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Abstract 

Background 

Cardiac fibroblasts are pivotal regulators of cardiac function and cardiovascular disease, by 

sensing and responding to cardiac injury through release of proinflammatory cytokines, 

synthesising proteins for wound repair and promoting hypertrophy through paracrine 

signalling. Cardiac fibroblast behaviour and gene/protein expression can be regulated by 

microRNAs (miRNAs); short noncoding RNAs that perform post-transcriptional regulation by 

binding to target messenger RNAs (mRNAs). MiR-21a, -214, -224 and -30d were modulated 

in a mouse model of heart failure and are regulated by p38α MAP kinase expression. The 

hypothesis is that these miRNAs play important roles in regulating cardiac fibroblast behaviour 

and expression, relevant to cardiac remodelling. 

Methods and Results 

MiR-21a, -214, -224 and -30d were differentially expressed in multiple in vivo models of 

cardiac dysfunction. RT-PCR confirmed expression of each miRNA in mouse cardiac 

fibroblast fractions and cultured mouse and human cardiac fibroblasts. Analysis of relevant 

stimuli and p38 inhibition revealed important mechanisms of miRNA regulation. Transfection 

with pre-miRs (overexpression) or anti-miRs (inhibition) modulated expression of important 

cardiac remodelling mRNAs. A tandem-mass-tagging (TMT) proteomics screen of miR-214 

and -30d overexpression in human cardiac fibroblasts predicted that miR-30d significantly 

regulates activation of protein translation. MiR-214 significantly modulated mitochondrial 

dysfunction, confirmed by a citrate synthase assay for mitochondrial integrity and decreased 

gene/protein expression of the mitochondrial fusion protein, MFN2. MiR-214 upregulated the 

expression of the lysyl oxidase family suggesting modulation of collagen cross-linking. 

Furthermore, miR-214 decreased gene/protein expression of the mechanosensitive cation 

channel PIEZO1, decreasing PIEZO1-specific signalling in human cardiac fibroblasts. 

Conclusion 

This study found that miR-21a, -214, -224 and -30d regulate human cardiac fibroblasts. MiR-

214 significantly dysregulated mitochondrial function and inhibited function of PIEZO1-

mediated intracellular calcium signalling. Improved understanding of the roles these miRNAs 

play in vivo is necessary to understand how binding of mRNA targets may regulate cardiac 

fibroblasts in cardiac remodelling. 
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Chapter 1 Introduction 

1.1 Cardiovascular Disease 

Cardiovascular disease (CVD) is a class of diseases that concern the heart and the blood 

vessels and is both the leading cause of premature death and the leading cause of mortality 

worldwide. With 17.9 million deaths per annum, CVD can be divided into four main types which 

includes; coronary artery disease (CAD), cerebrovascular disease, peripheral artery disease 

(PAD) and aortic atherosclerosis (Kim, 2021). These types can be even further divided into 

disease subtypes such as hypertension, congenital heart disease, myocarditis, and valvular 

heart disease. Common risk factors are hereditary or environmental such as cigarette 

smoking, obesity, genetic factors and ageing (Francula-Zaninovic and Nola, 2018). CVD can 

also be referred to as a disease of socioeconomic disparity and deprivation, with a correlation 

between CVD mortality rates and deprivation and higher rates of risk factors such as obesity 

in areas of higher deprivation (Schultz et al., 2018). In the UK where 168,000 people die each 

year from CVD (47,000 of which are classed as premature) (ONS, 2021), the financial cost is 

substantial, costing the UK economy £9 billion each year. This thesis will be primarily focused 

on the myocardium and how cardiac fibroblasts (CFs) influence pathology in this area. 

