miR-494-3p 2365 
SMURF2 Hs00224203_m1  hsa-miR-548a-5p 2412 
ACTA2 Hs00426835_g1  hsa-miR-944 2189 
COL1 Hs00164004_m1  hsa-miR-519c-3p 1163 

TWIST1 Hs01675818_s1  hsa-miR-199b-5p 500 
SNAI1 Hs00195591_m1  hsa-miR-126-3p 2228 
SNAI2 Hs00161904_m1  hsa-miR-30b-3p 2129 
IL1β Mm00434228_m1  hsa-miR-200b-3p 2251 

TGFβ2 Mm00436955_m1  
 
Table 2.1 List of Taqman assays.  
Both Taqman assay probes and the Taqman microRNA assay was used in this project. Hs is 
designed for human Taqman assay and Mm for mouse Taqman assay. 
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  Immunofluorescence  
 

2.5.1 Immunofluorescence on cells 

Cells were grown in a chamber in a humidified atmosphere of 5% CO2 at 37°C. Post-

incubation, media was removed and cells were gently washed with PBS and fixed with 

cold methanol (-20°C) for 10 minutes at room temperature. Methanol was carefully 

removed and chamber slides were left to dry at room temperature for 5 minutes. Slides 

were then quickly washed with PBS, and were blocked with PBS 1% bovine serum 

albumin (BSA) (Sigma) for one hour on rocker at room temperature. Primary Antibodies 

were diluted in PBS 1%BSA according to manufacturer’s protocol and placed into each 

well overnight at 4°C 

The next day, chamber slides were washed once for 5 minutes with PBS 0,1% 

Tween20 and once for 5 minutes with PBS. Fluorescent conjugated secondary 

antibodies diluted in PBS 1%BSA were added and incubated during one hour on the 

rocker. Chamber slides were washed once 5 minutes with PBS 0,1% Tween20 and 

once 5 minutes with PBS. To counterstain nuclei, DAPI (Biolegend) was diluted in PBS 

and added to each well, with incubation for 30min on the rocker at room temperature. 

After one wash with PBS 0,1% Tween and one wash PBS, wells were removed from 

the slides. Slides were mounted with Fluoromount (Sigma) and analysed by a 

fluorescence microscope Leica TC SP2 UV laser or Zeiss axioimager. Slides were 

stored at 4°C in the dark.  

2.5.2  Immunofluorescence on tissue 

Immunofluorescence was performed on frozen sections. Sections were fixed in 

acetone and stored at -20°C prior to the staining. Immediately before the staining, 

slides were soaked in PBS and the tissue was delimited with a hydrophobic barrier pen 

in order to keep reagents on tissue. Blocking buffer consisting in PBS 0,5% Tween 1% 

BSA 5% goat serum (Sigma) was added to the tissue for 2 hours at room temperature. 

Excess of liquid was removed and primary antibody diluted in blocking solution were 

applied overnight at 4°C in humidified chamber. Slides were washed twice for 5 

minutes with PBS 0,1% Tween20 and once 5 minutes with PBS. Fluorescent 

conjugated secondary antibodies diluted in PBS 0,5% Tween 1% BSA 5% goat serum 

were added and incubated during 2 hours. Slides were washed twice 5 minutes with 

PBS 0,1% Tween20 and a final wash of 5 minutes with PBS. Slides were mounted into 

mountant containing DAPI Prolong Gold (Thermofisher). Stained slides was stored in 
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4°C and were visualised at least 24 hours later on a fluorescence microscope Zeiss 

Axioimager or Nikon A1R confocal microscope. 

2.5.3  Antibodies  

Antibodies in the table 2.2 were used for immunofluorescence of cells or tissue. 
 

Primary Antibody 
Unconjugated Specie Dilution Company Product 

number 
 

Anti-VE-cadherin Rabbit 1/200 Abcam ab33168  

Anti-GFP Chicken 1/400 Abcam ab13970  

Anti-Fibronectin Rabbit 1/200 Abcam ab2413  

Anti-CD31 Mouse 1/100 BD Pharmingen 550389  

Anti-CD31 Rat 1/200 BD Pharmingen 550274  

Anti-Cytokeratin Mouse 1/200 DAKO M7018  

Primary antibody conjugated Specie Dilution Company Product 
number Dye 

Anti-Actin, Smooth Muscle Mouse 1/200 Sigma C6198 Cy3 
Secondary Antibody 

conjugated Specie Dilution Company Product 
number Dye 

Goat anti-Chicken IgY (H+L) Goat 1/200 Thermofisher A-11039 Alexa Fluor®488 

    Goat anti-Rat IgY (H+L) Goat 1/200 Thermofisher A-11007 Alexa 
Fluor®4594 

Goat anti-Mouse IgG (H+L) Goat 1/200 Thermofisher A-11029 Alexa Fluor®488 

Goat anti-Mouse IgG (H+L) Goat 1/200 Thermofisher A-11001 Alexa Fluor®489 

Goat anti-Rabbit IgG (H+L) Goat 1/200 Thermofisher A-11008 Alexa Fluor®490 

Goat anti-Rabbit IgG (H+L) Goat 1/200 Immunoreagent GtxRb-003 DyLight® 550 
 
Table 2.2 List of primary and secondary antibodies used in this project.  
Each antibody was diluted according to manufacturer protocol. 
 

2.5.4  Quantification  

Immunofluorescence was quantified using image J software. Intensity and area of 

fluorescence were measured for each dye. Cells were automatically counted for each 

picture and the ratio intensity of fluorescence on number of cells was calculated. 

For each condition, a least three pictures from different areas of the slide were 

quantified. 

 

  In-situ hybridisation 
 

2.6.1  In-situ hybridisation for miRNAs 

Detection of endogenous miR-126-3p was performed by in-situ hybridisation with the 
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microRNA ISH Optimization Kit (FFPE) (Exiqon). This kit is based on a colorimetric 

antibody system with miRCURY LNA miRNA detection probes which are double 

labelled anti-Digoxigenin(DIG) (5’and 3’). Probes are complementary and bind to the 

miRNA, Digoxigenin on the probe is then detected by an anti-DIG conjugated with 

alkaline phosphatase. Alkaline phosphatase reacts with the substrates 4-nitro-blue 

tetrazolium (NBT) and 5-bromo-4-chloro-3’-indolylphosphate (BCIP) to result in dark-

blue NBT-BCIP precipitate. The precipitate can be easily visualised and defines the 

localisation of miRNAs. 

  
Figure 2.5 Mechanism of in-situ hybridisation for miRNA. 
A probe double labelled with digoxigenin binds to the miRNAs in the tissue. Digoxigenin is 
detected by an antibody anti-DIG coupled with alkaline phosphatase. The substrate NBT–
BCIP is applied onto the tissue and alkaline phosphatase transform it in blue precipitate. 
 

SSC solutions from 20x SSC 

5xSSC (1 L=250 mL 20xSSC + 750 mL water) 

1xSSC (1 L=50 mL 20xSSC + 950 mL water) 

0.2xSSC (1 L=10 mL 20xSSC + 990 mL water) 

PBS 1 %Tween Add 1 mL of Tween-20 to 1 L of PBS. 

KTBT (AP stop solution) Tris-HCl (50mM) + NaCl (150mM), KCl (10mM) +  
up to 1L of RNAse free water 

BSA 30%  15g BSA in 50mL of RNAse free water 

 
Table 2.3 Buffers for in-situ hybridisation.  
Buffers were prepared and autoclaved before the one day experiment of in-situ hybridisation. 
30% BSA solution was aliquoted and stored at -20°C. Other buffers were stored at room 
temperature. 
 
Prior to hybridisation, buffers described in table 2.3 were prepared and autoclaved. In 

situ-hybridisation was performed on frozen sections. Out of the freezer, slides are 

quickly dipped into sterile PBS and sections delimited using a hydrophobic barrier pen. 
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A hybridisation mix was prepared with microRNA ISH buffer  at a 1 :1 ratio of nuclease 

free water and 40nM of miRNA detection probe. Tissue sections were hybridised at 

30˚C lower than the probe Tm for an hour in an oven. Slides were washed at 

hybridization temperature with pre-warmed SSC buffer with decreasing concentration. 

Blocking solution (PBS 0.1% Tween 1% BSA 2% Sheep serum) and diluent solution 

(PBS 0.05% Tween1% BSA 1% Sheep serum) were prepared. Slides were blocked 

15 minutes with the blocking solution followed by an incubation with 1: 800 anti-DIG 

(Roche) in diluent solution for 1 hour at room temperature. Sections were washed twice 

with PBS-Tween and NBT-BCIP substrate was applied for a minimum of an hour at 

30°C. The reaction was stopped with the KTBP buffer and sections were washed with 

water. For counterstaining Nuclear Fast Red (Vector Laboratories) was applied and 

slides went through dehydration steps in ethanol solutions. Slides were mounted with 

permanent aqueous mounting medium (DAKO) and were dried overnight. Sections 

were analysed with an Olympus microscope equipped with an SC50, 5-megapixel 

color camera. 

2.6.2 Probes and control 

Probes specifically target miRNAs in tissue and their hybridisation temperature is 

defined 30°C below the RNA melting temperature. Scramble is a unique sequence  of 

bases which have low sequence identity with mouse. Scramble miR is therefore a 

negative control and sets the background of the in-situ hybridisation. 

As the kit was optimised with miR-126-3p as positive control, we did not use any other 

positive control. 

 

Probe Sequence RNA 
Tm  °C Company Product 

number 

Scramble miR /5DigN/GTGTAACACGTCTATACGCCCA/3DigN
/ 87 Exiqon 699-004-360 

hsa-miR-126-3p /5DigN/GCATTATTACTCACGGTACGA/3DigN/ 84 Exiqon 619-866-360 
Table 2.4 In situ hybridisation probes used in this project.  
These probes were compatible with the microRNA ISH Optimization Kit (FFPE) (Exiqon). 
 

  Statistics 
Data were plotted with GraphPad prism software version 5 or 6. Comparison between 

different groups was assessed by one-way analysis of variance (ANOVA) with a Tukey 

test as a post hoc test. This post hoc test examines for significant differences between 

groups, with a p-value P <0.05. In this project, significance is defined as follows: 

 * p<0.05, ** p<0.01 and *** p<0.001.  
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Comparisons between two groups were performed by Student’s t-test, with the same 

thresholds for significance.  
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Chapter 3. In-vitro model of endothelial-to-mesenchymal transition  

 

  Introduction 
 
Endothelial-to-mesenchymal transition has been first observed in heart development 

where endothelial cells from the endocardium migrate to the cardiac jelly and 

transdifferentiate into mesenchymal cells with the support of the myocardium. EndMT 

is essential to build heart valves in the outflow track (OFT) region and the 

atrioventricular (AV) canal (Markwald et al., 1975). Culture of AV canal endothelial cells 

with explant of myocardium showed that EndMT was stimulated mainly by members 

of the TGFβ family (Potts and Runyan, 1989). During cardiogenesis in chick, TGFβ2 

and TGFβ3 were the main isoforms expressed in the myocardium and their inhibition 

exhibit a distinct role in EndMT. TGFβ2 seems to mediate the disruption of cell-cell 

contact and TGFβ3 to promote their migration (Boyer et al., 1999). However, 

Camenisch et al revealed that each TGFβ isoforms play a different role in EndMT 

according to the species. In fact, mouse only requires TGFβ2 for the 

transdifferentiation, whereas avian heart requires both TGFβ2 and TGFβ3 (Camenisch 

et al., 2002). In mouse AV explant, EndMT was prevented with the inhibition of LBTP1, 

a protein required for TGFβ1 activation, arguing that TGFβ1 plays a role in EndMT 

(Nakajima et al., 1997). All together, these data suggest that the three isoforms play a 

role and could be involved at different stages of EndMT.  

 

Nevertheless, in mouse Av explant, mesenchymal cells invading the collagen were 

reduced in TGFβ2 knock-out mouse compared to TGFβ1,3 knock-out where invasion 

was similar to the wild type and therefore EndMT was functional (Mercado-Pimentel 

and Runyan, 2007; Azhar et al., 2009).  

Recently, the transition of endothelial cells in mesenchymal cells was described also 

in the context of fibrosis as a source of myofibroblasts (Zeisberg et al., 2007, 2008).  

To better understand EndMT mechanism, models of endothelial-to-mesenchymal 

transition were developed in-vitro. Arcienegas et al first promoted the transition in 

bovine aortic endothelial cell where cells were treated with TGFβ1. Factor VIII was 

significantly decreased and alpha SMA increased suggesting the transdifferentiation 

(Arciniegas et al., 1992). Similar results were obtained with the absence of cell to cell 

contact (Frid et al., 2002). In ovine aortic valve endothelial cell, TGFβ1 treatment 

induced alpha SMA expression and stimulation with PDGF increased their migration. 
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EndMT was also observed in culture with deprivation of fibroblast growth factor 

meanwhile Krenning et al combined both treatment in HUVEC to give rise to 

mesenchymal cells (Frid et al., 2002; Ishisaki et al., 2003; Krenning et al., 2008). 

 

As different isoform of TGFβ could be involved in EndMT, Montorfano et al showed 

that oxidative stress-induced EndMT lead to secretion of TGFβ1 and TGFβ2. These 

two factors seemed to play a pivotal role as their inhibition abolished the 

transdifferentiation (Montorfano et al., 2014). In several endothelial cell types, TGFβ2 

treatment reduced endothelial junction markers such as VE cadherin and PECAM1 

and were positive for alpha-SMA. Treated cells acquired a spindle shape morphology 

similar to mesenchymal cells (Medici et al., 2011; Mihira et al., 2012; R. Kumarswamy 

et al., 2012). Increased expression of Snail, a transcription factor related to 

suppression of cell adhesion was observed in endothelial cells post-treatment with 

TGFβ2 (Medici et al., 2011). 

 Interestingly, a model only based on the inflammatory cytokine IL1β treatment could 

permanently transdifferentiate human dermal microvascular endothelial cells 

(HDMEC) in mesenchymal cells (Chaudhuri et al., 2007). 

In recent publications, new model of EndMT was developed by treating endothelial 

cells with TGFβ2 and an inflammatory cytokine IL1β. Malesweska et al showed that 

treating endothelial cells during 3 days with TGFβ2 and IL1β followed by 2 days of 

TGFβ2 treatment induced EndMT at the same level than 5 days of treatment with IL1β 

and TGFβ2. This suggests that TGFβ2 and IL1β treatment induce EndMT and that 

IL1β is only required for the induction of EndMT.(Maleszewska et al., 2013; Nie et al., 

2014) 
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  Specific aims 
 
In this chapter, in-vitro model of EndMT was established in two different cell types 

HMEC1 and HUVEC. We aimed to : 

- To investigate the effect of TGFβ2 and IL1β treatment in endothelial cells 

- To examine the expression at RNA level of endothelial markers and 

mesenchymal markers in endothelial cells post-treatment with TGFβ2 and 

IL1β  

- To examine the expression at protein level of endothelial markers and 

mesenchymal markers in endothelial cells post-treatment with TGFβ2 and 

IL1β  

- To assess the expression of the transcription factors Snail and Slug in 

endothelial cells post-treatment with TGFβ2 and IL1β  

  Specific material and methods 
 
Cell treatment  

Cells were treated with 10ng/mL of TGFβ2 (Prepotech) or TGFβ2 and IL1β (Prepotech) 

both at the concentration of 10ng/mL (Maleszewska et al., 2013). For treatment equal 

or less than 3 days, cells were seeded at 30% confluence and 15% confluence for 

treatment longer than 3 days. Treatment was added at least few hours after the 

seeding to allow the cells to settle down. Media and treatment were changed every 

three days.  
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 Results   

  

3.4.1 Effect of TGFβ2 and IL1β on endothelial cells morphology  

The endothelial cell line HMEC1 was used to prevent the limitations of isolation of 

microvascular endothelial cells. The immortalized cells present endothelial features 

such as the secretion of vWF or the expression of the cell adhesion marker CD31. In 

culture, HMEC1 form a monolayer with a cobblestone appearance and grow to a higher 

density than primary endothelial cells. HMEC1 were stimulated with TGFβ2 and IL1β 

for 72 hours. A change in the morphology is observed post- treatment on endothelial 

cells. HMEC1 monolayer is disrupted post-treatment and cells acquire a spindle shape 

(Figure 3.1). 

 
Figure 3.1 Effect of TGFβ2 and IL1β treatment on HMEC1 morphology. 
Cells were stimulated with TGFβ2 (10ng/mL) and IL1β (10ng/mL) for 72 hours. Untreated cells 
grow round with an appearance of cobblestone and form a continuous monolayer. HMEC1 
post-treatment acquire a spindle shape and a disruption of the monolayer.   
 
HUVECs are primary endothelial cells from large vessel and represent a classic model 

to study endothelial phenotype. HUVECs grew as a monolayer with intercellular 

junctions. Once the confluence is reached, these polygonal cells acquired a 

cobblestone morphology. HUVECs morphology was changed only 24 hours post-

treatment with TGFβ2 and IL1β. The monolayer was disrupted and the phenotype was 

similar to fibroblast in culture. Cells acquired a spindle shape and grew in parallel 

clusters (Figure 3.2). 

 

 

Untreated	 TGFβ2	+	IL1β	
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Figure 3.2 Effect of TGFβ2 and IL1β treatment on HUVEC morphology. 
Cells were treated with TGFβ2 (10ng/mL) and IL1β (10ng/mL) for 24 hours. HUVECs develop 
as a monolayer with a cobblestone appearance. Post-treatment, morphology of HUVECs 
changes with a disruption of the monolayer and cells acquire a spindle shape. 
 

3.4.2  Effect of TGFβ2 and IL1β on fibronectin expression in endothelial cells 

In order to develop a model of endothelial to mesenchymal transition in-vitro, 

fibronectin expression by endothelial cells was studied.  

Fibronectin is an extracellular matrix glycoprotein that serve as cell adhesion and guide 

cellular interaction into the extracellular matrix. Fibroblasts synthesised fibronectin 

dimers and interact with them via an integrin-dependent process to assemble into 

fibrillar matrix. An increase in fibronectin expression is correlated with fibroblast 

differentiation. 

Figure 3.3 Fibronectin staining in endothelial cells from saphenous vein treated with 
TGFβ2 or TGFβ2 and IL1β. 
HSVEC were treated during 3 or 6 days with TGFβ2 (10ng/ml) or TGFβ2 and IL1β (10ng/ml).  
Immunofluorescence was performed for fibronectin followed by a secondary antibody Alexa 
fluor 488 conjugate and nuclei were counterstained with DAPI. Pictures were taken with Bio-
rad microscope (Original magnification ×20). Fluorescence was quantified using image J. 
Values are mean +/- SD of three pictures for each condition. (n=2) Statistical significance was 
assessed by One-way ANOVA followed by Tukey test (**, p<0.01) 
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For this experiment, primary endothelial cells from saphenous vein (HSVEC) were 

treated with TGFβ2 (10ng/mL) and IL1β (10ng/mL) for three and six days. Media was 

replaced every three days. After fixation, staining for fibronectin was performed. No 

significant change in fibronectin expression was observed between untreated cells and 

cells post-treatment with TGFβ2. However, fibronectin was significantly increased only 

6 days post-treatment with TGFβ2 and IL1β suggesting that a longer treatment with 

TGFβ2 and IL1β could induce the expression of fibronectin by endothelial cells.  

 

Fibronectin expression was also assessed in HMEC1 and HUVEC to confirm the 

results in Figure 3.3. Cells were treated for 6 days with TGFβ2 (10ng/mL) and IL1β 

(10ng/mL) and immunofluorescence for fibronectin was performed. As shown in 

Figure 3.4, no significant change of fibronectin expression was observed in cells 

treated with TGFβ2 compared to untreated cells.  

After 6 days of treatment with TGFβ2 and IL1β fibronectin was significantly increased 

in the endothelial cell line as well as primary cells from both the sources.(Figure 3.4) 
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Figure 3.4 Fibronectin staining in endothelial cells treated with TGFβ2 or TGFβ2 and 
IL1β. 
 Endothelial cells were treated during 6 days with TGFβ2 (10ng/ml) or TGFβ2 and IL1β 
(10ng/ml) and were stained for fibronectin followed by a secondary antibody Alexa fluor 488 
conjugate. DAPI counterstaining was performed for nuclei. Pictures were taken with Zeiss 
axioimager II upright (HUVEC), Bio-Rad microscope (Primary EC) and Leica (HMEC) (Original 
magnification ×20). Fluorescence was quantified using image J. Values are mean +/- SD of 
three pictures for each condition. All data is representative of at least two independent 
experiments and one-way ANOVA with Tukey test was performed for multiple comparison (**, 
p<0.01; ****, p <0.0001) 
 

3.4.3 Induction of EndMT in HMEC1 

EndMT is defined by the decrease of endothelial markers and the increase of 

mesenchymal markers. In order to validate previous studies suggesting that TGFβ2 

and IL1β can induce EndMT in vitro, endothelial marker such as von Willebrandt 

Factor, a glycoprotein produced in endothelial cells or CD31 a cell surface marker 
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transition in mesenchymal cells, alpha SMA a marker of activated fibroblast and 

fibronectin expression levels were analysed. 

 

 
Figure 3.5 Effect of TGFβ2 and IL1β treatment on genes expression in HMEC1 
Cells were treated from 24 hours to 72 hours with TGFβ2 and IL1β (10ng/ml). RNA was 
extracted, cDNA was synthesised by reverse transcription and a qRT-PCR was performed to 
study genes expression. Each gene expression was normalised to the housekeeping gene 
Hprt1 expression and compared to the control. Errors bars are representative of standard 
deviations. All data is representative of at least three independent experiments and statistical 
significance was assessed by multiple unpaired Student’s t test. (*, p <0.05; **, p<0.01) 
 

HMEC1 cells were treated for 24, 48 & 72 hours with TGFβ2 (10ng/mL) and IL1β 

(10ng/mL) respectively. From the RNA of HMEC1 cells, gene expression was studied 

by RT-qPCR with Taqman technologies. An endogenous control gene Hprt1 was 

quantified for normalisation and data were analysed with the delta delta Ct method (2–

∆∆CT method). Each gene expression in treated cells was compared to the untreated 

cells. PECAM1 expression was non significantly reduced after 48 and 72 hours of 

treatment, whereas, vWF expression was significantly decreased 48 hours post 

treatment with p=0,037. As previously observed at protein level in Figure 3.4, 

fibronectin gene expression was significantly up-regulated post-treatment. This 

increase was detected at each timepoint suggesting a continuous overexpression of 

fibronectin with TGFβ2 and IL1β treatment. However, the treatment did not affect the 

expression of alpha SMA (Figure 3.5). 
The treatment induced a decrease of endothelial markers expression such as 

PECAM1 and vWF and an increase of fibronectin. Alpha SMA was not affected by the 

treatment. 

24h 48h 72h
0.0

0.5

1.0

1.5

2.0

Fo
ld

 c
ha

ng
e 

no
rm

al
is

ed
 to

 H
P

R
T1

PECAM1

Control
TGFB2 + IL1B

24h 48h 72h
0

4

8

12

Fo
ld

 c
ha

ng
e 

no
rm

al
is

ed
 to

 H
P

R
T1

Fibronectin

Control
TGFB2 + IL1B

** **

*

24h 48h 72h
0.0

0.5

1.0

1.5

2.0

2.5

Fo
ld

 c
ha

ng
e 

no
rm

al
is

ed
 to

 H
P

R
T1

Alpha SMA

Control
TGFB2 + IL1B

24h 48h 72h
0.0

0.5

1.0

1.5

2.0

2.5

Fo
ld

 c
ha

ng
e 

no
rm

al
is

ed
 to

 H
P

R
T1

vWF 

Control
TGFB2 + IL1B

*



 61 

3.4.4 Induction of EndMT in HUVEC  

As the serial passaging of cell line can alter their phenotype, the use of human primary 

endothelial cells appears as the most relevant model to study the differentiation of 

endothelial cells in mesenchymal cells. The effect of TGFβ2 and IL1β treatment was 

investigated on human umbilical vein endothelial cells.  

Adherens junctions in HUVEC are mediated by VE-cadherin which plays a role in the 

maintenance of vascular integrity. Cytoplamic domain of VE-cadherin is linked to p120-

catenin, β-catenin and plakoglobin and these complexes form the cell-cell adherens 

junctions. Due to the restriction of VE-cadherin to endothelial cells, this marker was 

relevant to the study of EndMT. 

Figure 3.6 VE-cadherin staining in HUVECs treated with TGFβ2 or TGFβ2 and IL1β. 
 HUVEC were treated during 3 or 6 days with TGFβ2 (10ng/ml) or TGFβ2 and IL1β (10ng/ml).  
Immunofluorescence was performed for VE-cadherin followed by a secondary antibody Alexa 
fluor 488 conjugate and nuclei were counterstained with DAPI. Pictures were taken with Bio-
rad microscope (Original magnification ×20). Fluorescence was quantified using image J. 
Values are mean +/- SD of three pictures for each condition. (n=3) Statistical significance was 
assessed by One-way ANOVA followed by Tukey test (*, p<0,05; **, p<0.01) 
 
HUVECs were treated for 3 and 6 days with TGFβ2 (10ng/mL) or TGFβ2 and IL1β 

(10ng/mL). After fixation in cold methanol, cells were stained for VE-cadherin coupled 

to a secondary antibody Alexa fluor 488 conjugate. 

In untreated HUVECs, VE-cadherin staining displayed the distribution of adherens 

junctions in endothelial cells and a similar staining pattern was observed in TGFβ2 

treated cells with an increased expression after three days of treatment. Post-treatment 

with TGFβ2 and IL1β, VE-cadherin staining pattern was disorganised and not localised 

to the cell junctions. Quantification of VE-cadherin showed that the protein was 

significantly down-regulated after 3 days and 6 days of treatment (Figure 3.6). 
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As seen previously with HMEC1 cells, HUVECs express CD31, a cell adhesion 

molecule at the cell surface. HUVECs were treated for 6 days with TGFβ2 (10ng/mL) 

or TGFβ2 and IL1β (10ng/mL). A double immunofluorescence with primary antibodies 

from different species was performed for an endothelial marker CD31 (green) and an 

extracellular matrix marker fibronectin(red). CD31 antibody was raised in mouse and 

fibronectin antibody was raised in rabbit. An antibody anti-mouse coupled with Alexa 

fluor 488 and an antibody anti-rabbit Dylight 550 were used for an indirect 

immunofluorescence.  

 

 
Figure 3.7 Fibronectin and CD31 staining in HUVECs treated with TGFβ2 or TGFβ2 and 
ILβ1.  
HUVECs were treated for 6 days with TGFβ2 (10ng/ml) or TGFβ2 and ILβ1 (10ng/ml). Double 
immunofluorescence was performed for CD31 followed by a secondary antibody Alexa fluor 
488 and fibronectin followed by a secondary antibody DyLight 550 conjugate.  Nuclei were 
counterstained with DAPI. Pictures were taken with Zeiss axioimager II upright (original 
magnification ×20) Fluorescence was quantified using image J. Values are mean +/- SD of 
three pictures for each condition. (n =3) Statistical significance was assessed by One-way 
ANOVA followed by Tukey test (**, p<0.01; ****, p<0.0001). 
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decrease of CD31. At protein level, TGB2 and IL1b treatment was able to reduce the 

expression of VE cadherin and CD31 meanwhile fibronectin expression was increased. 

Similar to the experiments performed with HMEC1, gene expression of endothelial and 

mesenchymal markers were assessed in HUVEC. Cells were treated for 24 , 48 & 72 

hours respectively with TGFβ2 (10ng/mL) and IL1β (10ng/mL) in order to study gene 

expression by qRT-PCR. Ct values obtained for each gene and each treatment 

condition were normalised to the Ct values of an endogenous control Hprt1. Then, fold 

change was calculated using 2–∆∆CT method. 

 

 
Figure 3.8 Effect of TGFβ2 and IL1β treatment on genes expression in HUVEC 
Cells were treated from 24 hours to 72 hours with TGFβ2 and IL1β (10ng/ml). RNA was 
extracted, cDNA was synthesised by reverse transcription and a qRT-PCR was performed to 
study genes expression. Each gene expression was normalised to expression of the 
housekeeping gene Hprt1 and compared to the control. Errors bars are representative of 
standard deviations. All data is representative of three independent experiments and statistical 
significance was calculated by multiple unpaired Student’s t test. (*, p <0.05) 
 
In the figure 3.8, VE-cadherin encoded by PCDH12 tends to increase in the first 24 

hours post-treatment but was down-regulated at 48 hours (p=0,077) and 72 hours 

(p=0,121). These results are correlated with the results obtained in figure 3.6 where 
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the protein VE-cadherin expression was significantly decreased at 3 and 6 days post 

treatment.  

Regarding CD31(PECAM1) expression, the treatment did not contribute to any change 

in expression. Interestingly, these results do not correspond to the results obtained at 

protein level as the treatment induced a significant decrease of CD31 6 days post-

treatment. As observed in HMEC1 cells, vWF was significantly decreased 48 hours 

post treatment. 

In conclusion, the TGFβ2 and IL1β  induce decrease of PCDH12( VE-cadherin) and 

vWF gene expression but did not affect PECAM1 expression. 

Fibronectin gene expression (FN1) was significantly increased 24 hours post treatment 

and the fibronectin protein (Figure 3.7) was also found up-regulated 6 days post-

treatment. The treatment did not change the expression of alpha SMA and the same 

results were observed in HMEC1 cells. 

 

 
Figure 3.9 Effect of TGFβ2 and IL1β treatment on transcription factors expression in 
HUVEC 
Cells were treated from 24 hours to 72 hours with TGFβ2 and IL1β (10ng/ml). RNA was 
extracted, cDNA was synthesised by reverse transcription and a qRT-PCR was performed to 
study transcription factors expression. Each gene expression was normalised to expression of 
the housekeeping gene Hprt1 and compared to the control. Errors bars are representative of 
standard deviations. All data is representative of three independent experiments and statistical 
significance was calculated by One-way ANOVA followed by Tukey test. (*, p <0.05; **, p<0,01) 
  
Snai1 (Snail) and Snai2 (Slug) are transcription factors from the transcriptional 

repressor family and are implicated in loss of cell adhesion by suppressing gene 

encoding protein involved in cell-cell junctions. Mostly described in epithelial-to-

mesenchymal transition, both factors were found involved in endothelial-to 

mesenchymal transition.(Kokudo et al., 2008; Medici et al., 2011; Cooley et al., 2014) 

Their expression was assessed in HUVEC post-treatment with TGFβ2 and 

IL1β(10ng/ml). Cells were treated from 24 hours to 72 hours. Both Snail and Slug were 

significantly up-regulated 72 hours post-treatment (17.4 fold + 5.5 and 3.7 fold + 1.0 

respectively)(Figure 3.9). 
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 Discussion  
 
Endothelial-to-mesenchymal transition is required for building valve in heart 

development meanwhile in fibrosis, this transition increases the number of fibroblasts 

and therefore contributes to the pathologic tissue repair. In vitro model of EndMT were 

developed to understand the mechanism behind the transition. In this study, in vitro 

model of EndMT based on the treatment with TGFβ2 and IL1β was investigated and  

optimised in endothelial cell line and primary endothelial cells. 

During EndMT, endothelial cells lose their basal apical polarity and a monolayer 

disruption is observed. They start acquiring a front rear polarity, develop some 

migratory and invasive properties. This transition is characterized by the decrease of 

endothelial markers such CD31, VE-cadherin and the increase of mesenchymal 

markers such as alpha SMA, and the secretion of components of the ECM. 

 
 
 
 
 
 
 
 
 
 

Table 3.1 General markers studied in EndMT 
 

In this project, TGFβ2  was not able to induce fibronectin expression by endothelial 

cells on its own at protein level. However, expression of fibronectin was significantly 

increased when endothelial cells were treated with TGFβ2  combined to a pro-

inflammatory cytokine IL1β. Increased expression of fibronectin was also described in 

a model of EndMT where HUVECs were exposed to oxidative stress. In this model, 

the RNA silencing of TGFβ1 or TGFβ2 led to a decrease of fibronectin expression 

confirming the important role of TGFβ family in EndMT (Montorfano et al., 2014). 

Interestingly, in-vivo studies showed that TGFβ2 was the most expressed isoform in 

EndMT in mouse and avian heart (Camenisch et al., 2002). In mouse model TGFβ1 -

/- and TGFβ3 -/-, endothelial-to-mesenchymal transition was functional whereas TGFβ2 
-/- exhibited cardiac phenotype defect. These results point out that TGFβ2 might be the 

Endothelial markers         
Down-regulated in EndMT 

Mesenchymal markers     
Up-regulated in EndMT 

Transcription Factors     
Up-regulated in EndMT 

CD31/PECAM1  α-SMA/ACTA2 Snail 

vWF   FSP1 Slug 

VE-cadherin/ PCDH12 SM22α Twist1  

eNOS N-cadherin   

Claudin-5 Collagen I and III   

  Fibronectin   

   Calponin   
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most relevant isoform in EndMT. In human umbilical vein endothelial cells, co-

stimulation with TGFβ2 and IL1β synergistically promoted EndMT. In the same study, 

the role of TGFβ1 and TGFβ2 in the initiation of  EndMT was assessed. Co-stimulation 

of TGFβ1 and IL1β induced only a 6 fold increase of the mesenchymal marker SM22a 

whereas TGFβ2 and IL1β treatment induced a 17 fold increase of the same marker 

(Maleszewska et al., 2013). Thus, the co-treatment TGFβ2 and IL1β seemed the most 

efficient treatment to generate EndMT 

Post-treatment with TGFβ2 and IL1β , HMEC1 cells showed an significant up-

regulation of fibronectin and down-regulation of VWF at gene expression level. CD31 

expression was non significantly decreased after 48 hours and 72 hours of treatment. 

Unexpectedly ,VE cadherin gene expression presented very low Ct value  and the 

results were not included as VE cadherin expression could not be differentiated from 

background expression. In the study of Kryczka et al, EndMT was induced in HMEC1 

with TGFβ2 treatment, EndMT was observed with the decrease of VE cadherin and 

PAI and the increase of fibronectin and FSP-1 (Kryczka et al., 2017). The low 

expression of VE cadherin in our model might be due to the high passage of the cells 

that can cause phenotypic changes and disturb the expression of endothelial markers. 

  

The potentiality of TGFβ2 or TGFβ2 and IL1β treatment to induce EndMT in primary 

endothelial cells HUVEC was examined at protein and RNA level. At protein level, 

fibronectin was significantly increased and  endothelial markers  such as VE- cadherin 

and CD31 were significantly decreased after 6 days of treatment with TGFβ2 and IL1β. 

However, TGFβ2 alone was not sufficient to induce the decrease of endothelial 

markers neither the increase of fibronectin in our experiments. To investigate EndMT 

at RNA level, cells were treated up to 3 days and gene expression was studied at 24 

hours, 48 hours and 72 hours. vWF was significantly down-regulated 48 hours post-

treatment and fibronectin was significantly increased in the first 24 hours. VE cadherin 

was upregulated in the first 24 hours and then non significantly down-regulated at 48 

and 72 hours. Unexpectedly, alpha SMA expression, the marker for activated 

fibroblast,  was unchanged.  

Several models of EndMT have been developed with HUVEC, cells were subjected to 

oxidative stress, treatment with TGFβ2 alone or combined with IL1β (R Kumarswamy 

et al., 2012; Maleszewska et al., 2013; Montorfano et al., 2014). In the study of 

Kumarswamy et al, HUVECs were treated daily with TGFβ2 and evidence showed that 

this treatment decreased VE-cadherin and increased FSP1 protein expression. 
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Furthermore, the combination of TGFβ2 and IL1β lead to a synergistic induction of 

EndMT where IL1β is necessary to induce EndMT and not to maintain it. Thus, TGFβ2 

have the potential to generate EndMT in HUVEC, however a daily renewal  or a longer 

treatment might be required to observe the first sign of the transition of endothelial cells 

in mesenchymal cells. 

At gene expression level, our results were comparable to the study of Maleszewska et 

al where HUVECs were treated with TGFβ2 and IL1β for 15 days. Each gene 

expression was analysed at day 1, 3, 5, 7 10 and 14. They showed that vWF was 

significantly down-regulated 3 days post-treatment and fibronectin significantly up-

regulated 24 hours post-treatment. In correlation, with our results, TGFβ2 and IL1β 

treatment did not induce an increase of alpha SMA before the day 7. However,  VE-

cadherin expression displayed different results as its expression was up-regulated until 

day 7 post-treatment and non-significantly down-regulated at 15 days post treatment 

(Maleszewska et al., 2013). Difference in VE-cadherin expression could be explained 

by a difference of confluence of the cells. 

In our model, both Snai1 and Slug were significantly up-regulated 72 hours post 

treatment with TGFβ2 and IL1β which was in concordance with the literature. Indeed, 

Snail and Slug ( respectively Snai1 and Snai2) are zinc finger transcription factor and 

are involved in the repression of E-cadherin in the context of EMT. Several studies 

shows that both factors might be involved in EndMT (Kokudo et al., 2008; Li and 

Jimenez, 2011; Medici et al., 2011; Cooley et al., 2014; Seo-Hyun Choi et al., 2015; 

Xu et al., 2015). On mouse pulmonary endothelial cells, TGFβ1 treatment induced up-

regulation of alpha SMA and Snai1. Li et Jimenez showed that the silencing of Snai1 

repress TGFβ1-induced alpha SMA expression (Li and Jimenez, 2011). Furthermore 

in TGFβ1 treated HUVEC, both Snai1 and Slug were found up-regulated post-

treatment (Cooley et al., 2014). Increased expression of Snai1 was also observed in 

hypoxia-induced EndMT in human coronary endothelial cells (Xu et al., 2015). The 

silencing of Snai1 in endothelial cells treated with TGFβ2 prevented the TGFβ2-

induced EndMT as well as observed in TGFβ1-induced EndMT model (Medici et al., 

2011) . 

In this chapter, model of EndMT was successfully established with TGFβ2 and IL1β 

treatment in HMEC1 and HUVEC. HMEC-1 cells were considered as a suitable model 

of endothelial cells for EndMT research as it bears most of the  endothelial cell features. 

Furthermore, the use of a cell line allows less variability for data acquisition. Post-

treatment in HMEC1 , vWF and CD31 were down-regulated and fibronectin was up-
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regulated suggesting an induction of the transdifferentiation. However, HMEC1 were 

not expressing VE-cadherin unlike the primary endothelial cells HUVEC. In HUVEC, 

the endothelial markers such as vWF, VE cadherin and CD31 were down-regulated 

post-treatment meanwhile fibronectin was increased. Marker of activated fibroblast, 

alpha SMA was not up-regulated post-treatment in both cell type which correspond to 

previous observations. In addition, analysis of transcription factors Snail and Slug in 

HUVEC showed an increased expression post-treatment. Therefore, the use of  

primary endothelial cells seemed more appropriate to establish a model of EndMT in 

vitro.      
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Chapter 4. MicroRNA profile in endothelial-to-mesenchymal 

transition in-vitro  

  Introduction  
 
In Chapter 3, an in vitro model of endothelial-to-mesenchymal transition was 

developed. EndMT was shown to have occurred in a pro-fibrotic environment, following 

treatment of endothelial cells with TGFβ2 and IL1β. To date very few studies have 

demonstrated that miRNAs may regulate signalling pathways involved in EndMT. In 

order to study associated miRNA expression profiles a miRNA array was therefore 

performed in Chapter 4.  

 

Two in vitro studies reported the implication of miRNAs in EndMT. In the TGFβ2-

induced EndMT model, the miR-29 family was found to be significantly down-

regulated. Mimic transfection of miR-29a, miR-29b and miR-29c independently 

inhibited EndMT. Indeed, cell migration and mesenchymal markers were decreased 

meanwhile endothelial markers were increased (Kanasaki et al., 2014). 

In HUVEC and human umbilical artery endothelial cells (HUAEC), inhibition of the let-

7 family lead to an increase in TGFBR1 receptor and an activation of TGFβ signalling 

pathway. This activation resulted in transdifferentiation of endothelial cells in 

mesenchymal cells (Chen et al., 2012). 

 

Most studies have focussed on one miRNA and its targets. In high-glucose-induced 

EndMT, miR-18a-5p and miR-320 were found to be down-regulated (Feng and 

Chakrabarti, 2012; Geng and Guan, 2017). Over-expression of miR-18a-5p in high 

glucose conditions prevented EndMT by decreasing levels of mesenchymal markers 

and by increasing endothelial marker expression. In the same study, a target prediction 

tool and experimental validation showed that the Notch2 receptor, known to induce 

EndMT, was a direct target of miR-18a-5p, implying that the down-regulation of miR-

18a-5p could trigger EndMT (Geng and Guan, 2017). 

In the study of He et al, HUVEC cells were treated with serum from Kawasaki disease 

patients. Kawasaki disease is an inflammatory disease which affects the vasculature 

and cells implicated in the arterial wall damage could originate from EndMT. When 

endothelial cells were treated with the serum, EndMT was induced and expression of 

CTGF,a key factor in EndMT, was markedly increased. Prediction target tools and 
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experimental validation revealed that CTGF was a direct target of miR-483. In fact, 

miR-483 was found down-regulated in KD sera, and its over-expression attenuated the 

process of EndMT, via the silencing of CTGF (He et al., 2017).  

 

Table 4.1 MiRNAs expression profile according to the type of endothelial cells 
undergoing EndMT in vitro. 
Down-regulated miRNAs in EndMT model are represented in green and up-regulated 
miRNAs in red. 
 

Some miRNAs have been found to be up-regulated in TGFβ-induced EndMT including 

miR-21-5p, miR- 216a, miR-155 and miR-130a. . 

Regarding miR-155, miR-216a and miR-130a, their expression was elevated post-

treatment with TGFβ isoforms TGFβ1, TGFβ2 and TGFβ3 respectively. Each TGFβ 

isoform therefore seems able to induce EndMT, and each displays a differential 

miRNAs expression (Bijkerk et al., 2012; R. Kumarswamy et al., 2012; Li et al., 2017). 