1.1.1 Cellular Composition of the Heart 

The mammalian heart is comprised of cardiomyocytes (CMs), CFs, endothelial cells (ECs), 

peri-vascular cells including smooth muscle cells (SMCs) and immune cells. The majority of 

the volume of the heart is comprised of the CMs (~80% of the heart) but all the cells have 

important roles in regulating cardiac homeostasis (Zhou and Pu, 2016). The cellular 

composition of the heart differs between atrial and ventricular tissue (Lim, 2020). Atrial tissues 

are comprised of 30.1% CMs, 24.3% CFs, 17.1% peri-vascular cells, 12.2% ECs and 10.4% 

immune cells and ventricular tissues are composed of 49.2% CMs, 21.2% peri-vascular cells, 

15.5% CFs, 7.8% ECs and 5.3% immune cells. Cells of the same type also show different 

transcriptional signatures depending on if they are atrial or ventricular which is an important 

consideration for any research. The CMs are contractile and excitable cells that express 

sarcomeric proteins and contract due to electrical stimulation that arises from specialised 

pacemaker cells (Keepers et al., 2020). CMs can undergo hypertrophy whereby the cells 

increase in size, sarcomeres undergo reorganisation and protein synthesis is enhanced and 

sustained hypertrophy throughout the heart can manifest as pathology and subsequently 

clinically relevant changes (Frey et al., 2004). ECs are able to regulate blood flow, vascular 

permeability and angiogenesis and paracrine signalling has been detected between ECs and 

CMs where ECs can stimulate hypertrophy in CMs and CMs can stimulate angiogenesis by 
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ECs (Lother et al., 2018). CFs have been described as primary nodal regulators of cardiac 

remodelling in the heart and are responsible for the regulation of extracellular matrix (ECM) 

turnover and wound healing (Bretherton et al., 2020). Many of CF behaviours are mediated 

by activation and transition to a myofibroblast (MyoFb) phenotype where CFs are capable of 

detecting danger associated molecular patterns (DAMPs) such as TNFα, IL-1, IL-6 and TGFβ 

and responding by changes in specific cell behaviours including proliferation, migration, 

invasion and synthesis of ECM proteins such as collagen, matrix metalloproteinase (MMPs) 

and tissue inhibitors of matrix metalloproteinases (TIMPs) (Porter and Turner, 2009). Issues 

arise however following events such as myocardial infarction (MI) when CFs and MyoFbs 

persist (Turner and Porter, 2013) and this persistence with continuous proliferation, anti-

apoptotic signalling, continual synthesis of ECM proteins and increased ECM turnover can 

drive pathological fibrosis, leading to arrhythmias, myocardial stiffness and progression to 

heart failure (HF). Potential therapeutics to target cardiac remodelling would therefore involve 

selectively inhibiting adverse pathological remodelling but allowing essential CF behaviours 

such as wound healing and scar formation to occur (van Nieuwenhoven and Turner, 2013). 

1.1.2 Myocardial Infarction 

Acute MI (AMI), often referred to as heart attack, is most often caused by a cessation of blood 

flow to the myocardium, resulting in necrosis of CMs. The coronary arteries supply blood to 

the myocardium and thus a blockage means that oxygen supply to the CMs is impeded and it 

is this lack of oxygen that results in CM death (Chiong et al., 2011). The impact of CM death 

is emphasised by the fact that CMs are terminally differentiated and cannot undergo significant 

cell proliferation in the same way that other cell types in the body can (Gong et al., 2021). The 

initiating cause of this inadequate blood supply, or ischaemia, is atherosclerosis. The arteries 

are comprised of three general layers: the tunica intima (innermost layer), tunica media 

(middle layer) and tunica adventitia (outermost layer). It is the tunica intima that is implicated 

in the pathology of atherosclerosis which is now commonly regarded as a disease of 

inflammation (Milutinović et al., 2020). Atherosclerosis is the accumulation of fatty and fibrous 

material, eventually leading to formation of an atherosclerotic plaque (or atheroma) which is 

dynamic and changes over time with further accumulation of lipid material, cholesterol, calcium 

mineral, connective tissue and inflammatory cells (Rafieian-Kopaei et al., 2014). 

Atherosclerosis can lead to ischemia via two distinct routes at this point, either advanced 

atherosclerosis can lead to a narrowing of the arterial lumen and impeding blood flow (which 

are the symptoms of angina), or the formation of a thrombus (blood clot) can occur which 

similarly occludes the lumen and leads to ischemia (Badimon et al., 2012). MI then occurs, 

which triggers a multitude of signalling cascades with the initial aim of salvage and reparation 

of the myocardium. These events can be divided into two main phases: the inflammatory 
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phase and the reparative (proliferative) phase. The inflammatory phase begins with leukocyte 

infiltration via impaired vascular EC integrity, necrosis, and autophagy of CMs and ECM 