 

Few studies have demonstrated a differential expression of EndMT in several cell 

types. In fact, miR-21-5p was studied in 3 different cell types and 4 different models of 

EndMT. Increased expression of mir-21-5p was observed in ionizing radiation-induced 

Cells miRNAs Ref. 

Endothelial progenitor cells ↓126-5p  (Zhang et al., 2013) 

Human aortic endothelial cells ↓200a  (Zhang et al., 2017) 

Human aortic valve endothelial cells ↓18a-5p  (Geng and Guan, 
2017) 

Human coronary artery endothelial cells ↑155  (Sun et al., 2017) 

Human dermal microvascular endothelial cells ↓let-7,29 
 (Srivastava et al., 
2013; Kanasaki et al., 
2014) 

Human pulmonary endothelial cells ↑21-5p  (Kwon et al., 2016) 

Human umbilical artery endothelial cells ↓let-7  (Chen et al., 2012) 

Human umbilical vascular endothelial cells 
↓let-7,20a,320,483 

↑21-5p,216a 

 (Chen et al., 2012; 
Feng and Chakrabarti, 
2012; R. Kumarswamy 
et al., 2012; Correia et 
al., 2016; He et al., 
2017) 

Lung microvascular endothelial cells ↑130a  (Li et al., 2017) 

Mouse cardiac endothelial cells 
↓122a,127,196,375           s 

↑let-7, 21-5p, 30b, 125b, 195 
(Ghosh et al., 2012) 

Mouse embryonic endothelial cells ↑155  (Bijkerk et al., 2012) 
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EndMT and TGFβ-induced EndMT but contradictory results were also observed about 

the role of miR21-5p in EndMT. In fact, in ionizing radiation-induced EndMT, miR-21-

5p was found to be dispensable factor in the induction of EndMT. Meanwhile post-

treatment with TGFβ2, inhibition of miR-21-5p was shown to prevent the transition (R. 

Kumarswamy et al., 2012; Guo et al., 2015; Kwon et al., 2016). Therefore, up-

regulation of miR-21-5p in EndMT is implicated but its precise role remains elusive. 

 

Given the sparse and ambiguous literature regarding EndMT and miRNA my working 

hypothesis for Chapter 4 was that in the model of EndMT based on treatment with 

TGFβ2 and IL1β, profiling associated miRNAs involvement could consolidate data 

from previous studies or identify new miRNAs potentially involved in EndMT.  

 
  Specific aims 

 
- To assess the expression profile of miRNAs in the validated EndMT model 

- To identify miRNAs potentially involved in EndMT 

- To investigate the predicted target of the miRNAs selected 
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 Specific material and methods 
 

4.3.1  nCounter miRNA assay 

nCounter technologies are based on color-coded barcodes that allow the multiplexing 

of hundreds of targets in a single reaction. In miRNA assays, up to 800 miRNAs can 

be simultaneously assayed from 100ng of total RNA. In addition, the counting of 

miRNAs is direct as the detection does not require any amplification. All samples were 

prepared according to manufacturer’s protocol. The first step involved the ligation of a 

miRtag sequence to miRNAs to allow a greater sensitivity and specificity. Thereafter, 

hybridization was performed overnight at 65˚C where excess of probe pairs target the 

miRNAs. The probe pair is composed of a capture probe with a biotin at the 3’ end and 

a reporter probe with color coded barcode at the 5’ end. During hybridisation, both 

probes form a complex with their targets (Figure 4.1).  

 
Figure 4.1 miRtag ligation and probe annealing in nCounter assay 
(nCounter® Technology | NanoString Technologies, no date). 
 

After hybridisation, samples are transferred into the Prep station (Nanostring) where 

the complex target-probes are purified and immobilised on the nCounter cartridge 

(Figure 4.2). The cartridge is then loaded in Digital Analyzer (Nanostring) for detection 

and analysis. Acquired raw data were normalised against negative control to confirm 

specificity of the ligation reaction and estimate background hybridization counts. A 

second normalisation based on the positive control assessed the sample preparation 

step such as the ligation and the annealing. The last step includes the normalisation 

to the first 100 highest expressed miRNAS. Normalised data were then analysed with  

nSolver software. 
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Figure 4.2 Purification and immobilization of the complex target probe in nCounter 
assay 
 (nCounter® Technology | NanoString Technologies, no date). 
 

4.3.2  Prediction target tools 

Prediction target tools were developed to facilitate the search of miRNAs potential 

targets. The algorithm of these tools is based on the conserved Watson Crick pairing 

between the seed region at the 5’end of the miRNA and 3’UTR within the whole-

genome alignments. The conserved Watson Crick pairing is sufficient to predict 

miRNAs targets and decrease the false positive predictions. In addition, a perfect seed 

pairing improves the target recognition. In most tools, the thermodynamic properties of 

the miRNA–mRNA duplex formation was considered  as a criteria for target recognition 

(Bartel, 2009). Prediction target tools generate a table of potential targets which are 

sorted by a prediction score related to the specificity of the interaction. Most of these 

were developed to reduce false positives, however important variation was observed 

between tools as the predicted targets do not overlap. 
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Some of the common tools are: 

• TargetScan  

TargetScan is an algorithm developed in 2003 to predict miRNA target in vertebrate 

The last release TargetScan7 use the context++ model to identify miRNA targets and 

is more predictive than other tools(Agarwal et al., 2015). In fact the context ++ is 

based on multiple features including: 

- Site type (8mer> 7mer-m8> 7mer-A1) 

- 3′-supplementary pairing 

- Local AU content 

- Distance from the closest 3′-UTR end 

- Target site abundance 

- Seed-pairing stability 

- Predicted structural accessibility 

- Probability of conserved targeting (PCT) 

- 3’UTR length  

- ORF length 

- Offset-6mer sites in the 3′ UTR 

-  8 mer in ORF 

-  Nucleotide in position 8 of the target 

-  Nucleotide in positions 1 and 8 of the sRNA 

 

• DIANA tool 

The DIANA tool combines a target prediction algorithm (DIANA microT-CDS), a 

database for experimentally verified target (Tarbase 7.0), a miRNA pathway prediction 

interface (miRpath) and an algorithm for the prediction of miRNA function (DIANA-

mirExTra). 

DIANA microT was created in 2009 and provides information on miRNA-mRNA 

interaction. The latest version of DIANA microT, microT-CDS, identifies miRNA targets 

both in the 3′UTR and in coding sequences (CDS). In this way targets with multiple 

sites in both regions will be ranked higher in predictions. Several features are 

considered such as the binding category weight, distance from the closest 3’UTR end, 

distance to a closest binding site, thermodynamic properties, conservation, the local 

AU content and the site accessibility (Paraskevopoulou et al., 2013). This tool was 

used to study experimental verified target and to predict the pathways of miRNA 

targets 
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• miRwalk 

MiRwalk can predict miRNAs target in the 5’UTR, CDS and 3’UTR. For 3’UTR targets, 

this interface allows the cross-referencing of 8 prediction target tools. For each miRNA, 

a table of suggested targets is generated where the ranking is based on the 

overlapping prediction between the online tools. Dweep et al., 2011). 
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  Results 
 

4.4.1 Expression of miRNAs in EndMT in-vitro model 

In Chapter 3, we demonstrated that TGFβ2 and IL1β treatment was able to induce 

EndMT in HMEC1 and HUVEC cells. Prior to using an array to profile miRNAs involved 

in EndMT, initial experiments were carried out to determine the optimum cell line and 

time points for the experiment using miRNAs already identified as a regulator of 

EndMT. 
 
Expression of miRNAs in HMEC1 

Two candidate miRNAs were chosen to compare their expression in TGFβ2 and IL1β 

EndMT model based on the available literature. A multitude of studies suggest a role 

for miR-21-5p in fibrosis. MiR-21 was found highly expressed in failing myocardium in 

comparison to normal myocardium and its expression mainly came from the fibroblast 

population (Thum et al., 2008). In vitro, miR-21-5p was able to partially mediate TGFβ-

induced EndMT (R. Kumarswamy et al., 2012). MiR-200b-3p is a member of the 

miR200 family and is recognised as an important regulator of EMT. In fact, miR200 

targets ZEB1 and ZEB2 which are transcriptional repressors of E-cadherin, thus 

preventing EMT (Korpal et al., 2008). In transgenic miR-200b mice, EndMT induced 

by diabetic conditions is reduced, implying the role of miR200b (Feng et al., 2016b).  

 

HMEC1 cells were treated with TGFβ2(10ng/mL) and IL1β(10ng/mL) for 18 and 24 

hours. From the total RNA, miRNA-21-5p and miR200-3p were converted in cDNA 

using specific reverse transcriptase primer and qPCR was performed. An endogenous 

control rnU6 was quantified for normalisation and data were analysed with the delta Ct 

method (2–∆∆CT method). Each miRNA expression in treated cells was compared to the 

untreated cells. 

After 18 hours of treatment, both expression of miR-21-5p and miR-200-3p seemed 

unchanged. However, miR-21-5p expression was non-significantly increased 24 hours 

post-treatment. (2,2 fold+0,3) (Figure 4.3). Similarly, an elevated expression of miR-

200-3p was observed 24 hours post-treatment (1,7 fold+0,2). Up-regulation of miR-21-

5p was predictable from previous studies, whereas the up-regulation of miR-200b-3p, 

a miRNA known to prevent EndMT, differed from literature data. 
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Figure 4.3 Effect of TGFβ2 and IL1β treatment on miRNAs expression in HMEC1 
Cells were treated for 18 and 24 hours with TGFβ2 and IL1β (10ng/ml). Total RNA enriched in 
miRNAs was extracted, cDNA was synthesised by reverse transcription with specific miRNA 
primer and a RT-qPCR was performed to study miRNA expression. Each miRNA expression 
was normalised to expression of the endogenous control U6 and compared to the control. 
Errors bars are representative of standard deviations. All data is representative of two 
independent experiments carried out in triplicate. 

 

 Expression of miRNAs in HUVEC 

The candidate miRNAs studied in HMEC1, were assessed in HUVECs undergoing 

EndMT. In addition, another miRNA miR-195-3p was chosen for assessment. MiR-

195-3p was previously found up-regulated in EndMT, along with miR-21-5p and miR-

125-5p. In this study, cardiac endothelial cells were treated for 7 days with TGFβ2 to 

induce the transition and miRNA profile was assessed with a mouse miRNA 

array.(Ghosh et al., 2012)The magnitude of the difference in expression of miR-195-

5p after EndMT makes it a promising candidate. 

TGFβ2(10ng/mL) and IL1β(10ng/mL) were added to HUVEC cultures for 18 hours and 

24 hours respectively.  

MiR-21-5p was found to be significantly up-regulated at both 18 and 24 hours of 

treatment with 1,8 fold+0,3 and 3,6 fold+1,5 respectively (p=0,002 and p=0,012). The 

expression of miR-200b-3p seemed unchanged at 18 hours and tended to increase 

after 24 hours of treatment 3,9 fold+3,4 and 3,0 fold+1,9 respectively (p=0,37 and 

p=0,15). These results correlate with the miRNA expression observed in HMEC1. 

Regarding miR-195-3p, its expression was significantly increased only 18 hours post-

treatment (p=0,048) and correlate with published results obtained in cardiac 

endothelial cells treated with TGFβ2 (Figure 4.3). 
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Figure 4.4 Effect of TGFβ2 and IL1β treatment on miRNAs expression in HUVEC 
HUVECs were treated for 18 and 24 hours with TGFβ2 and IL1β (10ng/ml). Total RNA enriched 
in miRNAs was extracted, cDNA was synthesised by reverse transcription with specific miRNA 
primer and a qRT-PCR was performed to study miRNA expression. Each miRNA expression 
was normalised to expression of the endogenous control U6 and compared to the control. 
Errors bars are representative of standard deviations. All data is representative of three 
independent experiments carried out in triplicate. Statistical significance was calculated by 
multiple unpaired Student’s t test. (*, p <0.05; **, p<0,01) 
 

4.4.2  MiRNA profile in an in vitro model of EndMT 

Up-regulated miRNAs expression 

In order to define a miRNA signature in EndMT, a nCounter miRNA assay( Nanostring) 

was performed. Nanostring technologies requires only 100ng of total RNA and allows 

the quantification of up to 800 miRNAs without amplification in a single condition. 

Primary cells HUVECs were preferred to the endothelial cell line HMEC1 for this assay 

as HUVECs were more responsive to the treatment with TGFβ2 and IL1β and markedly 

underwent EndMT.  
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Figure 4.5 Up-regulated miRNAs in HUVEC post-treatment with TGFβ2 and IL1β  
Cells were treated from 3 to 48 hours with TGFβ2 and IL1β(10ng/mL). Total RNA was isolated 
and miRNAs expression was assessed with nCounter miRNAs expression panel. MiRNAs 
were ligated to specific probes with color-coded barcode and quantification was performed by 
imaging. MiRNA expression was normalised to positive and negative control. The heatmap 
illustrates the relative expression of up-regulated miRNA expression. Orange and blue colours 
represent decreased and increased expression of miRNAs, respectively. (n=2) 
 
HUVECs were treated with TGFβ2 and IL1β from 3h to 48h and total RNA including 

small RNAs was extracted. As the cartridge contain 12 wells, each condition was 

performed in duplicate. To the 100 ng of total RNA, a miRtag sequence was first added 

to the miRNAs. Thereafter probes were hybridised to the miRNAs targeted and went 
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through purification steps. Then, the complex probe-miRNAs were immobilised in the 

cartridge and analysed in the Digital analyser (Nanostring). Raw data was normalised 

in three steps (1) Against the negative control (2) with the positive controls (3) with the 

top 100 highest expressed miRNAs. As each condition was performed in duplicate, 

data were grouped by time point. A heatmap was generated on nSolver Analysis 

software with normalised grouped data summarised the up-regulated miRNAs post-

treatment with TGFβ2/IL1β and therefore up-regulated in EndMT. In the Figure 4.5, 

blue pixels correspond to an elevated abundance of the miRNA whereas orange pixels 

indicate low miRNA levels. The heatmap revealed a differential of expression within 

the up-regulated miRNAs. In fact, some miRNAs with low expression level in the 

untreated cells (control) were found to be up-regulated at the earliest time point; miR-

494-3p and miR-146a-5p after 6 hours of treatment or miR-433-3p after 3 hours. For 

other miRNAs, the level of expression was increased at 24 hours post-treatment, which 

was the case for miR-21-5p and miR-195-5p. Their expression profile correlated with 

results obtained by RT-qPCR in the Figure 4.4. 

 

Down-regulated miRNAs expression 
 
Similarly to the figure 4.5, a heatmap was generated summarising miRNAs down-

regulated post-treatment with TGFβ2 and IL1β. The colour coding of the heatmap is 

blue for elevated abundance and orange for low miRNA expression. As in Figure 4.5, 

expression profile was variable within the down-regulated miRNAs. Expression of miR-

126-3p was decreased with time of treatment. Some miRNAs expression was 

decreased at the earliest time point such as miR-151a-5p and some at the latest time 

point such as miR-125b-3p. 
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Figure 4.6 Down-regulated miRNAs in HUVEC post-treatment with TGFβ2 and IL1β  
Cells were treated from 3 to 48 hours with TGFβ2 and IL1β(10ng/mL). Total RNA was isolated 
and miRNAs expression was assessed with nCounter MiRNAs expression panels. MiRNAs 
were ligated to specific probes with color-coded barcode and quantification was performed by 
imaging. MiRNA expression was normalised to positive and negative control. The heatmap 
illustrates the relative expression of down-regulated miRNA. Orange and blue colours 
represent decreased and increased expression of miRNAs, respectively. (n=2)  
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4.4.3 First selection of miRNA candidates 

 
Potential markers of EndMT were initially selected depending on their fold change in 

comparison to the control, a list of the most-upregulated miRNAs and most down-

regulated miRNAs was generated. Each microRNA was then run into miRpath from 

the Diana tool. MiRNAs were chosen depending on signalling pathways of their 

predicted targets. Pathways that could plausibly be involved in EndMT such as 

adherens junction, ECM receptor interaction or TGFβ signalling were prioritised and 

reduced the number of potential candidates. As algorithms are different for each 

prediction target tool, predicted targets were compared with each prediction target tool. 

Six miRNAs were selected including 3 up-regulated and 3 down-regulated post-

treatment with TGFβ2 and IL1β. 

Table 4.2 First selection of miRNAs potentially involved in EndMT 
 
Validation of miRNA candidates 

MiRNAs selected as potential markers of EndMT were studied further by RT-qPCR in 

order to confirm the expression profile obtained with the nCounter assay. HUVEC cells 

were treated with TGFβ2 (10 ng/mL) and IL1β (10ng/mL) for 24 hours. Total RNA 

including small RNAs was extracted and RT-qPCR was performed using Taqman 

technologies. 

 

 

 

 

 

  Fold change  

miRNA Accession number 3h 6h 16h 24h 48h 

hsa-miR-146a-5p MIMAT0000449 4.05 10.87 22.31 31.10 54.00 

hsa-miR-494-3p MIMAT0002816 1.42 30.80 19.46 22.86 15.00 

hsa-miR-548a-5p MIMAT0004803 2.02 2.13 -1.40 2.00 1.24 

hsa-miR-199b-5p MIMAT0000263 -4.77 -2.72 -5.29 -3.18 1.52 

hsa-miR-200b-3p MIMAT0000318 1.07 -4.85 -2.19 -3.72 -3.76 

hsa-miR-944 MIMAT0004987 -2.48 -6.39 -2.38 -5.45 -3.96 
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Figure 4.7 Validation of miRNAs expression in HUVEC post-treatment with TGFβ2 and 
IL1β   
Cells were treated for 24 hours with TGFβ2 and IL1β(10ng/mL), total RNA was isolated and 
miRNAs expression was studied. A-B Down-regulated (A) and up-regulated (B) miRNAs 
expression quantified with nCounter assay (n=2). C-D Validation of down-regulated (C) and 
up-regulated (D) selected miRNAs by qRT-PCR. Statistical significance was calculated by 
multiple unpaired Student’s t test. (n=3) (*, p <0.05; **, p<0,01) E Box plot of selected miRNAs 
count (n=2). Errors bars are representative of standard deviations.  
 
In Figure 4.7, results previously obtained with the nCounter assay are represented by 

(A) and (B). In the same figure,  (C) and (D) show the analysis of the RT-qPCR data. 

Unexpectedly, results were not correlated between the two methods. In fact, 24 hours 
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post-treatment, expression of down-regulated miRNA in the nCounter assay  was 

unchanged for miR-199b-5p and miR-944 or significantly up-regulated  for miR-200b-

3p with the RT-qPCR. In a similar way, for the up-regulated miRNAs from the nCounter 

assay, miR-494-3p and miR-548a-5p expression was unchanged when analysed by 

RT-qPCR. 

Only one miRNA miR-146a-5p showed similar expression profile with the nCounter 

assay and the RT-qPCR. After 24 hours of treatment with TGFβ2 and IL1β, miR-146a-

5p was up-regulated with 31-fold increase from the nCounter assay and 59-fold 

increase from RT-qPCR data.     

In order to understand the difference between the two methods, the quantification from 

the nCounter assay was studied. Each miRNA count was plotted in a box plot where 

the vertical axis shows the linear count and demonstrates the difference of expression 

between untreated cells and 24 hours post-treatment. Interestingly, only miR-146a-5p 

was abundant and showed a difference of 4000 counts between the treated and 

untreated cells. This suggests that the other miRNAs selected were low in abundance 

and might be part of the background. 

4.4.4 Second selection of miRNA candidates  

A second selection of potential miRNAs involved in EndMT was initiated. Abundance 

of miRNA was one of the criteria of this selection and all miRNAs counts from the 

nCounter assay were plotted into a scatter plot. The scatter plot displayed the 

difference of expression in treated cells to the control with the count for treated cells 

on the y-axis and the count for untreated cells on the x-axis. In figure 4.8, the pink line 

represents the expression of miRNAs in untreated cells. Differentially expressed 

miRNAs were found by looking for miRNA with a large change between control. Dots 

below the control line are considered as down-regulated and dots above as up-

regulated. As previously observed in Figure 4.7 , counts of miR-146a-5p was elevated 

in treated cells and progressively increased depending on the time of treatment. MiR-

494-3p was in the first selection and was  found up-regulated post-treatment. However, 

results from PCR were not correlated to the nCounter results. 

Two miRNAs with highest abundance than miR-146a-5p were down-regulated post-

treatment with TGFβ2 and IL1β : miR-126-3p and miR-4454. 
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Figure 4.8 Differential expression of miRNAs in HUVEC post-treatment TGFβ2 and 
IL1β  
Cells were treated from 3 to 48 hours with TGFβ2 and IL1β(10ng/mL). Total RNA was isolated 
and miRNAs expression was assessed with nCounter MiRNAs expression panel. MiRNAs 
were ligated to specific tag with color-coded barcode and quantified by imaging. MiRNA 
expression was normalised to positive and negative control. The scatter plot displays the 
variation of miRNAs counts between the control and the treated cells. (n=2) The pink dots 
illustrate the control. Dots above and under the control represent up-regulated and down 
regulated miRNAs respectively. 
 
In order to confirm the second selection, data from nCounter assay were plotted in a 

volcano plot.The volcano plot shows the relationship between the fold change and  the 

p-values. On the y-axis log2 fold change were plotted and -log10 p-values were plotted 

on the x axis. A vertical line was traced at X=0 which represent unchanged expression 

of miRNAs and a horizontal line at Y= 1,30 which represent the threshold for statistical 

significance p=0,05. In figure 4.9, the plot is based on data from 24 hours treated 

versus untreated cells. As expected, miR-146-5p was found in the upper right quadrant 

meaning that this miRNA was significantly up regulated post-treatment. The potential 

candidate miR-126-3p was located in the upper left quadrant and thus was significantly 

down-regulated post-treatment. In conclusion, miR-126-3p down regulation and miR-

146a-5p up regulation might be potential markers for EndMT.  
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Figure 4.9 Significant variation of miRNAs expression in HUVEC post-treatment TGFβ2 
and IL1β  
Cells were treated for 24 hours with TGFβ2 and IL1β(10ng/mL). Total RNA was isolated and 
miRNAs expression was assessed with nCounter MiRNAs expression panel. MiRNAs were 
ligated to specific tag with color-coded barcode and quantified by imaging. MiRNA expression 
was normalised to positive and negative control. Volcano plot displays significantly up-
regulated and down-regulated miRNAs. Statistical significance was calculated by multiple 
unpaired Student’s t test (n=2). 
 
Validation of miRNA 126-3p and 146a-5p 

Expression of miR-126-3p and miR-146a-5p were analysed by RT-qPCR to validate 

the expression profile obtained with the nCounter assay. HUVEC cells were treated 

with TGFβ2 (10 ng/mL) and IL1β (10ng/mL) for 24 hours. Total RNA including small 

RNAs was extracted and RT-qPCR was performed using Taqman technologies. An 

endogenous control RnU6 for miR-146a-5p and RnU48 for miR-126-3p were 

quantified for normalisation and data were analysed with the delta delta Ct method (2–

∆∆CT method). In Figure 4.10, expression of miR-146a-5p and miR-126-3p from 

nCounter assay are displayed in (A) and (B) respectively. In addition, results from RT-

qPCR are represented in (C) (D) and abundance of these miRNAs in (E) (F). As 

previously observed in Figure 4.7, miR-146a-5p showed similar expression profile with 

the nCounter assay and the RT-qPCR. From the nCounter assay, miR-126-3p was 

down regulated post-treatment with a 2,9 fold decrease. The same expression profile 

was observed with the qPCR results as miR-126-3p was down-regulated post-

treatment with 2,4 fold decrease. Both miR-126-3p and miR-146a-5p were abundant 

in endothelial cells and their expression profile was significantly changed post-

treatment with TGFβ2 and IL1β.  
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Figure 4.10 Effect of TGFβ2 and IL1β treatment on miR-146a-5p and miR-126-3p 
expression in HUVEC 
Cells were treated for 24 hours with TGFβ2 and IL1β(10ng/mL). Total RNA was isolated and 
miRNAs expression was studied. A-B miRNAs expression quantified with nCounter assay. 
(n=2) C-D Validation of miRNAs by qRT-PCR. Statistical significance was calculated by 
multiple unpaired Student’s t test. (**, p <0.01; ****, p<0,0001) (n=3) E miRNAs Abundance 
(n=2). Errors bars are representative of standard deviations.  
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4.4.5 Target prediction 

Multiple studies report the role of mir-146a-5p in different biological processes. This 

miRNA seems to act as an oncogene in several cancers (Lu et al., 2017; Zhou et al., 

2017), as a mediator of EMT (C. Wang et al., 2016). In endothelial cells, miR-146a-5p 

mediates  inflammation by regulating IRAK-1, an receptor for IL1β (Lo et al., 2017). As 

the proposed EndMT model is based on IL1β treatment that triggers the TGFβ2-

induced EndMT, variation of expression of miR-146a-5p might be induced by IL1β 

treatment and therefore does not have a role in EndMT 
 
Interestingly, miR-126-3p was described to increase migration of endothelial cells and 

knockdown of this miRNA in endothelial cells impacts on the formation of tubes on 

matrigel (Fish et al., 2008). This suggests that miR-126-3p plays a specific role in 

endothelial cells. The down-regulation of this miRNA post-treatment with TGFβ2 and 

IL1β might be due to the transition of endothelial cells in mesenchymal cells. From 

published data, miR-126-3p have a greater potential to be involved in EndMT than 

miR-146a-5p. Thus, target prediction was only performed for miR-126-3p. 

 
As algorithm from TargetScan was the most predictive model, miR-126-3p was first 

run though this prediction target tool. In TargetScan, miRNA repertoire is based on 

mature miRNA sequences from miRbase. For some miRNAs, a difference in the 

5’end can be observed after analysis which leads to the addition of miRNAs such as 

miR-126-3p. To distinguish the modification, a suffix .1 or .2  is added to these 

miRNAs and target identification is performed for each miRNA (Agarwal et al., 2015). 

Multiple target genes were reported and were ranked according to the feature of the 

context++ model( see methods). From the list of potential target of miR-126-3p, two 

genes were identified for potential involvement in EndMT: 

- ADAM9 as predicted target of miR-126-3p.1 with a 8-mer conserved site 

- SMURF2 as predicted target of miR-126-3p.2 with a 7-merA1 conserved site 
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Table 4.3 Target prediction of miR-126-3p.1 from TargetScan Release 7.2 
 
ADAM9 is a type I transmembrane protein with disintegrin and metalloprotease 

domain-containing protein 9. The metalloproteinase domain allows the cleavage and 

the release of cell surface proteins. This includes cytokines, growth factors or cell 

adhesion molecules. In vitro, over-expression of ADAM9 and membrane protein in 

Cos7 cells showed an increase in level of shedding for endothelial markers such as 

VE-cadherin or VCAM1 (Guaiquil et al., 2009). In addition, evidence showed that 

ADAM9 over-expression enhance the recycling of E-cadherin in colon cancer cell, 

thus promoting EMT (HIRAO et al., 2005). Considering that ADAM9 promotes EMT 

and is able to cleave cell adhesion molecule in endothelial cells, this protein might 

have a role in EndMT 
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Table 4.4 Target prediction of miR-126-3p.2 from TargetScan Release 7.2 
 

Smad ubiquitin regulatory factor 2 (SMURF2) is an E3 ubiquitin ligase that regulates 

TGFβ signalling. SMURF2 interacts with R-Smad(Smad1/2) and with I-Smad (Smad7) 

which lead to ubiquitin-dependant degradation of both Smad protein type (Inoue and 

Imamura, 2008). In addition, over-expression of SMURF2 reduces TGFβ-induced EMT 

in mammary epithelial cells (Chandhoke et al., 2016). SMURF2 might have a role in 

EndMT as negative regulator of TGFβ signalling. 

 

MiR-126-3p was then processed in miRwalk which allowed the comparison of 

predicted targets between the different prediction target tools. ADAM9 was found in 

the predicted target in 5 different tools including miRwalk, miRmap, Pictar2, RNA 

hybrid and TargetScan. Furthermore, ADAM9 is a target of miR-126-3p that is 

experimentally verified. Direct interaction of miR-126-3p with ADAM9 was 

demonstrated with a luciferase 3’UTR assay in pancreatic cancer cells. The 

knockdown of ADAM9 by the miRNA restored expression of E-cadherin and prevented 

EMT (Hamada et al., 2012). Therefore, ADAM9 might be regulated by miR-126-3p 

during EndMT. 
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SMURF2 was only predicted in RNA hybrid and TargetScan. However, SMURF2 

interaction with miR-126-3p was not confirmed by experiments. SMURF2 was only 

recognised in prediction target tool suggesting that this target might be a false positive 

from TargetScan. 

 

 Discussion 
 
There are some miRNAs that contribute to the regulation of EndMT including  positive 

and negative regulation. In our study, miRNAs profiles were investigated in the 

TGFβ2/IL1β-induced EndMT model. 

 

Expression of miRNAs known for their implication in EndMT were studied in our model. 

In 24 hours treated cells with TGFβ2 and IL1β, miR-21-5p was significantly up-

regulated in HUVEC and tended to increase in HMEC1. In the same way, expression 

of miR-195-5p was significantly increased in HUVEC 24 hours post-treatment 

Unexpectedly miR-200b-3p tended to increase in HMEC1 and HUVEC cells but the 

variation of expression did not allow conclusions to be made.  

 

Increased miR-21-5p  was  previously reported in two studies where HUVEC cells were 

treated with TGFβ for 24 hours (R. Kumarswamy et al., 2012; Guo et al., 2015). In the 

study from Ghosh et al, EndMT was induced in mouse cardiac endothelial cells with 

TGFβ2, and miRNAs were screened 7 days post-treatment. Interestingly, miR-21-5p 

was found up-regulated along with miR-195-5p and a multitude of other miRNAs (see 

Table 4.1) (Ghosh et al., 2012). The correlation of the expression of these two miRNAs 

corroborated our EndMT model, thus miRNAs profile could be assessed. 

  

MiR-200b-3p was recognised as a miRNA regulating EMT by silencing co-

transcriptional repressor of genes such as Cdh1 encoding for E-cadherin protein. In 

our lab, miR-200b-3p was found to be significantly down-regulated in human bronchial 

epithelial cells undergoing EMT (Ladak et al., 2016) In addition, overexpression of  

miR-200-3p in mouse cardiac cells where EndMT was induced with high glucose, lead 

to an inhibition of EndMT(Feng et al., 2016a). This suggests that miR-200b-3p might 

be down-regulated during EndMT. However, our results did not confirm this hypothesis 

as expression of miR-200b-3p was not significantly increased. A repeat of this 
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experiment would reduce the variation of expression and would have further clarified 

the profile of expression. 

 

MiRNA profiling was addressed with the nCounter miRNA assay from Nanostring 

technologies. MicroRNA assay was performed with total RNA isolated from HUVEC 

and HUVEC undergoing EndMT with TGFβ2 and IL1β treatment. Each condition was  

duplicated  and up to 800 miRNAs were quantified without amplification and identified 

using a color-coded barcode. MiRNA profiling showed an alteration of miRNA 

expression between the untreated and treated cells. Some miRNAs were found up-

regulated and some others were down-regulated in EndMT. Six miRNAs were first 

selected and considered for validation with RT-qPCR. Selection was based on the fold 

change and their predicted target. MiRNA targeting mRNA that encoded for a protein 

that could have a role in EndMT were chosen. Unexpected results were observed 

during the validation by RT-qPCR. Only one miRNA, miR-146a-5p, showed concordant 

data for expression by RT-qPCR and miRNA obtained in the nCounter assay. Among 

these six candidates, miR200b-3p was selected as miRNA assay showed a 3,72 fold 

decrease 24 hours post-treatment and previous results obtained by RT-qPCR needed 

confirmation.(Figure 4.4) Interestingly, miR-200b-3p was found significantly up-

regulated 24 hours post-treatment which was opposite to the down-regulation 

observed in the miRNA assay. 

 

 In order to explain the disparity of miRNA between the two methods, raw data from 

nCounter were analysed. The count of miRNA revealed that only miR-146a-5p was 

abundant in the control and treated cells which lead us to the conclusion that the 5 

other miRNAs were part of the assay background and were very lowly expressed. In 

addition, a study from Camarillo et al demonstrated the low correlation between 

microarray and qPCR. In adult mesenchymal stromal cells undifferentiated and 

differentiated, miRNA profile was performed with a microarray from Invitrogen and 

qPCR using Taqman technologies. Out of 454 miRNAs, an alteration of expression 

was observed for only 93 miRNAs in differentiated cells. Among these 93 miRNAs, 70 

miRNAs were found in both assay with poor correlation. Interestingly, the highest 

expressed miRNAs gave a better correlation than low expressed miRNAs.(Camarillo 

et al., 2011) This might explain why only miR-146a-5p expression was correlated in 

both assay. 
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A second selection of miRNAs was performed by analysing the abundance and the 

difference in the counting. Then, fold change and p-value of selected miRNAs were 

taken into account. In addition to miR-146a-5p, miR-126-3p was selected due to its 

high abundance and its down-regulation post-treatment with TGFβ2 and IL1β. Down-

regulation was confirmed by RT-qPCR where miR-126-3p was significantly decreased 

24 hours post-treatment. (P<0,0001). These data are consistent with results from  

Zhang et al., a study where miR-126 was down-regulated in endothelial progenitor 

undergoing EndMT (Zhang et al., 2013). In addition, miR-126-3p appeared in the 

literature as a miRNA restricted to endothelial cell and implicated in the regulation of 

angiogenesis and vascular integrity. In mouse, deletion of miR-126 lead to vascular 

leakage and hemorrhaging (Fish et al., 2008; Wang et al., 2008). Interestingly, over-

expression of miR-126-3p increase the migration and the proliferation in human 

saphenous vein endothelial cells mediated through the target SPRED1 and PiK3R2 

(Qu et al., 2017). These two targets of miR-126-3p were experimentally validated and 

are found in the VEGF signalling pathway which regulates angiogenesis and vascular 

integrity (Fish et al., 2008).This suggests the role of miR-126-3p in the regulation of 

endothelial-to-mesenchymal transition.  

 

Using bioinformatics prediction tools, a list of potential targets of miR-126-3p was 

generated. We determined two targets from this list that could potentially be involved 

in EndMT: ADAM9 and SMURF2. ADAM9 is a type I transmembrane protein with 

disintegrin and metalloprotease domain-containing protein 9 which can cleave 

adhesion molecule. Over-expression of ADAM9 promotes EMT and might have a 

similar role in EndMT. SMURF2 is an E3 ubiquitin ligase that can regulate TGFβ 

signalling. As TGFβ is a key factor to induce EndMT, miR-126-3p down-regulation 

could increase SMURF2 and negatively regulate TGFβ signalling.  

 

In conclusion, both the nCounter assay and RT-qPCR showed the up-regulation of 

miR-146a-5p and the down-regulation of miR-126-3p in our EndMT model. As miR-

126-3p seemed restricted to endothelial cells, further experiments should study its role 

in EndMT and investigate the interaction of this miRNA with its supposed targets 

ADAM9 and SMURF2. Such data may have translational significance, suggesting new 

treatment strategies for pathophysiologies where EndMT is implicated. 
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Chapter 5. Role of miRNA 126-3p in endothelial-to-mesenchymal 

transition in-vitro 

 
   Introduction 

 
In Chapter 4, miRNA profile was assayed in the in vitro model of EndMT developed in 

Chapter 3 and the down-regulation of an endothelial-specific miRNA miR-126-3p was 

observed. To further study miR-126-3p, its role in EndMT in vitro and in vivo was 

questioned in this chapter. EndMT was suggested as contributor of the pool of 

fibroblast in fibrotic diseases and was examined in a multitude of pathological context. 

Zeisberg et al were the first to describe the presence of EndMT in cardiac fibrosis. In 

this work, lineage tracing under the promoter of Tie1 (Tie1-Cre), an 

endothelial/hematopoietic marker was generated using the system Cre-loxP.(Zeisberg 

et al., 2007) Cre-loxP is based on the expression of Cre under a specific cell type 

promoter and a second transgene containing loxP sequence followed by a reporter 

under a ubiquitous promoter. Cre recombines loxP sequences and allows the 

expression of the reporter in the specific cell type (Zeisberg and Kalluri, 2010). In this 

study, LacZ was expressed within cells of endothelial origin regardless of phenotype 

changes. In the model of aortic banding-induced fibrosis, lineage tracing of endothelial 

cells revealed that 27% to 35% of fibroblasts FSP1+/a-SMA+ in fibrotic areas were 

positive for endothelial origin (Zeisberg et al., 2007). Post-myocardial infarction, 

lineage tracing of endothelial cells in cardiac fibrosis with the stem cell leukemia-Lacz 

system displayed alpha SMA positive cells with an endothelial origin post-MI 

(Aisagbonhi et al., 2011). However, contribution of EndMT in cardiac fibrosis was 

contradicted in studies using lineage tracing under VE-cadherin or Tie-2 promoter  (Ali 

et al., 2014; Moore-Morris, Guimarães-Camboa, Banerjee, Alexander C. Zambon, et 

al., 2014). 

 
Interestingly, EndMT contribution in cardiac fibrosis remains elusive whereas strong 

evidence demonstrated the implication of EndMT in kidney fibrosis (LeBleu et al., 

2013a). EndMT was observed in three different mice models: streptozotocin (STZ)-

induced diabetic nephropathy, unilateral ureteral obstruction (UUO) and alpha 3 chain 

collagen type 4 knockout (COL4A3 KO). In this study, EndMT was illustrated by the 

co-expression of CD31 and FSP1. Using Tie2-cre system (Kisanuki et al., 2001), 

EndMT was observed in STZ-induced diabetic nephropathy in early development of 
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interstitial kidney fibrosis as cells positive for endothelial origin were also positive for 

the marker of activated fibroblast aSMA (Li et al., 2009). Based on the same model of 

lineage tracing, 10% of cells positive to  aSMA  were also positive to an endothelial 

origin in UUO mice. This suggests the important role of EndMT in kidney fibrosis. 

Interestingly, few studies in vivo showed a link between EndMT and miRNA in the 

context of cardiac and kidney fibrosis. In cardiac fibrosis induced by TAC, miR-21-5p 

was found increased and the treatment with antagomiR-21 lead to an attenuation of 

EndMT suggesting the role of miR-21 in EndMT in vivo (R. Kumarswamy et al., 2012). 

In transplant rejection model of aorta, the role of let-7 was analysed in EndMT through 

treatment with antagomir or mimic. Lineage tracing under VE-cadherin promoter 

revealed that antagomir treatment increased EndMT (61% to 80-90%) meanwhile 

mimic transfection lead to a decrease (33,7%) (Chen et al., 2012). In diabetic-induced 

cardiac fibrosis, expression of miR-200b-3p was found down-regulated and more 

specifically was down-regulated in endothelial cells. The use of transgenic miR-200b 

mouse, over-expression of miR-200b was able to prevent EndMT(Feng et al., 2016a). 

In kidney fibrosis, miR-29 was suggested as a regulator of EndMT. MiR-29 down-

regulation was correlated to the increase of kidney fibrosis and the restoration of miR-

29 reduced fibrosis. However, the association of miR-29 to EndMT in vivo was not 

directly studied (Kanasaki et al., 2014). 

As none of this study linked miR-126-3p to the EndMT process identified in Chapter 4 

as down-regulated miRNA during the transdifferentiation, my working hypothesis for 

Chapter 5 was to investigate the role miR-126-3p in EndMT. Due to the controversial 

studies on EndMT in vivo, lineage tracing of endothelial cells was essential to assess 

the presence of EndMT in the context of cardiac and kidney fibrosis before studying 

miRNA expression. 

 
  Specific aims 

 
In this chapter, we aimed to: 
 

- To investigate the role of miR-126-3p in EndMT in vitro 

- To examine the regulation of miR-126-3p predicted targets 

- To determine the presence  of EndMT in cardiac fibrosis 

- To confirm the presence of EndMT in kidney fibrosis 

- To localise miR-126-3p in both cardiac and kidney fibrosis 
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  Specific material and methods  

5.3.1 MiRNAs mimic Transfection  

Lipid-based transfection  

MiRNAs mimic delivery into cells is facilitated with lipid-based transfection. Reagents 

such as Lipofectamine® RNAimax (Thermofisher) consists of cationic lipids that 

interact with miRNA mimics and results in a one-layer liposomal structure with a 

positive surface charge when in water. Positive liposomes allow the fusion of the 

miRNA mimics-liposome complex with the negatively charged cell membrane. The 

complexes enter through endocytosis and diffuse into the cytoplasm.  

MiRIDIAN miRNA mimics (Dharmacon) are synthetic duplexes of mature miRNAs. 

Mimics are transfected to increase endogenous miRNA activity in cells. These mimics 

are chemically modified in order to incorporate a preferential strand into a RISC 

complex that is able to regulate its targets by binding to their 3’UTR. 

Transfection of specific miRNAs needs a negative control in order to detect any effect 

from the transfection reagent. Cells were transfected with a mimic negative control cel-

miR-67. This miRNA from C. elegans has very low sequence identity in human and 

should not have any biological effects on the cells. Transfection optimisation was 

performed using miRIDIAN MiRNA Mimic Transfection Control with Dy547 

(Dharmacon) and analysed with different volumes of lipofectamine or different 

concentration of mimics. 

 

Volume of lipofectamine optimisation 

HUVECs were seeded in chamber slides 24 hours prior to the transfection. 

Lipofectamine RNAimax volume from 0,5μL to 1μL was first diluted in 32μL final 

volume of OPTI-MEM media. From a stock solution of 1μM, 1 μL of mimic transfection 

control with Dy547 was diluted into 32μL final volume of OPTI-MEM. After 5 minutes 

of incubation at room temperature, lipofectamine (LF) and mimic were mixed and left 

at room temperature for 20 minutes. In the meantime, media was removed from the 

well, cells were washed once with PBS and 234μL of OPTI-MEM media was added. 