damage. It is cell death and ECM damage that leads to the release of damage-associated 

molecular patterns (DAMPs) which are pro-inflammatory and activate cells of the immune 

system and CFs (Turner, 2016). This signalling occurs via binding of DAMPs, such as 

interleukin (IL) 1-alpha (IL-1α) and high mobility group box 1 (HMGB1) to responsive pattern 

recognition receptors (PRRs) found on the infiltrating leukocytes as well as some other pre-

existing cell types, including CFs (Turner, 2014). The most common of these PRRs are 

membrane-bound toll like receptors (TLRs), IL-1 receptor (IL-1R) and intracellular nucleotide-

binding oligomerization domain–like receptors (NLRs). Downstream of receptor activation, 

there is activation of mitogen activated protein kinases (MAPKs) (serine/threonine protein 

kinases of which there are five types) and the transcription factor nuclear factor kappa B (NF-

κB) (Turner, 2011). The consequence of this signalling cascade is the transcription, synthesis 

and release of pro-inflammatory cytokines, chemokines, and cell-adhesion molecules, all of 

which are also released and expressed by CFs (Turner et al., 2011). Pro-inflammatory 

cytokine release further propagates cell activation in the same way the initiating inflammatory 

signals do, whereas chemokines and cell-adhesion molecules enable cell migration and 

recruitment to distinct areas related to the damage. Proinflammatory cytokines include tumour 

necrosis factor alpha (TNFα), IL-1β and the pleiotropic cytokine IL-6, which has pro-

inflammatory, pro-fibrotic and pro-hypertrophic properties. Chemokines include CXCL and 

CCL families which each attract neutrophils and monocytes respectively. Cell-adhesion 

molecules are made up of four families which include immunoglobulin-like adhesion 

molecules, integrins, cadherins and selectins. The ongoing recruitment and invasion of 

leukocytes leads to amplification of the inflammatory response with digestion of necrotic cell 

debris and apoptotic cells and dynamic change in ECM composition. Dynamic changes in the 

ECM include the synthesis and release of MMPs (for which macrophages and CFs are the 

main source) and the activation of MMPs which can be induced for example by the release of 

reactive oxygen species (ROS). At around seven days post-infarction, the second phase of 

MI then begins. Following inflammation, proper “clean up” is then driven to facilitate 

progression to wound healing and repair. CFs are the main drivers of wound healing. Necrotic 

CMs are engulfed and then replaced with a fibrotic scar which involves the synthesis and 

release of different subtypes of collagen by CFs. CFs are then capable of contracting collagen 

fibres to maintain the integrity of the scar during healing and activation of CFs to drive this 

process is essential in reducing the possible size of the scar. Neutrophils begin to express 

mediators such as lipoxins and annexin A1 which regulate the inflammatory response with the 

overall outcome being a reduction in neutrophil migration, apoptosis, and phagocytosis of 

existing neutrophils by macrophages. These macrophages are also found to polarise to the 
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M2 phenotype which is associated with the release of anti-inflammatory cytokines and drive 

both fibrosis and proliferation. Such anti-inflammatory mediators include IL-10 and 

transforming growth factor beta (TGF-β) as well as intracellular molecular stop signals such 

as interleukin 1 receptor associated kinase 3 (IRAK3) (Prabhu and Frangogiannis, 2016). 

1.1.3 Heart Failure 

HF is a clinical presentation and a disease syndrome that occurs when the heart is no longer 

capable of meeting the body’s oxygen needs. Symptoms of HF include but are not limited to; 

shortness of breath, fatigue and lethargy and oedema. A comprehensive definition of HF is 

that there are structural and/or functional pathologies that prevent the ventricle(s) from 

effectively filling with blood (diastole) or ejecting blood (systole) (Murphy et al., 2020). There 

are several underlying causes to HF, including those that are mentioned here such as MI and 

cardiac remodelling, however it is not clear cut, and it is often a multitude of causal factors that 

contribute to HF, also including increased pressure overload, excessive neuro-humoral 

stimulation, and genetic abnormalities. Clinicians will diagnose HF based on whether there is 

preserved ejection fraction (HFpEF) or reduced ejection fraction (HFrEF). HFpEF is 

characterised by a thickened left ventricular wall but with an ejection fraction (EF) of over 50% 

whereas HFrEF is typified by a normal left ventricular mass/end-diastolic volume ratio but an 

increased left ventricular cavity (Bhuiyan and Maurer, 2011). The New York Heart Association 