An extra 32μL of OPTI-MEM was added into the well without any mimics. Complexes 

lipofectamine-mimic were then mixed up and down into the well. The final 

concentration of mimics was equal to 3,3nM. Chamber slides were incubated 24hours 

to 48 hours in a humidified atmosphere of 5% CO2 at 37°C. Post-incubation, media 
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was removed and cells were washed with PBS and fixed with cold methanol (-20°C) 

during 10 minutes at room temperature. Methanol was carefully removed and slide 

was mounted using a mountant containing DAPI (Vectashield). Transfection efficiency 

was then visualised using a fluorescent microscope (Figure 5.1)   
 

   
Figure 5.1 Optimisation of lipofectamine volume for miRNAs transfection in HUVEC. 
Transfection of mimic transfection control with Dy547 (3,3 nM) was optimised with a range of 
0,5μl to 1μL of lipofectamine. HUVECs were transfected for 24 hours or 48 hours. Volumes of 
0,75μl and 1μL showed transfected mimics control. Transfection was less efficient at 48 hours. 
 
Results showed that transfection could be realised with 0,75μl or 1μL of lipofectamine 

but could be improved with higher concentrations of mimics as miRIDIAN can be used 

up to 200nM. In the first instance, 1μL of lipofectamine was chosen to perform further 

experiments 
 
Mimic concentration optimisation  

Cells were seeded in chamber slides 24 hours prior to the transfection. Lipofectamine 

RNAimax volume of 1μL was first diluted in 32μl final volume of OPTI-MEM media. A 

volume of 1 μL, 1,65 μL or 3,3 μL of mimic transfection control with Dy547 from 1 μM 

stock was diluted into 32μl final volume of OPTI-MEM to obtain respectively 3,3nM, 

5,5nM or 11nM of mimics in the well. The same protocol described above was then 

performed. (Figure 5.2) 
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Figure 5.2 Optimisation of mimic concentration for miRNAs transfection in HUVEC. 
Transfection was optimised with different concentrations of mimic transfection control with 
Dy547. HUVECs were transfected for 24 hours or 48 hours and a constant volume of 1μL of 
lipofectamine RNAimax was used. Increased concentration of mimics showed increased 
transfection efficiency. Transfection was less efficient at 48 hours for concentrations of 3,3 nM 
and 5,5nM.  With a mimic concentration of 11nM, transfection efficiency was similar at 24 hours 
and 48 hours. 
 
The concentration of mimics was directly correlated with the transfection efficiency 24 

hours post-transfection. More miRNAs mimics were transfected into the cells with a 

higher concentration. After 48 hours of transfection, miRNAs were not detectable with 

an initial concentration of 3,3nM and 5,5nM. Therefore, the combination of 1μL of 

lipofectamine and 11nM of mimics were used for the experiments. 

With these conditions, transfection for miR-126-3p was performed for 24 hours in 

HUVEC but a high level of cell mortality was observed. Thereafter, transfection was 

performed for 18 hours and total RNA including small RNA was extracted. Transfection 

of miR-126-3p increased the level of the miRNA in untreated (19 fold increase) and 

treated (23 fold increase) cells. Non-specific miRNA (Ns miR) transfection did not affect 

the level of miR-126-3p in both untreated and treated cells (Figure 5.3). This suggests 

the correct execution of the transfection. 
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MiR-126-3p transfection optimisation  

 

 
Figure 5.3 Expression of miR-126-3p after transfection 
HUVEC were transfected for 18 hours with 1µl of lipofectamine and 11nM of mimics (miR-126-
3p or NS miR). Post-transfection, cells were treated for 48 hours with TGFβ2 and IL1β 
(10ng/mL). Total RNA enriched in miRNAs was extracted, cDNA was synthesised by reverse 
transcription with specific miRNA primer and a RT-qPCR was performed to study miR-126-3p 
expression. Each miRNA expression was normalised to expression of the endogenous control 
RNU48 and compared to the control (n=1). 
 

The transfection reagent lipofectamine RNaimax is known to be toxic to the cells. 

Therefore its effect 18 hours post-transfection was assessed in HUVEC by 

immunofluorescence. HUVEC were cultured in presence or absence of lipofectamine 

(1µl) for 18 hours. After fixation in cold methanol, cells were stained for CD31 coupled 

to a secondary antibody Alexa fluor 488 conjugate. In cells cultured without 

lipofectamine, CD31 was stained at the cell membrane and displayed the cell-cell 

contact. Interestingly, CD31 expression was visually decreased and no cell-cell contact 

were observed in cells cultured with LF implying that LF is toxic to HUVEC cells.     

 
Figure 5.4 Effect of lipofectamine on CD31 expression in HUVEC 
Confluent HUVEC were treated with or without LF (1µl) for 18 hours. Immunofluorescence was 
performed for CD31 followed by a secondary antibody Alexa fluor 488 conjugate and nuclei 
were counterstained with DAPI. Pictures were taken with Zeiss axioimager II upright 
microscope (Original magnification ×20)(n=1). 
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In order to reduce the lipofectamine-related toxicity, culture with lipofectamine was 

reduced to 6 hours. Furthermore, two conditions of transfection were tested. The first 

condition was the same than Figure 5.2 with 1µl of lipofectamine in 65µl of OPTI-MEM 

media and 11nM of mimics. In the second condition, the volume of lipofectamine was 

reduced to 0,5µl and concentration of mimics was increased to 30nM. Transfection 

with miR-126-3p and Ns miR were performed during 6 hours and non-transfected cells 

were cultured with lipofectamine for the same time. After fixation, staining for CD31  

was performed. In HUVEC cultured with lipofectamine for 6 hours, CD31 staining 

showed a high expression at the cell membrane. In addition , HUVEC cells were 

forming a monolayer whereas in Figure 5.4 cells treated 18 hours with lipofectamine 

lead to the disruption of the monolayer and to a low expression of CD31.  

The transfection with 1µl of lipofectamine and 11nM of mimics leads to the disruption 

of the monolayer and confluency was different from the non-transfected cells. In 

transfected cells with 0,5µl of lipofectamine and 30nM of mimics, cells were more 

confluent and the culture was more similar to the non-transfected cells. In conclusion, 

cells seemed healthier with a 6 hours transfection and a reduced volume of 

lipofectamine 0,5µl (Figure 5.5). 

 
Figure 5.5 Optimisation of lipofectamine volume and mimics concentration in HUVEC 
transfection 
HUVEC were transfected with miR-126-3p and Ns miR  for 6 hours. LF was added for 6 hours 
to the non-transfected cells. Two conditions of transfection were tested: (1) LF 1µl, 11nM 
mimics (2) LF 0,5µl, 30nM mimics. Cells were stained for CD31 followed by a secondary 
antibody Alexa fluor 488 conjugate. DAPI counterstaining was performed for nuclei. Pictures 
were taken with Zeiss axioimager II upright microscope (Original magnification ×20)(n=1). 
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The condition of transfection (LF 0,5µl, 30nM mimics) was tested for 3 hours in order 

to evaluate if transfected cells monolayer could be comparable to the non-transfected 

cells. In the non-transfected cells, lipofectamine was added to the media. Similarly to 

previous optimisations, indirect immunofluorescence for CD31 was performed. 

Interestingly, 3 hours transfection showed a disruption of the monolayer and a low 

expression of CD31 in both transfected and non-transfected cells. (Figure 5.6). This 

suggests that 6 hours was the most relevant time point for transfection. 

 

 
Figure 5.6 Optimisation of transfection time point in HUVEC 
HUVEC were transfected with 0,5µl of LF and 30nM of miR-126-3p mimics or Ns miR . 
Transfection were performed for two time points 3h and 6h and non-transfected cells were 
cultured in presence of lipofectamine for the same time points.Cells were stained for CD31 
with a secondary antibody Alexa fluor 488 conjugate. Counterstaining was performed with 
DAPI. Pictures were taken with Zeiss axioimager II upright microscope (Original magnification 
×20)(n=1). 
 
Effect of miR-126-3p in EndMT was studied by transfection of mimic in HUVEC 

undergoing EndMT with TGFβ2 and IL1β treatment. Transfections were first carried 

out with 0,5µl of LF and 30nM of miR-126-3p mimics or Ns miR. Control and 

TGFβ2/IL1β treated cells were cultured in presence of 0,5µl of lipofectamine. Six hours 

post-transfection, cells were treated with TGFβ2 and IL1β for 48 hours to induce 

EndMT. Cells were then stained for CD31 followed by a secondary antibody Alexa fluor 

488 conjugate. CD31 expression was decreased in TGFβ2 and IL1β treated cells 

compared to the untreated cells. However, no change in CD31 expression was 

observed between the treated cells and the treated cells transfected with miR-126-3p 

(data not shown). Thereafter, concentration of mimics was increased to 50nM and 
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100nM to elucidate the possible effect of miR-126-3p over-expression in HUVEC 

undergoing EndMT. Using the same protocol, transfection of 50nM and 100nM miR-

126-3p was carried out (Figure 5.7). A decrease of CD31 expression was observed in 

TGFβ2 and IL1β treated cells. In addition, over-expression of miR-126-3p with 50nM 

and 100nM seems to restore the level of CD31 in TGFβ2/IL1β treated cells. In cells 

transfected with non-specific miR, expression of CD31 was similar to the TGFβ2/IL1β 

non transfected cells. The 50nM and 100nM concentrations of mimics allow the partial 

restoration of CD31 in cells undergoing EndMT ,thus 50nM concentration was used for 

further experiments.  

 
 
Figure 5.7 Effect of 50nM and 100nM mimic concentrations on CD31 expression in 
HUVEC undergoing EndMT 
HUVEC were transfected for 6 hours with 0,5µl of LF and 50nM or 100nM of mimics. Non-
transfected cells were cultured in presence of lipofectamine for 6 hours. Transfections were 
performed with miR-126-3p and NsmiR followed by 48 hours of treatment with TGFβ2 and 
IL1β (10ng/mL). Immunofluorescence was performed for CD31 with a secondary antibody 
Alexa fluor 488 conjugate and nuclei with DAPI. Pictures were taken with Zeiss axioimager II 
upright microscope (Original magnification ×20)(n=1). 
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5.3.2 Mouse strains 

All experiments were carried out under UK Home Office Licence and were performed 

in accordance with the Animals (Scientific Procedures) Act 1986. Cdh5(PAC)-CreERT2 

mice express a tamoxifen inducible Cre recombinase under the promoter of VE-

cadherin. Cdh5(PAC)-CreERT2 mice crossed with Rosa-YFP mice resulting in the 

expression of YFP only in endothelial cells. Hearts from VE-Cre-Rosa-YFP T/T mice 

were directly obtained from Professor Helen Arthur (Institute of genetic medicine). In 

order to activate Cre recombinase, 2 mg of tamoxifen was injected via intraperitoneal 

route for 5 consecutive days. Surgery took place at least 7 days after the last injection 

of tamoxifen in order to get tamoxifen-free mice. Genotyping of these mice was carried 

out by Esha Singh. 

 
Figure 5.8 Mouse strain  
A. Cdh5-CreERT2 mouse model allows the expression of the tamoxifen-inducible Cre 
recombinase under VE-cadherin promoter Cdh5. Rosa26R-YFP mice were crossed with 
inducible Cdh5-CreERT2  to generate lineage tracing of endothelial cells. B. Timeline for 
transgenic mouse experiments. 
  

5.3.3 Mouse model of myocardial infarction 

Myocardial infarction was generated by permanent coronary artery ligation. First, mice 

were anesthetised with isoflurane followed by an intubation and ventilation to maintain 

anesthesia. A left thoracotomy was performed to expose the heart and the left anterior 

descending (LAD) artery which was permanently ligated using 7-0 prolene suture. Post 

suture changes of color of the artery was used as an indication of MI. Wound and 

incision for intubation were then stitched with 5-0 vicryl suture. Anesthesia was turned 

off and subcutaneous injection of buprenorphine was performed for analgesia. For 

recovery mice were placed into pre-warmed cage at 33°C and underwent a soaked 

diet. All surgeries were performed by Dr Rachael Redgrave (Institute of genetic 

medicine). 

Injection tamoxifen 2mg

D0 D5
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5.3.4 Mouse model of unilateral ureteral obstruction 

Kidney fibrosis was induced with unilateral ureteral obstruction. Mice were first 

anesthetised with isoflurane. Thereafter, buprenorphine was injected for pain relief and 

laparotomy was performed to expose the kidney. On the left kidney, ureter was isolated 

and three knots were executed (2 on the top and 1 at the bottom) with Mersil 6.0. 

Thereafter, left ureter was cut between the second and the third knot. Wound closure 

was performed by stitching with 5-0 vicryl suture and mice recovery did not require 

special care. All surgeries were performed by Katie Cooke (ICM) 

 

5.3.5 Tissue processing and sectioning 

After dissection, hearts or kidneys were incubated in 0,2% or 1% paraformaldehyde 

(PFA) respectively on a shaker at 4°C overnight. Next day, organs were placed in 30% 

sucrose with gentle agitation at 4°C overnight. Organs were disposed in plastic 

dispomould with OCT and were frozen on dry ice. After freezing, samples were stored 

at -80°C. 
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  Results 
 

5.4.1  Impact of miR-126-3p transfection on EndMT in HUVEC 

The induction of EndMT with the TGFβ2 and IL1β treatment significantly decreases 

the endothelial specific miRNA miR-126-3p. In order to investigate the potential role of 

miR-126-3p, over-expression of the miRNA was realised by transfection of mimics. 

Mimic delivery into cells was facilitated with lipid-based transfection. Transfections 

were performed for 6 hours with 0,5µl of LF and 50nM followed by 48 hours of 

treatment with TGFβ2 and IL1β. Immunofluorescence for CD31 was performed and 

quantified using imageJ. CD31 expression was significantly decreased in TGFβ2/IL1β 

treated cells, non-transfected and transfected with NS miR (p=0,030 and p=0,045). In 

TGFβ2 and IL1β treated cells, level of CD31 was restored in cells transfected with miR-

126-3p compared to non-transfected and transfected with NS miR (p=0,0003 and 

p=0,0004). 

 

 
Figure 5.9 Expression of CD31 after miR-126-3p transfection in HUVEC undergoing 
EndMT 
HUVEC were transfected for 6 hours with 0,5µl of LF and 50nM miR-126-3p or NsmiR. LF was 
added for 6 hours to the non-transfected cells. Cells were then treated 48 hours with TGFβ2 
and IL1β (10ng/mL). Immunofluorescence was performed for CD31 followed by a secondary 
antibody Alexa fluor 488 conjugate and nuclei were counterstained with DAPI. Pictures were 
taken with Zeiss axioimager II upright microscope (Original magnification ×20) Fluorescence 
was quantified using image J and values are mean +/- SD of three pictures for each 
condition(n=3). Statistical significance was assessed by One-way ANOVA followed by Tukey 
test (*, p<0,05; ***, p<0.001). 
  
The effect of miR-126-3p over-expression was then studied at gene level. HUVEC cells 

were transfected  50nM of mimics and 3µl of lipofectamine (in 400µl of OPTI-MEM). 

After 6 hours of transfection of miR-126-3p or Ns miR, cells were treated 48 hours with 
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TGFβ2 and IL1β. To assess gene expression, RT-qPCR were performed and Ct 

values obtained for each gene and each treatment condition were normalised to the 

Ct values of an endogenous control Hprt1. Then, fold change was calculated using 2–

∆∆CT method. Fibronectin, a component of the extracellular matrix, was the first gene to 

be analyse. In untreated cells, no significant change in fibronectin expression was 

observed between the transfected cells and non-transfected cells. In treated cells 

transfected with NS miR, fibronectin was significantly increased compared to non-

transfected untreated cells (p=0,018). The transfection of miR-126-3p in treated cells 

resulted in a reduction of fibronectin expression in comparison to treated cells (p=0,051 

and p=0,016) (Figure 5.9). In conclusion, miR-126-3p over-expression seems to inhibit 

fibronectin expression in HUVEC undergoing EndMT. 
 

 
Figure 5.10 Expression of fibronectin after miR-126-3p transfection in HUVEC 
undergoing EndMT 
HUVEC were transfected for 6 hours with 3µl of LF and 50nM of mimics.(n=6) Non-transfected 
cells were cultured in presence of lipofectamine for 6 hours. Transfections were performed 
with miR-126-3p and NsmiR followed by 48 hours of treatment with TGFβ2 and IL1β 
(10ng/mL). Total RNA was extracted, cDNA was synthesised by reverse transcription and a 
qRT-PCR was performed. Fibronectin expression was normalised to expression of the 
housekeeping gene Hprt1 and compared to the control. Errors bars are representative of 
standard deviations. All data is representative of three independent experiments and statistical 
significance was assessed by One-way ANOVA followed by Tukey test (*, p <0.05). 
 
Effect of the over-expression of miR-126-3p was then assessed on the endothelial 

markers vWF, CD31 and on the mesenchymal marker aSMA . In chapter 3, vWF was 

found significantly down-regulated in TGFβ2 and IL1β treated cells. In Figure 5.11, 

differences in vWF expression were observed in non-transfected untreated cells. One 

independent experiment showed a high expression in the control cells (untreated and 

non-transfected). In transfected cells, no change of vWF expression was observed 

between the transfected cells and the non-transfected cells. This implies that miR-126-

3p do not influence the expression of vWF. 
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Figure 5.11 Expression of endothelial and mesenchymal markers after miR-126-3p 
transfection in HUVEC undergoing EndMT 
Transfections were performed for 6 hours with 3µl of LF and 50nM of mimics. Non-transfected 
cells were cultured in presence of lipofectamine for 6 hours. Transfections were performed 
with miR-126-3p and NsmiR followed by 48 hours of treatment with TGFβ2 and IL1β 
(10ng/mL). Total RNA was extracted, cDNA was synthesised by reverse transcription and a 
qRT-PCR was performed. vWF (n=3) ,CD31 (n=2) and ACTA2 (n=3) expression were 
normalised to expression of the housekeeping gene Hprt1 and compared to the control. Errors 
bars are representative of standard deviations. Statistical significance was assessed by One-
way ANOVA followed by Tukey test. 
 
In Figure 5.9, the over-expression of miR-126-3p led to the restoration of CD31 protein 

level in HUVEC undergoing EndMT. Expression of CD31 was then studied at gene 

level in order to investigate the possible role of miR-126-3p. Interestingly, gene 

expression of CD31 was unchanged after treatment with TGFβ2 and IL1β. These 

results were correlated with results obtained in Chapter 3  where the treatment induced 

a decrease of CD31 at protein level but not at gene level. In addition, no change in 

CD31 gene expression was observed after transfection of miR-126-3p in treated cells. 

ACTA2 encodes for the protein aSMA and was found unchanged in TGFβ2 and IL1β 

treated cells in Chapter 3. In the same way than previous experiments, ACTA2 

expression was found unchanged and no effect of miR-126-3p transfection was 

observed (Figure 5.11). Therefore, increased level of miR-126-3p do not seem to 

affect the expression of CD31 and aSMA at gene level. 
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In conclusion, miR-126-3p seems to partially prevent EndMT by reducing fibronectin 

expression at gene level and increasing CD31 expression at protein level in HUVEC 

undergoing EndMT. However, miR-126-3p do not influence the expression of vWF and 

aSMA. 

 

5.4.2 Impact of  miR-126-3p transfection on EndMT in HMEC1 

The primary endothelial cells are difficult to transfect and are more sensitive to the 

cytotoxicity of the transfection reagents. Evidence showed that variability in 

transfection efficiency can also be caused by the use of pooled multi-donor endothelial 

cells (Hunt et al., 2010). Furthermore, highest transfection efficiency was observed in 

immortalised cell line (van Beijnum et al., 2008), thus transfection of miR-126-3p were 

performed in HMEC1 cells. HMEC1 cells were transfected for 6 hours with 3µl of LF 

and 50nM of mimics. Non-transfected cells were cultured with lipofectamine. Post-

transfection, cells were treated with TGFβ2 and IL1β for 24 or 48hours and fibronectin 

expression was examined by RT-qPCR. An endogenous control gene Hprt1 was 

quantified for normalisation and data were analysed with the delta delta Ct method (2–

∆∆CT method). Each gene expression in treated cells was compared to the untreated 

cells.  

Fibronectin expression tend to increase after 24 hours of TGFβ2/IL1β treatment and 

the transfection of miR-126-3p in treated cells tend to decrease fibronectin to the basal 

level. After 48 hours of treatment, fibronectin was found significantly  up-regulated in 

treated cells transfected with NS miR and in non-transfected treated cells (p=0,076 

and p=0,015 respectively). The transfection of miR-126-3p down-regulate fibronectin 

expression compared to the treated non transfected cells and the treated transfected 

with Ns miR cells (p=0,078 and p=0,015 respectively). Similar results were observed 

in primary cells (Figure 5.10). Thus, over-expression of miR-126-3p seems to reduce 

fibronectin expression to basal level in endothelial cells undergoing EndMT.  
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Figure 5.12 Expression of fibronectin after miR-126-3p transfection in HMEC1 
undergoing EndMT  
HMEC1 were transfected for 6 hours with 3µl of LF and 50nM of miR-126-3p mimics or Ns 
miR. Non-transfected cells were cultured in presence of lipofectamine for 6 hours . Post-
transfection, cells were treated with TGFβ2 and IL1β(10ng/mL) for 24 or 48 hours (n=3 each). 
Total RNA was extracted, cDNA was synthesised by reverse transcription and a qRT-PCR 
was performed. Fibronectin expression was normalised to expression of the housekeeping 
gene Hprt1 and compared to the control. Errors bars are representative of standard deviations. 
All data is representative of three independent experiments and Statistical significance was 
assessed by One-way ANOVA followed by Tukey test (*, p <0.05). 
 
In Figure 5.11, no change in vWF expression were observed post-transfection with 

miR-126-3p in HUVEC undergoing EndMT. vWF gene expression post-transfection 

was then assessed in HMEC1 cells by RT-qPCR. At 24 hours post- treatment, vWF 

expression tend to decrease whereas this trend was not observed in 48 hours treated 

cells. Similarly to the results obtained in HUVEC, no significant change of vWF was 

observed in cells treated 24 hours or 48 hours and transfected with miR-126-3p 

(Figure 5.13). Therefore, miR-126-3p does not impact on vWF factor expression in 

HUVEC undergoing EndMT. 

 
Figure 5.13 Expression of vWF after miR-126-3p transfection  in HMEC1 undergoing 
EndMT  
Six hours transfections were performed in HMEC1 cells with 3µl of LF and 50nM of miR-126-
3p or Ns miR. LF was added for 6 hours to the non-transfected cells. Then, treatment with 
TGFβ2 and IL1β was incubated for 24 or 48 hours (n=3). Post-RNA extraction and reverse 
transcription, qRT-PCR was performed. vWF expression were normalised to expression of the 
housekeeping gene Hprt1 and compared to the control. Errors bars are representative of 
standard deviations. All data is representative of three independent experiments and statistical 
significance was assessed by One-way ANOVA followed by Tukey test.   
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5.4.3 Regulation of miR-126-3p targets expression  

In Chapter 4, miR-126-3p direct targets were predicted using prediction target tools. 

From the list of predicted targets, two targets that could be involved in EndMT, were 

selected ADAM9 and SMURF2 respectively. In order to confirm the direct link between 

miR-126-3p and its predicted targets, transfection of miR-126-3p mimic was performed 

in HUVEC. In addition, cells were treated with TGFβ2 and IL1β to elucidate if ADAM9 

and SMURF2 could be involved in EndMT. Six hours transfection were executed with 

3µl of LF and 50nM of mimics followed by 48 hours of treatment. ADAM9 and SMURF2 

were studied at gene expression level with RT-qPCR. In untreated and treated cells, 

ADAM9 tends to decrease post-transfection with miR-126-3p in comparison to the non-

transfected cells. However, no change in expression was observed between the 

untreated cells and the treated cells implying that ADAM9 is not involved in the 

transdifferentiation. Regarding SMURF2 expression, no changes were observed 

between the treated and untreated cells but also between the transfected cells and 

non-transfected cells. This suggests that SMURF2 does not have a role in EndMT and 

is not directly targeted by miR-126-3p. In conclusion, the two targets selected do not 

seem implicated in the process of  EndMT. 
 

 
Figure 5.14 Regulation of miR-126-3p targets in HUVEC undergoing EndMT  
HUVEC were transfected for 6 hours with 3µl of LF and 50nM of miR-126-3p or Ns miR. LF 
was added for 6 hours to the non-transfected cells. Cells were then treated with TGFβ2 and 
IL1β(10ng/mL). Post-RNA extraction and reverse transcription, qRT-PCR was performed. 
ADAM9 (n=4) and SMURF2 (n=3) expression were normalised to expression of the 
housekeeping gene Hprt1 and compared to the control. Errors bars are representative of 
standard deviations. All data is representative of three independent experiments and statistical 
significance was assessed by One-way ANOVA followed by Tukey test 
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5.4.4  Endothelial-to mesenchymal transition following myocardial infarction 

In Chapter 3, in vitro model of EndMT was developed with TGFβ2 and IL1β treatment. 

Thus, expression level of TGFβ2 and IL1β was questioned in cardiac fibrosis. Mice 

underwent MI and were sacrificed 1, 3, 5 and 7 days later. Total RNA was obtained 

from Prof. Helen Arthur (Institute of Genetic Medicine, Newcastle University). TGFβ2 

and IL1β were quantified in six MI hearts and two sham-operated hearts for each time 

point. TGFβ2 was consistently increased with a minimum of two fold change in hearts 

post-MI. IL1β expression was found highly up-regulated one day post-MI. No 

significant change of expression was observed at 3, 5 and 7 day’s post-MI.(Figure 
5.15) In conclusion, the increased expression of TGFβ2 and IL1β in cardiac fibrosis 

post-myocardial infarction might induces endothelial-to-mesenchymal transition in 

vivo. 

 
Figure 5.15 TGFβ2 and Il1B expression in myocardial infarction mouse heart 
Mice underwent myocardial infarction were sacrificed at 1, 3, 5 and 7 days. Total RNA was 
extracted, cDNA was synthesised by reverse transcription and a qRT-PCR was performed. 
Hprt1 and Tpt1 expression were used as reference for normalisation. Data were normalised to 
two control mice and errors bars were representative of standard deviations. Fold change 
comparison was performed between mice post-MI (n=6) and sham operated mice (n=2) at 1, 
3, 5, 7 days post-surgery. Statistical significance was calculated by multiple unpaired Student’s 
t test (*, p <0.05; **, p<0.01). 
  .  
Numerous studies have focused on the origin of fibroblast in the context of  fibrosis 

and endothelial-to-mesenchymal transition is suggested as a potential source. 

However, some studies are contradicting one another and the contribution of EndMT 

to cardiac fibrosis remains elusive. Thus, the mouse line Cdh5-Cre-ERT2; Rosa26R-

stop-YFP was studied for lineage tracing of endothelial cells using yellow fluorescent 

protein (YFP) expression to assess the occurrence of EndMT in vivo. This lineage 

tracing allows the expression of YFP only in cells with an endothelial origin. First , mice 

underwent myocardial infarction (MI) to generate fibrosis and were sacrificed 5 days 

post-MI. Sham-operated mice were considered as control. Sirius red staining was 

performed to assess fibrosis in mice heart post-MI. Sirius red stained the collagen in 

red and the healthy myocardium in green. One day post-MI, collagen expression was 
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very low and myocardium was mainly stained in green. Five days post-MI , collagen 

(red) was highly increased and a progressive loss of the myocardium was observed 

implying the presence of fibrosis (Figure 5.16). 

 

 
Figure 5.16 Sirius red staining in mice heart post-MI 
Mice underwent MI and were sacrificed 1 or 5 days later. Sirius red staining was performed 
following standard procedure in mice heart post-myocardial infarction. Healthy myocardium is 
represented in green and collagen in red. These pictures were kindly provided by Professor 
Simi Ali (reference: Sarah Thompson’s thesis) . 
 
In order to validate the lineage tracing, double immunofluorescence for YFP and for 

the endothelial marker CD31 was performed. YFP was stained with an anti-GFP 

followed by a secondary antibody Alexa fluor 488 conjugate and CD31 was stained 

with an anti-CD31 followed by a secondary antibody.  Both Cre positive and Cre 

negative were studied and  sections were analysed in figure 5.14. In Cre negative mice, 

no green fluorescent protein (GFP) staining was observed in Sham-operated and MI 

heart. In Cre positive mice, YFP was found colocalised with CD31 staining both in 

sham-operated and MI heart implying that the lineage tracing of endothelial cells was 

accurate. 
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Figure 5.17 Lineage tracing of endothelial cells in sham-operated and myocardial 
infarction heart  
Mice underwent MI and were sacrificed at 5 days post-MI. Double immunofluorescence for 
YFP and CD31 was performed in MI and sham operated heart. Endothelial cells expressing 
YFP was stained with anti-GFP and a secondary antibody Alexa fluor 488 conjugate( green) 
whereas CD31 was stained with an anti-CD31 and a secondary antibody Alexa fluor 594(red). 
Counterstaining was performed with DAPI. Pictures were taken with Zeiss axioimager II upright 
microscope (Original magnification ×10). 
 
Double immunofluorescence was performed for GFP which represent the endothelial 

origin and for the mesenchymal marker aSMA in order to detect the presence of 

EndMT. In transverse sections of heart post-MI, images were taken in both MI and 

non-MI zones (A, B respectively) and can be seen in Figure 5.18 and 5.19. GFP 

positive vessels were seen in unaffected regions of the heart (B) as well as in the infarct 

border zone (A and white arrows head in C,D,E). Mesenchymal cells expressing aSMA 

were located  in the infarct border zone. In the MI zone, several endothelial derived 

cells expressing GFP were also positive for aSMA expression(yellow arrow in C,D,E), 

suggestive of EndMT in vivo. In the non-MI zone, staining of aSMA and GFP were not 

colocalised.  
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Figure 5.18 Endothelial-to-mesenchymal transition in mice post-myocardial infarction.  
Mice underwent MI and were sacrificed 5 days later. Immunofluorescence of transverse 
sections of mouse heart post-MI was performed. Endothelial cells expressing YFP were 
stained with anti-GFP and  a secondary antibody Alexa fluor 488 conjugate (green). 
Mesenchymal cells were stained with aSMA Cy3 conjugate (red). Pictures were taken with 
confocal Nikon A1R invert in MI area(A) and non-MI zone(B) (Original magnification x20) (n=4). 
C,D,E represent an enlargement of picture A with merged and individual channels.  Double 
positive cells to GFP and aSMA were indicated by the yellow arrow. Positive cells to GFP or 
aSMA were located by a white arrows head and a white stars respectively. 
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Figure 5.19 Endothelial-to-mesenchymal transition in mice post-myocardial infarction.  
Mice underwent MI and were sacrificed 5 days later. Immunofluorescence of transverse 
sections of mouse heart post-MI was performed. Endothelial cells expressing YFP were 
stained with anti-GFP and  a secondary antibody Alexa fluor 488 conjugate (green). 
Mesenchymal cells were stained with aSMA Cy3 conjugate (red). Pictures were taken with 
confocal Nikon A1R invert in MI area(A) and non-MI zone(B) (Original magnification x20) (n=4). 
C,D,E represent an enlargement of picture A with merged and individual channels.  Double 
positive cells to GFP and aSMA were indicated by the yellow arrow. Positive cells to GFP or 
aSMA were located by a white arrows head and a white stars respectively. 
 
 

5.4.5  Localisation of miR-126-3p following myocardial infarction 

Previously in this chapter, miR-126-3p over-expression partially prevented the process 

of EndMT in vitro. In the figure 5.15, evidence showed the presence of EndMT in vivo 

in MI-induced cardiac fibrosis. Thus, localisation of miR-126-3p in cardiac fibrosis was 

questioned and investigated with the in-situ hybridisation technique. In-situ  

hybridisation is illustrated by the hybridisation of a probe complementary to the 

targeted RNA within the tissue. Probe signal is then amplified in order to visualise the 

miRNA localisation in a specific tissue. In-situ hybridisation for miR-126-3p was 

performed with a double-digoxigenin (DIG) labelled probe in frozen heart sections from 
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sham-operated and post-MI mice. After hybridisation step, probe was incubated with 

an anti-DIG antibody coupled with alkaline phosphatase (AP). Incubation of the 

hybridisation complex with an alkaline phosphatase substrate resulted in a blue 

precipitate indicating the localisation of miR-126-3p. Scramble hybridisation was 

performed to assess the background of the assay and to visualise non-specific 

staining.  

 
Figure 5.20 In-situ hybridisation of miR-126-3p in mice post-myocardial infarction 
Mice underwent MI and were sacrificed 5 days later. In- situ hybridisation was performed in 
frozen sections of heart with 40 nM of miR-126-3p or scramble double-DIG labeled LNA 
probes. Hybridisation of the probe to the targeted miRNA was executed at 30 degree below 
the RNA melting temperature. Sections were incubated with anti-DIG coupled to AP. Substrate 
of AP was added and the presence of alkaline phosphatase converted the substrate into a 
blue precipitate. Counterstaining was performed with Nuclear Fast Red. Pictures were taken 
with Olympus microscope equipped with an SC50 camera in sham-operated(n=1) and MI 
heart(n=3) for both scramble and miR-126-3p hybridisation. For MI heart , two areas were 
distinguished the MI zone and the unaffected zone. (Original magnification x20) 
 
In sham-operated heart, scramble hybridisation was clear and miR-126-3p 

hybridisation showed the presence of this miRNA mainly in endothelial cells. miR-126-

3p was observed in the intima layer of the blood vessel and in the capillaries. In the 
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heart post-MI, miR-126-3p could not be localised as the signal for miR-126-3p could 

not be distinguished from the noise. Indeed, non-specific staining was observed in the 

scramble hybridisation and staining showed similar pattern as the one observed in 

miR-126-3p. In non-MI zone, miR-126-3p staining pattern was comparable to the one 

observed in sham-operated heart. Numerous optimisations including the increase of 

hybridisation temperature, the decrease of AP substrate development time or the 

decrease in probe concentration  were performed to reduce the background staining 

in the fibrotic MI zone but were not successful (data not shown). 

In conclusion, MiR-126-3p seems restricted to endothelial cells in healthy heart. 

Regarding the localisation of miR-126-3p in MI zone, the non-specific staining did not 

allow conclusions to be made. 

5.4.6 Endothelial-to mesenchymal transition following unilateral ureteral 
obstruction 

In the context of kidney fibrosis, the contribution of EndMT was better defined. Lineage 

tracing of endothelial cells using a Tie2-Cre system revealed the presence of aSMA 

positive cells that are positive to the endothelial origin in the fibrotic kidney. The 

contribution of EndMT to the fibroblast population was estimated to 10% (LeBleu et al., 

2013b). In order to confirm the presence of EndMT in kidney fibrosis, the mouse line 

Cdh5-Cre-ERT2; Rosa26R-stop-YFP previously used to assess EndMT in cardiac 

fibrosis was studied in UUO mice model. Surgeries were performed by Ms Katie Cooke 

and  part of the immunofluorescence staining was executed by Dr Emily Glover. Mice 

underwent unilateral ureteral obstruction on the left kidney and were sacrificed 5 days 

later. Both kidneys were collected as the right kidney was a direct control of the fibrotic 

left kidney. Sirius red staining was performed to assess the generation of fibrosis post-

UUO. In the kidney post-UUO, increase of collagen deposition was observed 

suggesting the development of fibrosis (Figure 5.21). 
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Figure 5.21 Sirius red staining in mice healthy and fibrotic kidney 
Mice underwent left kidney UUO and were sacrificed 5 days later. Sirius red staining was 
performed following standard procedure in mice healthy and fibrotic kidney. Healthy kidney 
tissue is represented in green and collagen in red. 
 
First, immunofluorescence for YFP was performed with an anti-GFP in frozen right 

control kidney sections of Cre-negative and Cre-positive mice. In Cre-positive mice, 

GFP staining was observed in glomeruli and capillaries meanwhile no GFP expression 

was observed in Cre-negative mice (Figure 5.22). This implies that Cre-positive mice 

allows the expression of GFP in endothelial cells. 

 

 
Figure 5.22 Lineage tracing of endothelial cells in healthy kidney 
Healthy kidneys of Cre positive or Cre negative mice were stained for YFP lineage tracing. 
Endothelial cells expressing YFP was stained with anti-GFP and a secondary antibody Alexa 
fluor 488 conjugate( green) and DAPI was used for counterstaining. Pictures were taken with 
Zeiss axioimager II upright microscope (Original magnification ×20)(n=1). 
 
To further validate the lineage tracing under the promoter of VE-cadherin, double 

immunofluorescence for GFP and for the endothelial marker CD31 was carried out in 

healthy right kidney and its associated fibrotic left kidney. In both right and left kidney, 

CD31 and GFP were colocalised in glomeruli. GFP staining also showed similar 

staining in the sections of right and left kidney that could correspond to the staining 
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within the capillaries. This was confirmed in the left kidney where the GFP staining was 

also positive to CD31 (Figure 5.23). Lineage tracing of the Cdh5-Cre-ERT2; Rosa26R-

stop-YFP mouse model seems accurate and restricted to endothelial cells in kidneys 

despite the lack of correlation observed between GFP and CD31 in the right kidney.  

 
Figure 5.23 Lineage tracing of endothelial cells in healthy and UUO kidneys 
Mice underwent left kidney UUO and were sacrificed 5 days later. Double immunofluorescence 
for YFP and CD31 was performed in healthy right kidney and fibrotic left kidney. Endothelial 
cells expressing YFP was stained with anti-GFP and a secondary antibody Alexa fluor 488 
conjugate( green) whereas CD31 was stained with an anti-CD31 and a secondary antibody 
Alexa fluor 633 (purple). Counterstaining was performed with DAPI. Pictures were taken with 
Zeiss axioimager II upright microscope (Original magnification ×20)(n=1). 
 
EndMT was then assessed in kidney fibrosis by double immunofluorescence. GFP 

staining allowed the identification of cells with an endothelial origin meanwhile aSMA 

staining showed the activated fibroblast population. In the healthy right kidney (B), YFP 

cells were observed in glomeruli, in capillaries and in the intima layer of blood vessel. 
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In addition, aSMA staining was found in vascular smooth muscle cells. In the fibrotic 

left kidney, aSMA was expressed by the VSMC and the myofibroblasts population. 

Excluding the blood vessel, colocalisation of the endothelial origin and aSMA was 

found in the fibrotic kidney (A, yellow arrows in C,D,E), suggestive of EndMT in vivo. 

In healthy kidney (B), staining of aSMA and GFP were not colocalised.(Figure 5.24) 

         

 
Figure 5.24 Endothelial-to-mesenchymal transition in  UUO mice.  
Mice underwent left kidney UUO and were sacrificed 5 days later. Immunofluorescence of 
transverse sections of left fibrotic kidney and its associated right kidney, was performed. 
Endothelial cells expressing YFP were stained with anti-GFP and a secondary antibody Alexa 
fluor 488 conjugate (green). Mesenchymal cells were stained with aSMA Cy3 conjugate (red). 
Pictures were taken with Leica SP8-STED confocal microscope in left kidney(A) and right 
kidney(B) (Original magnification x20) (n=4). C,D,E represent an enlargement of picture A with 
merged and individual channels. Double positive cells to GFP and aSMA were indicated by 
the yellow arrow. Positive cells to GFP or aSMA were  annotated with white arrows head and  
white stars respectively. 
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5.4.7 Localisation of miR-126-3p following unilateral ureteral obstruction 

In this chapter, localisation of miR-126-3p in normal heart was elucidated by  in-situ 

hybridisation. Evidence showed that miR-126-3p was restricted to endothelial cells in 

healthy heart. To investigate the localisation of miR-126-3p in fibrotic kidney, same in-

situ hybridisation protocol than Figure 5.20 was applied on frozen healthy kidney 

sections and frozen fibrotic kidney sections from 5 days post-UUO mice. In order to 

visualise non-specific staining and define the background of the assay, scramble 

hybridisation was carried out in parallel of miR-126-3p hybridisation. Post-

hybridisation, pictures were taken in structures expressing endothelial cells such as 

glomeruli (B,D) or blood vessels (A,B). In healthy kidney, scramble hybridisation was 

clear and miR-126-3p hybridisation showed the presence of this miRNA in the intima 

layer of the blood vessel (B) and in the glomeruli (D) (Figure 5.25). 
 

 
Figure 5.25 In-situ hybridisation of miR-126-3p in right control kidney. 
In situ-hybridisation was performed in frozen sections of healthy right kidney with 40nM of miR-
126-3p or scramble double-DIG labeled LNA probes. The probe was incubated at 30 degree 
below the RNA melting temperature for hybridisation. Then, anti-DIG coupled to alkaline 
phosphatase was added to the sections. Sections were incubated with a substrate of AP which 
is converted in blue precipitate in the presence of alkaline phosphatase. Nuclear Fast Red was 
used for counterstaining. Pictures were taken with Olympus microscope equipped with an 
SC50 camera in healthy right kidney for scramble or miR-126-3p hybridisation and were 
focused on specific structures of the kidney such as blood vessel (A,B) or glomeruli (C,D) 
(Original magnification x40). 
 
In the fibrotic kidney post-UUO, miR-126-3p expression was similar to the expression 

in healthy kidney. MiR-126-3p was localised in the glomeruli and in blood vessel intima 

layer. Scramble hybridisation was clear and comparable to healthy kidney scramble 
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hybridisation. In conclusion, miR-126-3p seems restricted to endothelial cells in healthy 

and fibrotic kidneys.  

 
Figure 5.26 In-situ hybridisation of miR-126-3p in left fibrotic kidney post-UUO 
Mice underwent left kidney UUO and were sacrificed 5 days later. In situ-hybridisation was 
performed in frozen sections of heart with 40nM of miR-126-3p or scramble double-DIG 
labeled LNA probes. Hybridisation of the probe to the targeted miRNA was executed at 30 
degree below the RNA melting temperature. Sections were incubated with anti-DIG coupled 
to alkaline phosphatase. Substrate of alkaline phosphatase was added and the presence of 
alkaline phosphatase converted the substrate into a blue precipitate. Counterstaining was 
performed with Nuclear Fast Red. Pictures were taken with Olympus microscope equipped 
with an SC50 camera in healthy right kidney for scramble or miR-126-3p hybridisation and 
were focused on specific structures of the kidney such as blood vessels (A,B) or glomeruli 
(C,D) (Original magnification x40) 
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  Discussion 
 
Evidence showed that MiRNAs can regulate key biological processes including 

EndMT. Indeed, miR-21 was found markedly increased during EndMT in vitro and its 

inhibition was able to prevent EndMT both in vitro and in vivo in a model of cardiac 

fibrosis.(R. Kumarswamy et al., 2012). In our study miR-126-3p was found down-

regulated in vitro in cells undergoing EndMT and we aimed to investigate the role of 

miR-126-3p in EndMT in vitro and in the context of fibrosis in vivo. 