(NYHA) has a functional classification for HF which is made of four classes. Class I is 

asymptomatic with no limitations to physical activity. Class II is asymptomatic at rest, but 

ordinary physical activity will become symptomatic. Class III is symptomatic at less than 

ordinary activity. Finally, class IV is when patients cannot carry on any physical activity and 

are symptomatic at rest (Association, 2017). Similarly, there are biological markers 

(biomarkers) which are expressed and are used as diagnostic and prognostic indicators in HF, 

with each biomarker being indicative of specific events. For example, the presence in the blood 

of noradrenaline and angiotensin II (Ang-II) are neurotransmitters and hormones associated 

with HF, whereas cardiac troponins and myosin light-chain kinase I are associated with 

myocardial injury and there are ECM specific proteins such as MMPs and TIMPs which are 

dysregulated during ECM remodelling (Polyakova et al., 2021). 

1.2 Cardiac Remodelling 

Cardiac remodelling is a term used to describe the genetic, cellular, structural, and functional 

changes that occur in the heart and can be either pathological, because of cardiac load or 

injury, or physiological (including exercise and pregnancy induced cardiac remodelling). 

Presenting clinically as changes in size, shape and function, the course and extent of cardiac 

remodelling are generally regarded as prognostic for the development of HF in part because 
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of ventricular dysfunction. Figure 1.1 is a graphical display of the triggers of remodelling and 

the resultant cardiac remodelling that occurs. More specifically, clinical diagnosis takes into 

account seven main criteria, some of which have been aforementioned in the events following 

MI, they include a change in cavity diameter, mass, geometry, scarring, fibrosis and 

immunological and inflammatory infiltrate (Azevedo et al., 2016). The most common hallmark 

is that of left ventricular remodelling, occurring in what is generally regarded as the chronic 

phase of MI, after the initial inflammatory and reparative phases and when repair mechanisms 

can become aberrant and deleterious. Alteration in the tension across the myocardium occurs 

during cardiac remodelling. Tensile strength is altered between remaining live CMs which 

undergo increased hypertrophy to compensate for the loss in myocyte cell number. This is 

also altered by CFs through a transitional switch to a MyoFB phenotype. This phenotype 

shows increased expression of the protein alpha smooth muscle actin (α-SMA) and the 

subsequent contraction of the collagenous scar (Shinde et al., 2017). If the increased wall 

stresses are not balanced then structural changes occur such as progressive dilatation (when 

the ventricular chambers enlarge), recruitment of border zone myocardium into the fibrotic 

scar, and an overall reduction in cardiac output (Jackson et al., 2003). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



25 
 

 

 

 

 

 

 

 

 

Figure 1.1 The triggers and processes of cardiac remodelling. The triggers of cardiac 

remodelling include cardiac damage through events such as myocardial infarction, chronic 

neurohumoral activation (such as the renin aldosterone angiotensin system (RAAS) and the 

sympathetic nervous system (SNS). In the acute phase, this can have the appearance of 

scarring, but hypertrophy and fibrosis (including scar formation) can further result in 

pathological cardiac remodelling. Created with BioRender.com. 
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1.2.1 Cardiac Fibrosis 

Fibrosis is a pathology that can occur in multiple organ types and is typified by an excessive 

production of ECM components. Fibrosis itself is usually a consequence of programmed 

repair. Higher levels and more seriously implicating fibrosis is found in the disease of diabetes 

mellitus which has consequences for cardiovascular health (Wight and Potter-Perigo, 2011). 

Irrespective, cardiac fibrosis is a necessary response for repair and wound healing, especially 

in the case of MI where the loss of CMs presents a need to repair the myocardium. The repair 

takes the form of a collagen-based scar, which lacks contractility in comparison to the previous 

healthy myocardium but serves the purpose of replacing necrotic tissue (Frangogiannis, 

2020). Central key players to this process are the CFs. These cells are the source of proteins 

known as ECM proteins, of which there are different types with contrasting and opposing roles. 