 

In HUVEC cells, miR-126-3p mimic were transfected with lipofectamine to increase 

miR-126-3p level in the cells. Optimisation of lipofectamine volume and concentration 

of mimics were performed with mimic transfection control with Dy547 (described in 

materiel and methods). From this optimisation, the condition with 1µl of lipofectamine 

RNAimax and 11nM of mimics was selected for a 18 hours transfection. Surprisingly, 

immunofluorescence for CD31 of cells cultured with lipofectamine for 18 hours showed 

a clear decrease of CD31 expression compared to untreated cells. As lipofectamine 

can be cytotoxic to the cells, conditions for optimisation were replaced by 0,5µl of 

lipofectamine and 30nM of mimics. In addition, transfection time was reduced to 6 

hours. With this new condition, CD31 expression in cells transfected with miR-126-3p 

or NsMiR was comparable to the expression in untreated cells and untreated cells 

cultured with lipofectamine.  

Transfection in primary endothelial cells was suggested more difficult than transfection 

in endothelial cell line. In the study of Hunt et al, transfection in HUVEC with 

lipofectamine 2000 showed a decrease in cell viability of 10% after 24 hours of 

transfection  and only 19% of cells were positive for the transfection (Hunt et al., 2010). 

In our study, most of the cells were dead 24 hours post-transfection with lipofectamine 

RNAimax. Optimisation with mimic transfection control with Dy547 showed that mimic 

were successfully transfected after 18 hours of transfection and 18 hours transfection 

of miR-126-3p mimics showed a high increase in miR-126-3p level. However, CD31 

expression  was markedly decreased in cells cultured 18 hours in presence of 

lipofectamine , thus lipofectamine volume and transfection time point were reduced. 

Another study showed that DNA transfection into HUVEC rapidly induces the 

degradation of the exogenous DNA (Colombo et al., 2001).This suggests that a low 

transfection efficiency and a rapid degradation of the exogenous miRNA could reduce 
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the effect of the miRNA on the cells. In our study, no effect on EndMT was seen with 

30nM miR-126-3p transfection unlike the 50nM mimics transfection.  

Thereafter, six hours transfection of miR-126-3p or NsmiR in HUVEC cells was 

followed by 48 hours of treatment with TGFβ2 and IL1β in order to assess the role of 

miR-126-3p in EndMT. With 30nM of mimics, no effect of miR-126-3p on CD31 was 

observed in treated cells. Mimic concentration was increased to 50nM and 100nM. 

Both 50nM and 100nM  of miR-126-3p seemed to modulate the expression of CD31 in 

treated cells. In fact, CD31 was found significantly decreased in HUVEC post-

treatment and the transfection of miR-126-3p was able to restore the level of CD31 

expression at protein level. Interestingly, miR-126-3p over-expression did not 

modulate CD31 expression at gene level. At gene expression level, fibronectin was 

found significantly increased in treated cells and miR-126-3p over-expression 

significantly reduced its expression. However, the transfection of miR-126-3p did not 

affect the gene expression of vWF and aSMA. In chapter 3, CD31 and aSMA gene 

expression was found unchanged Post-treatment with TGFβ2 and IL1β. These results 

were correlated to the results obtained from the transfection experiments. As 

previously discussed, Maleszewska et al demonstrated that aSMA was significantly 

up-regulated at gene expression level after 7 days of treatment with TGFβ2 and IL1β. 

This can explain the unchanged expression of aSMA post-treatment and post-

transfection.  

Transfection of miR-126-3p in HMEC1 cells showed the same results as the 

transfection performed in HUVEC. Over-expression of miR-126-3p reduced fibronectin 

expression and did not affect vWF expression. 

Interestingly, van Beijnum et al published a study where transfection was compared 

between HMEC1 and HUVEC. The transfection of a plasmid with a GFP reporter  

showed a transfection efficiency around 40% in the endothelial cells line meanwhile 

transfection in HUVEC only gave a limited change in fluorescence (van Beijnum et al., 

2008). In this chapter, HMEC1 were transfected under the same conditions used for 

HUVEC’s transfection and final results were similar in both cell type. 

 

Our study is the first to show a potential role of miR-126-3p in EndMT. In HUVEC, few 

miRNAs were described as regulator of EndMT. Indeed, miR-21 was found up-

regulated in HUVEC undergoing EndMT and the use of miR-21 antagomir led to a 

restoration of VE cadherin and the reduction of FSP1 both at protein level. In addition, 

miR21 antagomir was studied at gene level. Increase in CD31 expression and 
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decrease of MMP2 and MMP9 expression meanwhile eNOS expression was 

unchanged(R. Kumarswamy et al., 2012). Interestingly, Xu et al demonstrated the role 

of miR-126a-5p in endothelial cells undergoing EndMT under hypoxic conditions. 

Pulmonary microvascular endothelial cells exposed to hypoxia showed an increase of 

miR-126a-5p expression concomitantly with the increase of mesenchymal markers 

and the decrease of endothelial markers. Inhibition of miR-126-5p in hypoxic cells 

reduced the process of EndMT (Xu et al., 2017). This shows that miRNAs that arise 

from two different strand of the same precursor can have an opposite role in biological 

processes. Furthermore, these results confirm that modulation of the expression of 

one miRNA can partially prevent or trigger EndMT. In our study, the transfection of 

miR-126-3p had an impact on CD31 and fibronectin expression but did not influence 

the expression of vWF. 

 

Predicted target of miR-126-3p were studied in our EndMT in vitro system. In fact, 

neither ADAM9 nor SMURF2 were found up-regulated post-treatment with TGFβ2 and 

IL1β. Transfection of miR-126-3p tend to increase ADAM9 expression but did not 

modulate SMURF2 expression. This result suggests that ADAM9 and SMURF2 are 

not implicated in the process of EndMT. ADAM9 was described previously as a target 

of miR-126-3p in hepatocellular carcinoma cells  and was validated as a direct target 

in prostate cancer(Xiang et al., 2017; Hua et al., 2018). In our study,  cells transfected 

with miR-126-3p induced a non-significant decrease of ADAM9 expression but more  

experiments will be required  to confirm this trend. SMURF2 is not described as 

validated target and might be part of the false positive prediction of the prediction target 

tools. 

 

There are contradictory results about the involvement of EndMT in cardiac fibrosis and 

therefore we aimed to examine whether EndMT was present in cardiac fibrosis in vivo. 

The mouse model Cdh5-Cre-ERT2; Rosa26R-stop-YFP allows the lineage tracing of 

endothelial cells by inducing the expression of YFP in cells with an endothelial origin. 

In addition, mice underwent myocardial infarction in order to generate cardiac fibrosis. 

First, the accuracy of the lineage tracing under the promoter of VE-cadherin was 

verified by double immunofluorescence for YFP with an anti-GFP antibody and an 

endothelial marker CD31. In Cre negative mice, no GFP staining was observed 

meanwhile in Cre positive mice, GFP staining was colocalised with CD31 expression 

in both sham-operated and post-MI mice. To investigate the presence of EndMT, 
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aSMA marker was selected to represent the population of myofibroblasts. Alpha SMA 

is also expressed by vascular smooth muscle cells localised in the media layer of the 

blood vessels, thus EndMT was not assessed in blood vessels. Double 

immunofluorescence for YFP and aSMA was performed in sham-operated and post-

MI heart. In MI heart, two zones were distinguished, the unaffected zone (non-MI zone) 

and the MI zone. No colocalisation was observed in non-MI zone and  sham-operated 

hearts as aSMA was mainly expressed by the vascular smooth muscle cell . However 

in MI zone, myofibroblast population was detected and some aSMA positive cells were 

also positive for GFP implying the presence of EndMT. 

Similar experiment with the same mouse model Cdh5-Cre-ERT2; Rosa26R-stop-YFP 

was performed  to observe the occurrence of EndMT in the context of kidney fibrosis. 

Mice underwent UUO on the left kidney and the right kidney was used as control. Cre 

negative mice did not show any GFP staining and Cre positive mice revealed GFP 

staining colocalised with CD31 staining. Lineage tracing was assessed in both kidneys 

with the double staining GFP and CD31. Unlike the lineage tracing in heart, lineage 

tracing of endothelial cells in kidneys was very variable from one animal to another. 

CD31 and GFP were found colocalised in all kidneys, thus the lineage was accurate. 

However, the amount of YFP positive cells was markedly decreased in some kidneys( 

data not shown). To assess EndMT, only kidneys with normal level of GFP staining 

were used. Double immunofluorescence was performed with aSMA and GFP in both 

kidneys. In the healthly kidney, no colocalisation of GFP and aSMA was observed. 

However, colocalisation was observed in the left fibrotic kidney where cells positive for 

aSMA were also positive to an endothelial origin suggesting the occurrence of EndMT. 

In the study of Zeisberg et al, lineage tracing under the promoter of Tie1 (Tie1-Cre), 

revealed that 75% of alpha SMA positive cells were also positive for endothelial origin 

in mice heart post-aortic banding. However, a study demonstrated that immune cells 

could also express reporter by Tie1, thus the first study was invalidated (Gustafsson 

et al., 2001). A second study using a Cre-Lox system under the promoter of VE-

cadherin/Cdh5 assessed the contribution of EndMT in cardiac fibrosis study and 

concluded that no significant contribution of endothelial cells to the fibroblast 

population was observed. Interestingly, fibroblast identification was based on Col1A1 

expression which did not overlap with FSP1 (0%) and aSMA (7%) mesenchymal 

markers. This suggests that only a part of fibroblast population was studied. (Moore-

Morris, Guimarães-Camboa, Banerjee, Alexander C. Zambon, et al., 2014). Using the 

model Cdh5-Cre-ERT2; Rosa26R-stop-YFP, cells in MI heart were found positive to 
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aSMA and to an endothelial origin suggesting the presence of EndMT in cardiac 

fibrosis . 

Zeisberg et al demonstrated the implication of  EndMT in renal fibrosis in three different 

mice models: (STZ)-induced diabetic nephropathy, UUO and COL4A3 KO. In UUO 

mice, EndMT was detected one week after ureter ligation by the co-expression of 

CD31 and FSP1.This co-expression was also observed in 22 weeks COL4A3 KO mice 

and in 6 months STZ induced diabetic nephropathy mice (Zeisberg et al., 2008). In 

early development of interstitial kidney fibrosis, lineage tracing using Tie2-cre 

recombinase (Kisanuki et al., 2001) identified a population of alpha SMA positive cells 

with an endothelial origin (Li et al., 2009). Tie2-cre recombinase was also studied in 

UUO model where approximatively 10% of mesenchymal cells on site were positive 

for endothelial origin (LeBleu et al., 2013b). These results suggest that EndMT 

contributes to the pool of myofibroblast both in cardiac and kidney fibrosis. 

 

In order to link EndMT to miR-126-3p in vivo, in-situ hybridisation was performed to 

localise miR-126-3p within healthy and fibrotic tissue. Hybridisation with a scramble 

miRNA was used as a control. In healthy heart and kidney, scramble hybridisation was 

clear and miR-126-3p was mainly localised in the endothelial cells. In heart post-MI, 

scramble miRNA showed non-specific staining in the extracellular matrix and similar 

staining was observed for miR-126-3p. Therefore, conclusion could not be made 

regarding the localisation of miR-126-3p in the MI zone. In the unaffected area, miR-

126-3p staining was comparable to the staining in the healthy heart. In the fibrotic 

kidney, miR-126-3p was localised in the glomeruli and in the intima layer of the blood 

vessel , thus mainly in endothelial cells. This suggests that miR-126-3p is localised in 

endothelial cells in both cardiac and renal tissue. In the study of Kriegel et al, in-situ 

hybridisation for miR-382 was optimised in kidney post-UUO and demonstrated that 

miR-382 was down-regulated in the fibrotic kidney. They described that non-specific 

staining can be caused by a dried tissue and that tissue section should always be 

covered by liquid (Kriegel and Liang, 2013). In our project, sections were not covered 

with coverslip during hybridisation and might have dried out during this step. However, 

only the MI-zone was affected with non-specific staining, thus non-specific staining 

was not caused by drying.  Interestingly,  Sigma-aldrich company described that a non-

specific staining can be caused by the presence of intracellular lipid droplet. Indeed, 

heart tissue can contain these droplets which can catch some of the color precipitate 
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on cryosections. This issue can be prevented by the delipidization of the sections with 

chloroform and will need to be address in the future experiments.                                  
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Chapter 6. General discussion 

 
Fibrosis is described as a pathologic tissue repair due to an accumulation of 

extracellular matrix secreted by the myofibroblast population. In fibrotic disease 

, studies are focused on myofibroblast origin and have revealed that non-proliferating 

myofibroblasts could be derived from other cell types. This specifically includes the 

process of endothelial-to-mesenchymal transition (EndMT). Studies of EndMT in-vivo 

using lineage tracing of endothelial cells reported that 27% to 35% and 10% of 

myofibroblasts involved in cardiac fibrosis and kidney fibrosis respectively were 

endothelial in origin. Over the last decade, miRNAs have increasingly been described 

as key regulators in biological processes through repression or degradation of targeted 

mRNA. Their profile and potential role remains mainly undescribed in EndMT, although 

MiRNAs have been more widely studied in the related process of epithelial-to-

mesenchymal transition (EMT). We hypothesized that miRNA could play a role in 

EndMT and might prevent the progressive development of fibrosis.  

 

 In vitro model of EndMT  
Our first aim was to develop a model of EndMT in vitro based on a treatment with 

TGFβ2 and IL1β.  Treatment with TGFβ2 and IL1β was applied to HMEC1 cell line and 

to the primary endothelial cells HUVEC. EndMT was assessed at gene and protein 

level by the decrease of endothelial markers and the increase of mesenchymal 

markers.  

At gene expression level, HMEC1 showed significant increase of fibronectin and 

decrease of vWF 48 hours post-treatment with TGFβ2 and IL1β. In addition, up-

regulation of fibronectin at protein level was observed 6 days post-treatment. 

HUVEC were treated with TGFβ2 and IL1β and results in the down-regulation of vWF 

and VE cadherin 48 hours post-treatment whereas fibronectin was found significantly 

increased in the first 24 hours. Unexpectedly, aSMA expression, the marker for 

activated fibroblast, was unchanged. To investigate EndMT in HUVEC at protein level, 

cells were treated for 6 days and fibronectin was found significantly increased and 

endothelial markers such as VE- cadherin and CD31 were significantly decreased. 

In both cell type, the treatment induced an increase of fibronectin expression at protein 

and gene level meanwhile vWF gene expression was decreased. Additionally, HUVEC 

post-treatment showed a decrease in level of VE-cadherin at gene and protein level.  
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Numerous models of EndMT have been generated in HUVEC with the induction of 

oxidative stress, treatment with TGFβ2 alone or combined with IL1β (R Kumarswamy 

et al., 2012; Maleszewska et al., 2013; Montorfano et al., 2014). Maleszewska et al 

demonstrated that the combination of TGFβ2 and IL1β led to a synergistic induction of 

EndMT in HUVEC. Thus, TGFβ2 alone can induce EndMT but requires a daily renewal 

or a longer treatment to observe the decrease of endothelial markers and the increase 

of mesenchymal markers. Our results at gene expression level were similar to this 

study. Indeed, Maleszewska et al showed that vWF was significantly down-regulated 

3 days post-treatment and fibronectin significantly up-regulated 24 hours post-

treatment. In correlation, with our results, the treatment did not induce an increase of 

alpha SMA before the day 7. (Maleszewska et al., 2013).  

In HUVEC, the transcription factors Snail and Slug were found significantly up-

regulated 72 hours post treatment which was in correlation to previous observations. 

In TGFβ1-induced EndMT model both Snail and Slug were up-regulated post-

treatment in HUVEC. (Cooley et al., 2014). Increased expression of Snail was also 

observed human coronary endothelial cells undergoing hypoxic conditions (Xu et al., 

2015). Furthermore, in endothelial cells treated with TGFβ2 or TGFβ1, silencing of 

Snail prevented EndMT (Medici et al., 2011) . 

Based on the TGFβ2 and IL1β treatment, EndMT model was successfully established 

in HMEC1 and HUVEC. HMEC-1 cells were a suitable model for EndMT research as 

it allows less variability for data acquisition and were positive to most endothelial 

markers. However, treatment with TGFβ2 and IL1β was able to modulate the protein 

expression of VE-cadherin and CD31 in HUVEC, whereas, these marker could not be 

assessed in HMEC1. Indeed, CD31 and VE-cadherin immunofluorescence did not 

show any staining. Therefore, the use of primary endothelial cells seemed most 

appropriate to establish a model of EndMT in vitro.   

 

 MiRNA profile in EndMT model   
After establishing a model of EndMT in vitro with TGFβ2 and IL1β treatment, miRNAs 

profile was investigated in our model. In HUVEC 24 hours post-treatment, miR21-5p 

and miR195-5p were found significantly up-regulated. The increased expression of this 

two miRNA has been previously described in the context of the EndMT and was 

concordant with our data. Indeed. MiR-21-5p and miR-195-5p were found up-regulated 

in TGFβ2-induced EndMT in mouse cardiac endothelial cells. In addition,  two studies 
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described the increase in miR21-5p expression in HUVEC undergoing EndMT with 

TGFβ treatment (R. Kumarswamy et al., 2012; Guo et al., 2015).  

Thereafter, miRNAs profile was assessed with the nCounter miRNA assay from 

Nanostring technologies. Total RNA extracted from untreated HUVEC and HUVEC 

undergoing EndMT with different time of TGFβ2/ IL1β treatment were assayed in 

duplicate in the nCounter plate. Up to 800 miRNAs were quantified without 

amplification in each sample. Differential miRNA expression was observed between 

the untreated and treated cells. Some miRNAs were found up-regulated and some 

others were down-regulated in EndMT. Two miRNAs were selected as potential 

regulator of EndMT according to their abundance, the fold change expression and the 

significance of the expression changes: miR-126-3p and miR-146a-5p.  

MiR-126-3p was found down-regulated with a 2,9 fold decrease in nCounter assay in 

HUVEC 24 hours post-treatment. This results was confirmed by RT-qPCR where miR-

126-3p was significantly decreased with a 2,4 fold decrease 24 hours post-treatment. 

(P<0,0001). As to miR-146a-5p, its expression in HUVEC 24 hours post-treatment was 

up-regulated with 31-fold increase from the nCounter assay and 59-fold increase from 

RT-qPCR data.  

Interestingly, miR-126-3p has been described in the literature as endothelial 

specificand participates in the regulation of angiogenesis and vascular integrity. In 

vitro, over-expression of miR-126-3p in human saphenous vein endothelial cells results 

in increased migration and proliferation by the silencing of the validated target SPRED1 

and PiK3R2 (Qu et al., 2017). Additionally, knockdown of miR-126-3p in zebrafish lead 

to vascular leakage and hemorrhaging (Fish et al., 2008; Wang et al., 2008). The 

down-regulation of miR-126-3p in endothelial cells undergoing a transdifferentiation 

and losing progressively their endothelial features implies that miR-126-3p might have 

a role in the regulation of endothelial-to-mesenchymal transition.  

 

 Role of miR-126-3p in EndMT 
 
As miR-126-3p expression was significantly downregulated in cells undergoing 

EndMT, we aimed to investigate the role of miR-126-3p in EndMT in vitro and in the 

context of fibrosis in vivo. 

Over-expression of miR-126-3p in EndMT was studied by mimic transfection with 

lipofectamine in HUVEC cells undergoing EndMT. The transfection in primary 

endothelial cells is known to be difficult as Primary cells are more sensitive to the 
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cytotoxicity of transfection reagent and can rapidly degrade exogenous nucleic acids. 

Hunt et al showed a low transfection efficiency  with lipofectamine 2000 in HUVEC and 

decrease in cell viability to 10% after 24 hours of transfection (Hunt et al., 2010). In 

addition, there was  rapid  degradation of the exogenous DNA following HUVEC 

transfection (Colombo et al., 2001). In our study, transfection in HUVEC was optimised 

and HUVEC were transfected for 6 hours with 50nM of mimics and 0,5µl of 

lipofectamine RNaimax.  

Following transfection of miR-126-3p or NsmiR, HUVEC cells were treated for 48 hours 

with TGFβ2 and IL1β in order to assess the role of miR-126-3p in EndMT. At protein 

level, CD31 was found significantly down-regulated in HUVEC undergoing EndMT and 

miR-126-3p transfection restored CD31 expression. Nevertheless, miR-126-3p over-

expression did not modulate CD31 expression at gene level.  Post-treatment, 

fibronectin was significantly up-regulated and miR-126-3p transfection resulted in a 

decrease of fibronectin expression. However, over-expression of miR-126-3p did not 

affect gene expression of vWF and aSMA.  