The synthesis and secretion of these ECM proteins however is mediated by differing signals 

and it is in the reparative phase of MI, as aforementioned, that the balance of ECM synthesis 

and secretion is tilted. The fibrotic scar that replaces CMs in MI is predominantly made up of 

type III collagen which is laid down first and then replaced with type I collagen which is primarily 

deposited by CFs (Daseke et al., 2020). Although scar formation is necessary for repair and 

survival following MI, there are consequences for homeostasis and normal functioning of the 

heart. Firstly, fibrotic scars in the heart have increased tensile strength compared to the 

healthy myocardium and this tension impacts contractility (both systolic and diastolic), with 

collagen cross linking meaning that flexible contraction is impaired and cardiac output is 

diminished. Secondly, the replacement of CMs with fibrous tissue interrupts gap junction 

signalling between CMs across the myocardium. The consequence of this interruption is that 

electrical conductance throughout the heart is impeded, and the cardiac action potential is 

affected, with a correlation between the amount and type of fibrosis and the presence of 

certain cardiac dysrhythmias (Albert, 2004). Similarly, the amount of fibrosis present is a 

commonly used prognostic indicator for a patient’s probability to go on and experience HF, 

the inability of the heart to meet the body’s oxygen demands. Indeed, a correlation exists 

between cardiac fibrosis and predisposition to both HFrEF and HFpEF (Sweeney et al., 2020). 

Reparative fibrosis is not the only kind of fibrosis however, with another type called interstitial 

(or reactive) fibrosis involving excessive ECM deposition in the myocardial interstitium. This is 

more diffuse and consequently, the myocardium responds by undergoing myocardial or CM 

hypertrophy as a compensatory mechanism to preserve cardiac output (Díez et al., 2020). 

The two types of fibrosis, therefore, result in a thickening of the myocardium, particularly in 

the left ventricle, with a loss of contractility and flexibility which leads to a worse prognosis in 

the development of HF. 
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1.2.2 Extracellular Matrix 

The ECM is a highly organised network of macromolecules, each with different biological 

functions, supporting cells and tissue in an organ specific manner (Frantz et al., 2010). The 

different cell types within a tissue are integrated within the ECM and the network provides not 

only structural support but also provides a network to sequester growth factors and bioactive 

molecules so that autocrine signalling and paracrine signalling between cells is facilitated 

(Barcellos-Hoff and Bissell, 1989). The ECM is not a static entity and is instead dynamic, with 

communication between it and the cells it supports being bilateral and the activity of specific 

cells affects the makeup of the ECM, and vice versa. Similarly, environmental stimuli can 

induce ECM changes, for example injury or force. Different tissues have differing ECM 

compositions which depends upon the function that it serves. A commonality among these 

networks however is that they are generally made up of collagens, elastin, glycoproteins, and 

proteoglycans. Each of these ECM proteins act alone and in combination with activities such 

as protein degradation, protease inhibition (causing ECM turnover) and signalling 

mechanisms to cells in the ECM (Yue, 2014). 

The major proteins of the ECM are collagens. The structure of collagens is well known to 

contain a triple helix and they can form either homodimers or heterodimers which are 

identifiable by specific α-chains (Xu et al., 2010). The specific type of collagens that are 

important in the ECM of the myocardium, as well as in other tissues, are fibrillar collagens and 

one of their important properties in the myocardium and in the fibrotic scar specifically is the 

ability to withstand tension. There are also post-translational modifications of collagen that 

lead to stabilisation, one such being crosslinking between collagens molecules which is 

catalysed by an important family of enzymes called the lysyl oxidases (LOX), of which there 

are five members called: LOX, LOXL1, LOXL2, LOXL3 and LOXL4 (Siegel and Fu, 1976). 

Other important proteins in the processing of fibrillar collagen include metalloproteinases that 

are part of the A Disintegrin And Metalloproteinase with Thrombospondin motif (ADAMTS) 

and bone morphogenic protein 1 (BMP1) families which are responsible for removal of the 

propeptide domains of collagen (Rosell-García et al., 2019). Most collagen fibres in the 

myocardium consist of collagen types I and III and each are synthesised by CFs (de Souza, 

2002). As well as providing mechanistic structure and the basis for CM alignment to prevent 

ventricular dilatation, collagens are vital components of the fibrotic scar formed in MI wound 

healing (Lindsey et al., 2015). The production and organisation of collagens are therefore 

necessary for the architecture, shape, and structure of the ECM. 

CFs are also capable of the synthesis and release of MMPs (Turner and Porter, 2012), 

ADAMs, TIMPs and other proteases such as elastase (Fan et al., 2012). The MMP family in 
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humans is made up of twenty three members and are a mixture of membrane bound (MT-

MMPs) and soluble secreted proteins (Nagase et al., 2006). They are secreted in an inactive, 

zymogen form and require activation before they can catalyse reactions. Activation can occur 

in the form of signals such as oxygen free radicals (produced during events such as ischemia 

and reperfusion injury) and the angiotensin converting enzyme (ACE). Their primary role is 

catalysing the breakdown of other ECM proteins and their activity is regulated by inflammatory 

signals such as those that occur following an MI. MMPs are named after their requirement on 

zinc for activity and calcium for stability. Three MMPs that are particularly important in the 

pathology of cardiac remodelling are MMP2, MMP3 and MMP9 and are all produced by CFs 

as well as other cells such as macrophages (Turner and Porter, 2012). MMP2 is also known 

as gelatinase-A and is a secreted MMP that catalyses the breakdown of both collagen I and 

III. The post-MI levels of MMP2 are increased in the plasma and infarct because of CM and 

CF stimulation and HF patients show a four-fold increase in MMP2 expression in comparison 

to controls (DeLeon-Pennell et al., 2017). MMP3 (stromelysin 1), also a secreted MMP, 

catalyses the breakdown of collagen II, IX, X and XI (Cui et al., 2017). MMP3 is secreted by 

both CFs and macrophages and is capable of activating other MMPs such as MMP1, MMP7 

and MMP9 which makes it an upstream MMP activator (Cui et al., 2017). MMP9 (gelatinase-

B) similarly is a secreted MMP that breaks down collagens IV and V and circulating levels of 

MMP9 are increased at day one post-MI and remain elevated until day seven in mice (DeLeon-

Pennell et al., 2017). A correlation has been demonstrated associating increased MMP9 levels 

with larger left ventricular volumes and greater left ventricular dysfunction post-MI, making it 

an important biomarker in cardiac remodelling (Sundström et al., 2004). 

In the same way that there are signalling mechanisms that exist to stimulate MMP release and 

activity in cardiac remodelling, there are also signalling mechanisms for the release and 

activity of TIMPs which act to inhibit MMPs. This activation and inhibition of MMPs and TIMPs 

respectively, resulting in the turnover of ECM, is an orchestrated process and in the healthy 

human heart, CFs drive this process as essential for the proper maintenance of the structure 

and function of the heart (Arpino et al., 2015). During aberrant cardiac remodelling however, 

activation of CFs and transitioning to the MyoFb phenotype can result in a dysregulation of 

ECM turnover, resulting in an imbalance in the deposition of ECM proteins (Nielsen et al., 

2019). This increased deposition of proteins such as fibrillary collagens results in some of the 

pathologies such as increased left ventricular thickness as aforementioned. Deviations in the 

balance of MMP and TIMP activity has been observed in several cardiovascular pathologies, 

including; MI, viral myocarditis, dilated cardiomyopathy and pressure-overload induced HF 

(Wang et al., 2002) (Pauschinger et al., 2004). In general, this dysregulation is characterised 

by an increase in MMP secretion and activity and a decrease in TIMP secretion and activity. 
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There are four members of the TIMP family, named: TIMP1, TIMP2, TIMP3 and TIMP4 (Brew 

and Nagase, 2010). They inhibit the activity of the MMPs by binding to their active site and 

therefore preventing substrate binding. Interestingly, TIMPs also exhibit activity on CFs and 

subsequently the ECM, independent of their inhibitory activity on MMPs. 