Our study is the first to show a partial role of miR-126-3p in EndMT. In the study of 

Kumarswamy et al, partial prevention of EndMT was also observed with the 

transfection of miR-21-5p antagomir. Indeed, miR-21-5p was up-regulated in TGFβ2-

induced EndMT, and its inhibition results in the restoration of VE cadherin and the 

reduction of FSP1 protein. Furthermore, effect of miR-21 antagomir was studied at 

gene level and result in restoration of CD31 expression meanwhile eNOS expression 

was unchanged.(R. Kumarswamy et al., 2012) These results suggests that miRNA are 

able to partially prevent or trigger EndMT. In our project, miR-126-3p transfection did 

modulate CD31 and fibronectin expression but did not affect vWF expression. These 

results could contribute to a new therapeutic strategy in EndMT-induced fibrosis. 

 

Before studying miRNA in EndMT in vivo, the transition was assessed in the context 

of fibrosis. Lineage tracing of endothelial cells was performed with the mouse model 

Cdh5-Cre-ERT2; Rosa26R-stop-YFP which allows the expression of YFP in in cells 

with an endothelial origin. To investigate EndMT in cardiac fibrosis, mice underwent 

myocardial infarction-induced fibrosis. The presence of EndMT was assessed in sham 

operated and MI heart by double immunofluorescence of aSMA a marker of activated 

fibroblast and YFP. Expression of aSMA is also observed by vascular smooth muscle 

cells localised in the medial layer of the blood vessels, thus blood vessels were 

excluded of EndMT study. MI heart was divided in two zones : the unaffected zone 
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(non-MI zone) and the MI zone. No colocalisation was observed in non-MI zone and 

sham-operated hearts meanwhile in the MI zone, aSMA positive cells were also 

positive for GFP implying the presence of EndMT. 

Similar experiments were conducted with the same mouse model Cdh5-Cre-ERT2; 

Rosa26R-stop-YFP to assess the occurrence of EndMT kidney fibrosis. Mice 

underwent UUO on the left kidney and the right kidney was used as control. Double 

immunofluorescence was performed with aSMA and GFP in both kidneys. In the 

healthly kidney, no colocalisation of GFP and aSMA was observed. In the left fibrotic 

kidney colocalisation of aSMA with an endothelial origin was observed. This implies 

the occurrence of EndMT in both cardiac and kidney fibrosis. 

Studies on EndMT in cardiac fibrosis are controversial.. On one hand, EndMT was 

observed in heart post-aortic banding with a lineage tracing of endothelial cells under 

the promoter of Tie1. On the other hand, lineage tracing under the promoter of VE-

cadherin/Cdh5 did not observe the contribution of EndMT in cardiac fibrosis (Moore-

Morris, Guimarães-Camboa, Banerjee, Alexander C. Zambon, et al., 2014). 

Assessment of EndMT in cardiac fibrosis was therefore required prior to the examining 

the role of miRNA in the process. 

In the context of kidney fibrosis, three different mice models STZ-induced diabetic 

nephropathy, UUO and COL4A3 KO showed the occurrence of EndMT (Zeisberg et 

al., 2008). These results were confirmed with the lineage tracing of endothelial cells 

under the Tie2 promoter. Indeed, approximatively 10% of aSMA positive cells were 

also positive for endothelial origin.(LeBleu et al., 2013b). In concordance with literature, 

our results showed the contribution of EndMT to the myofibroblast population both in 

cardiac and kidney fibrosis. 

 

Localisation of miR-126-3p in EndMT in vivo, was then performed with in-situ 

hybridisation of miR-126-3p within healthy and fibrotic tissue. Scramble miRNA 

hybridisation served as a control. In healthy heart and kidney, no background was 

observed and miR-126-3p seemed mainly localised in endothelial cells. In heart post-

MI, scramble miRNA showed non-specific staining in the extracellular matrix in the MI 

zone and similar staining pattern was visualised for miR-126-3p. Optimisation was 

carried out but conclusion could not be made regarding the localisation of miR-126-3p 

in the MI zone. In the fibrotic kidney, miR-126-3p was found localised in the glomeruli 

and in the intima layer of the blood vessel, thus mainly in endothelial cells. This 

suggests that miR-126-3p is localised in endothelial cells in both cardiac and renal 
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tissue. Interestingly, Sigma-aldrich Company advertised that non-specific staining 

could be caused by the presence of intracellular lipid droplet which can catch some of 

the color precipitate on cryosections. This might explain our difficulties to remove non-

specific staining within the MI zone of heart sections. Future experiments might require 

the delipidisation of the sections with chloroform in order to reduce background staining 

observed in heart post-MI sections.   

 

In conclusion, miR-126-3p might have a translational significance as increasing level 

of miR-126-3p in endothelial cells partially prevented EndMT. The contribution of 

EndMT to the fibroblast population in fibrotic disease might be reduced by 

overexpression of miR-126-3p, and therefore slow down the progression of fibrosis. In 

addition, miR-126-3p was exclusively localised in endothelial cells in heart and kidney 

which make this miRNA an attractive target for future therapy. Results from this study 

are summarised in Figure 6.1. 

 

 

 
Figure 6.1 Summary of the study 
 

 Study limitations and future directions  
 
Limitations regarding individual experiments were discussed in each chapter. One of 

the limitations of the study was the use of pooled donor primary endothelial cells. 
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Pooled donor endothelial cells are more representative of the inter-patient variability. 

However, evidence showed that the transfection efficiency in these cells may vary 

according to the batch of cells. Transfection in immortalized endothelial cells might 

be more reproducible but our study was based on transdifferention of endothelial 

cells to mesenchymal cells and this requires a cell type bearing all the endothelial 

features. Therefore, HUVEC was the most relevant cell type despite the inter-patient 

variability. 

 

Another limitation concerned the mechanism of miRNA target recognition. MiRNA do 

not require full complementary with its target to modulate target expression. In addition 

miRNAs can regulate numerous mRNA that can be predicted in online prediction target 

tools. Each prediction target tool has developed its own algorithm which results in 

different prediction, targeted and multiple false positive prediction. Furthermore, 

studying the mechanism of a miRNA can be affected by false predictions and targeting 

miRNA involved in EndMT for therapy could have an impact on the numerous 

signalling pathway targeted by miR-126-3p. 

 

The main limitation of this study was the translation of EndMT in vitro to human studies. 

Assessing EndMT in human tissue sample is not as accurate as lineage tracing in 

animal model. However, few studies have provided evidence on the occurrence of 

EndMT in fibrosis in human. In chronic kidney dysfunction,  colocalisation of endothelial 

and mesenchymal markers was observed in fibrotic tissue suggesting the presence of 

EndMT (Wang et al., 2017). To date, no study has investigated the link of miRNA to 

the process of EndMT in humans. This work would require the isolation of endothelial 

cells expressing mesenchymal markers in order to quantify the miRNA but this is 

difficult due to small amount of tissue. Thus, the study of miRNA in EndMT in human 

fibrotic disease can be problematic 

 

This study investigated the expression and the role of miRNAs in EndMT. From the 

miRNAs profile in cells undergoing EndMT, miR-126-3p was found significantly down-

regulated. Its over-expression resulted in a partial inhibition of the EndMT process. To 

study miR-126-3p in the context of EndMT in vivo, the transition was assessed in both 

renal and cardiac fibrosis. MiR-126-3p was localised and seemed restricted to 

endothelial cells. However, direct link between miR-126-3p and EndMT was not 

assessed.  
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To address this, following experiments could be performed:  

- As miR-126-3p is mainly expressed in endothelial cells, total RNA including 

small RNAs could be extracted from fibrotic and healthy tissue and expression 

of miR-126-3p could be compared by RT-qPCR 

 

- Endothelial cells undergoing EndMT in fibrotic tissue could be isolated by laser 

capture and miRNA profile and changes in phenotype could be directly 

assessed in vivo 

 
 

- MiR-126-3p localization could be investigated in human healthy and fibrotic 

tissue. As miR-126-3p seems restricted to endothelial cells, expression of this 

miRNA could be directly linked to the expression in endothelial cells. 

 

-  MiR21-5p was found up-regulated in EndMT and its inhibition with antagomir 

partially prevented EndMT. Transfection of miR-126-3p mimics and miR21-5p 

inhibitors could have a synergistic effect in preventing EndMT and might be able 

to fully reverse the process. 
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Appendix A 
  
QIAGEN Manchester secondment October’2014-January’2015 
Prerequisite for the Marie Curie-Innovative Doctoral Programme was the 
industrial experience acquired during PhD. 
 
Background 
In polymerisation chain reaction (PCR), positive and negative controls are necessary 

to ensure that the reaction runs well. The main role of positive control (PC) is to make 

sure that primers detect and amplify their specific sequence. 

At QIAGEN Manchester Ltd, long oligonucleotides are used as positive control in most 

kits. Plasmids appear to be another solution which could present some advantages.  

 

Plasmids are circular DNA molecules, separated from the chromosomal DNA, which 

can replicate independently within a suitable host due to the presence of an origin of 

replication(ORI). Artificial plasmids are commonly used as vector for sequence of 

interest in conjunction with gene of resistance to antibiotics. The presence of genes of 

resistance associated to a growth medium containing the specific antibiotics ensures 

the conservation of the plasmid in the bacteria; Bacteria without plasmid (and then 

without the sequence of interest) will not form colonies. Colonies can be selected and 

the plasmids are extracted and can be used as a positive control. 

Plasmids as PC could present some advantages: 

• If restricted to the amplified sequence of the sequence of interest, a multitude 

of sequence could be inserted in a single plasmid. 

• This reduces the complexity of PC mix when multiplexing. 

• This increase the accuracy when plasmid is used as standard for quantification.  

Long term cost effective: once the sequences for positive control are cloned into the 

plasmid, it could be amplified easily by bacteria culture amplification. 

 

Aim 
The main objective of this study is to compare the use of plasmid with the use of long 

oligonucleotides as positive control in PCR 

 
 
 
 
 



 138 

Project plan 

 
Figure 1: Timeline of project 
Suppliers and contributors 
Several suppliers and contributors have been involved in this project. Each supplier 

and each contributor had specific requirements.  

  
Figure 2:  Suppliers and contributors involved in the project 
 

Qiagen Marseille was participating to the project for quality control and inserts 

amplification within plasmid. They recommend the use of the vector PcrIITOPO  as the 

quality control protocol was previously used with this vector. 

Genscript was recommended by Qiagen Marseille for the cloning. They asked for 

providing 5ug of the plasmid PcrIITOPO. 

The Department of Genetics of St Mary’s Hospital was involved in the project for the 

amplification of plasmid without insert. 

Materials were purchased from Life technologies and Teknova. 

 

Selection of the positive control 
Plasmid is a molecule of DNA. Therefore, the first criterion was to target a kit for DNA 

detection in which plasmid could be used as positive control. 
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The second criterion was to ensure the specificity of primers. Primers of a specific 

sequence 1 should not amplify a specific sequence 2 due to the presence of all 

sequences on the same plasmid.   

The choice was oriented to FGFR3 kit. This kit targets DNA related to fibroblast-growth 

factor 3 and their five mutations.  

The kit contains reaction mix to detect mutations and a control of FGFR3 (a bit more 

context).  

• Control 

• Mutation R248C 

• Mutation S249C 

• Mutation G372C 

• Mutation Y375C 

• Mutation K652E 

The Positive Control consists in 6 sequences of nearly 150 to 200 nucleotides (see 

Appendix 1). This kit was a suitable candidate for this project due to the number of 

sequences present in the positive control. Manufacture of one plasmid would have 

been  beneficial compared to the manufacturing of six long oligonucleotides. 

Furthermore, a report of cross amplification was already performed and conclude that 

one pair of primers amplifies only one sequence. 

 

Design of plasmid 
Further to meeting with QIAGEN Marseille, vector PcrIITOPO was selected to facilitate 

the quality control process and theplasmid amplification. 

PcrIITOPO is a vector from Life technologies. It contains two selective marker 

ampicillin and kanamycin, several restriction sites and some promoters.Particularity of 

this vector is the linearised stage of the vector due to the presence of topoisomerase 

at each 5’ extremity. Topoisomerase I cleave phosphodiester after 5’CCCTT and 

bound to the phosphate in 3’. The phosphotyrosyl bound could be attacked by a 

hydroxyl and released the topoisomerase.(Figure 2) 
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Figure 3: Mechanism of vector PcrIITOPO 
However, as the PcrIITOPO plasmid is property of LifeTechnologies, the company 

manufacturing the insert is not allowed to insert directly sequences in PcrIITOPO. A 

first plasmid will be necessary to insert sequences of interest and then sequences 

could be inserting in PCRIITOPO. The first vector is usually a vector PuC.  

To design the plasmid, restriction enzymes contained in insert were checked in order 

to avoid using restriction enzyme which will cut the sequence as well as the plasmid. 

The map of PcrIITOPO in Figure 20 highlights the main restriction sites on the plasmid. 

 
Figure 4: Map of the vector PcrIITOPO 
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Regarding the sequences, maximum size of amplicons was verified to avoid 

amplification of non-specific sequences. 

Indeed, if the maximum size of one amplicon is equivalent to the length of two 

sequences of interest, one pair of primers would be able to amplify two sequences. In 

this case, an alien sequence (sequence that cannot be amplified)was introduced 

between sequences of interest. In our project, alien sequences were not necessary. 

To complete the design, enzyme for linearisation was required. Two linearisation 

enzyme were already used by QIAGEN Marseille: BamH1 and Spe1 and were not 

selected for the insertion of our sequence. Sequence was designed with NotI and XbaI 

linearization enzyme. 

 

 
Figure 5: Sequence of Interest 
Quote for Genscript 
Quote was submitted to Genscript. and asked in return 5ug of PcrIITOPO. Kits with 

PcrIITOPO plasmid (Life technologies) contains only 100ng to 500ng of linear plasmid, 

thus amplification of the empty  plasmid was necessary. 

 

Amplification of PcrIITOPO without insert 
With the help of the department of genetic medicine in St Mary’s hospital, ligation and 

amplification of the plasmid were performed. The amplification consisted in a 

transformation of the plasmid into bacteria, bacteria culture and extraction of the 

plasmids. A transformation was carried out chemically and transformed cells  were 

spread onto plate. Few colonies were grown up; Blue colonies were picked for 

analysis. DNA was extracted and digest by EcoRI was performed to check the size of 

the plasmid.(Figure 6) 



 142 

 

Figure 6: Digestion  by EcoRI of plasmid without insert 

 

After four months internship, ligation and amplification of the PcrIITOPO plasmid failed. 

The manufactured plasmid from Genscript was ordered without custom cloning 

(without transfer into PcrIITOPO). In future plasmid design, the sequence used for 

quality control could be integrated in the insert.  

Qiagen Marseille manufacture and quality control were transferred to Hilden facilities. 
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Appendix B 
 
Almac secondment June 2016 
Prerequisite for the Marie Curie-Innovative Doctoral Programme is the 
industrial experience acquired during PhD. 
 
TGFβ2 was suggested as an inducer of endothelial–to-mesenchymal transition and its 

signalling remains poorly studied. TGFβ2 can bind to the same receptors as TGFβ1, 

but with a lower affinity. However, TGFβ2 has a higher affinity for TβRIII also called 

Betaglycan. Betaglycan cannot transduce signalling but acts as an anchor to help the 

binding to TβRII. Evidence suggest that TGFβ2 could to bind to ALK5, a receptor 

implicated in tehe development of fibrosis through its interaction with TGFβ1. In the 

same receptor family, ALK2 has been shown to be involved in EndMT. In fact, knock-

out of ALK2 lead to  decreased EndMT in heart development.  

In order to study the signalling pathway of TGFβ2 in EndMT, synthesis of two peptides 

was performed in Almac. 

 
Figure 1: Sequence of peptides synthesised in Almac 
Peptide 1 represent a soluble part of betaglycan receptor labelled with 

carboxytetramethylrhodamine (TAMRA). Peptide 2 is a mimic of biologically active TGFβ2  

once dimerised.  

Final Product: dimer labelled with FAM 
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From the pool of monomer for peptide 2, several dimers could be formed. Dimerisation 

with a disulphide bond between Cys1 and Cys29 forms the most active dimer. One of 

the monomer will be labelled with N-(5-Fluoresceinyl) maleimide (FAM). 

 

Soluble part of Betaglycan  
The soluble part of Betaglycan was synthesised by Solide Phase Peptide Synthesis 

on ABI 431 synthesizer. After synthesis, the resin was split in half and one portion of 

the resin was cleaved. Peptides were analysed with a mass spectrophotometer Bruker 

and HPLC water Alliance. Peptides gave a peak for the predicted correct mass of 1578 

Da and an additional peak of a truncated peptide of 1204 Da on the mass 

spectrophotometer. HPLC gave one major peak at 55% of acetonitrile/ water gradient.  

Purification was performed by Gilson HPLC and fraction were collected manually. The 

fractions were analysed by mass spectrophotometer and HPLC. The fraction 

containing the peptide gave one major peak by HPLC, and the correct mass on mass 

spectrophotometer. The fraction was lyophilised and gave 4mg of pure product. 
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Figure 2: Purified unlabelled peptide of soluble part of Betaglycan  
The compound gave a peak with a correct mass of 1578 Da on mass spectrophotometer and 

gave one major peak on HPLC. A peak at 35 minutes is an impurity due to the column and not 

due to the purified fraction  

 

Half of the resin was cleaved and labelled with TAMRA. The same protocol was used 

for purification.  The purified fraction gave a correct mass at 1991 Da but the fraction 

was not lyophilised. The quality of the purified fraction was lost and a second 

purification was performed. The second purification gave too low quantity of material 

and more experiments were required. 

 

Active TGFβ2 
 Active TGFB2 peptide is a specific dimer with a disulphide bond between cysteine1 

and cysteine29. A strategy of dimerization was elaborated. Two monomers have been 

synthesized individually and were synthesized with a tert-butyloxycarbonyl group(Boc-
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) protection on the first cysteine. Without such protection, dimerization could occur with 

a disulphide bond between Cysteine1-Cysteine1 or Cysteine29-Cysteine29. The 

protective Boc group needs a special strategy to be removed. The strategy was to add 

NPYS protection on free cysteine of the first monomer and fluorescein on the free 

cysteine of the second monomer.  Following this, Boc- was removed from the monomer 

2 containing fluorescein. The next step would involve mixing monomer 1 and 2 at pH 

7.4, to allow the dimerization. Finally deprotection will remove Boc from monomer 1. 

 

 

 

 

 

 

 

 

 

 

 
Figure 3: Strategy for dimerization of TGFβ2 peptide 
 

First monomer was synthesized on ABI 431 and mass spectrophotometer analysis 

revealed several truncates and the correct mass of 3793 Da. HPLC showed three 

peaks.  

A protective group NPYS was added to the cleavage mixture in order to bind and 

protect the free cysteine. Monomer with NPYS was purified but collected fractions did 

not give the right mass of 3943 Da.  

Synthesis of the monomer has been improved in order to reduce the number of 

truncates. A second monomer was synthesized and mass spectrophotometry gave the 

correct mass and several truncates. HPLC revealed four peaks. The resin was cleaved 

and peptide was purified. The purified peptide was labelled with fluorescein. 

Fluorescein binding was monitored by mass spectrophotometer and the mixture was 

purified. Compound was not found after purification and more experiments were 

required 
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Figure 4: Monomers of of TGFβ2 peptide 
(A)Analysis by mass spectrophotometer of monomer 1. Data showed 2 truncates and the 
compound. (B) Analysis by mass spectrophotometer of monomer 2. Data revealed 3 truncates 
and the compound. (C) Labelling of monomer 2 with fluorescein. A peak with low abundance 
gave the correct mass of 4221 Da. 
 

 

 

A

B
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Appendix C 
 
Conferences:  
 

• 33rd Ernst Klenk Symposium in Molecular Medicine : Tissue regeneration, 
wound healing 
and fibrosis, 2017, Cologne 
N. Jordan, E. Singh, R. E. Redgrave, B. Innes, D. Hall, H. M. Arthur, C. 
Ward, S. Ali 
Preventing endothelial-to-mesenchymal transition by enhancing miR-
126-3p expression 

 
• Gordon Research Conference Tissue repair and regeneration, 2017, New 

London, USA 
N. Jordan, N. Townshend, R. E. Redgrave, H. M. Arthur, C. Ward, S. Ali 
Preventing endothelial-to-mesenchymal transition by enhancing miR-
126-3p expression  

 
• British microcirculation society annual meeting 2016, Newcastle 

N. Jordan, N. Ellis, E. Singh, B. Innes, R. E. Redgrave, H. M. Arthur, C. 
Ward, S. Ali 
Identification of MiRNAs signature in endothelial-to-mesenchymal 
transition 

 
• North East postgraduate conference 2016, Newcastle  

Open lab book workshop “MiRNAs: From extraction to amplification” 
 

Publication:  
• Glover K.E., Jordan N., Ali S. & Sheerin S. (2018) Regulation of endothelial–to-

mesenchymal transition by microRNAs in chronic allograft dysfunction. (in 
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