1.3 Cardiac Fibroblasts 

CFs are a cell-type found in the heart that play a pivotal role in the healthy functioning heart 

as well as in CVD (van Nieuwenhoven and Turner, 2013). Once thought to be passive players 

in adverse cardiac remodelling, CFs are now known to be drivers of pathological remodelling, 

driven through dysregulation of their usual actions (Humeres and Frangogiannis, 2019). In the 

healthy heart, CFs function by regulating ECM turnover, producing ECM proteins such as 

MMPs and TIMPs and providing structural support to the heart, helping to define the 

arrangement and stability of the heart’s chambers (Turner and Porter, 2012). When CFs 

function like this, they are said to be at resting, or quiescent, state. When myocardial injury 

occurs, a phenotypic switch is triggered whereby CFs undergo a fibroblast to MyoFB transition 

(FMT) (Hall et al., 2021). Myocardial injury includes acute events such as MI or equally they 

can be chronic, for example, chronic neurohumoral activation (such as sustained activation of 

the renin-angiotensin-aldosterone system (RAAS) or sympathetic nervous system (SNS)), 

mechanical stress (such as hypertension-induced pressure overload) or type 2 diabetes 

mellitus (T2DM) where chronic activation of MyoFBs and increased expression of COL1A1 

mRNA is observed (Sedgwick et al., 2014). After FMT occurs, MyoFbs are responsible for two 

distinct roles which are; driving cardiac fibrosis and scar formation through deposition of type 

I and III collagen and stimulating CM hypertrophy through paracrine signalling, including 

secretion of IL-6 family cytokines (Bageghni et al., 2018) (Kakkar and Lee, 2010). Although 

once thought to be the most abundant cell type in the heart, lineage tracing means we now 

know that CFs make up only ~11% of all cells in the heart (although the number of CFs 

increases in both aging and disease) (Ivey and Tallquist, 2016). It is the primary nodal role of 

the CFs, interacting with the cellular components of the heart (in CMs) and non-cellular 

components (in the ECM) that underpin the importance of the CF.  

1.3.1 Cardiac Fibroblast Behaviours 

The phenotypic behaviours of CFs (displayed in Figure 1.2), just like the ECM that they 

regulate, are dynamic and their functions enhance, adapt, and become dysregulated through 

the lifetime of an organism by ageing or through disease. One of these important behaviours 

is proliferation. Cell proliferation is a highly coordinated process and increased proliferation is 

associated with differentiation. For CFs specifically, proliferation is an important mediator of 

cardiac fibrosis (Hall et al., 2021). Whereas cardiac fibrosis is usually associated with negative 
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implications, the ability of CFs to proliferate and undergo enhanced proliferation is necessary 

for survival following AMI so that there are enough CFs to release ECM proteins and promote 

wound healing. In fact, the rate of proliferation is often used as a measure of the activation of 

CFs (Olson et al., 2005). Olson et al., (2005) demonstrated that the proliferation of CFs is 

dependent upon activation of both MEK and ERK1/2 and that Ang II (released during events 

such as RAAS activation) induces activation of these molecules. Even though increased 

proliferation of CFs is the basis for the transition and expansion of a MyoFb phenotype (which 

will be covered subsequently), proliferation is required for the proper repair of wounds in the 

myocardium (Ma et al., 2017b). An important consideration however is the implication of 

genetic variability to CF proliferation, especially when using CF proliferation as a measure of 

activation or of cardiac fibrosis. Park et al. (2018) found that rates of CF proliferation do not 

necessarily correlate with extent of fibrosis (whereas CF activation and differentiation to 

MyoFbs did) suggesting that CF proliferation as a behaviour is more than just pathological. 

Migration is a pivotal CF behavioural process in the acute response to MI and the longer-term 

chronic implications of pathological remodelling. The action of cytokines such as IL-1β on CFs 

has been demonstrated to induce migration by Mitchell et al. (2007) by activation of the three 

MAPK subfamilies (extracellular signal-regulated kinases, c-Jun NH(2)-terminal kinases, and 

p38), a process that was reversible by pharmacological inhibition of each MAPK subfamily. 

Migration of CFs into the infarct area, from where necrotic CMs have been cleared, is essential 

for proper repair and survival. Distinct regulators of fibroblast migration are not fully 

understood, however suggested mediators include 5-lipoxygenase (5-LOX), cardiotrophin-1, 

TGFβ and fibroblast growth factors (FGFs) (Freed et al., 2011). The environment through 

which the CFs migrate to the infarct zone (the ECM) is dynamic and has plasticity. The 

secretion of matrix degrading enzymes such as MMPs is therefore an essential mediator of 

this movement and similarly, it is therefore important that CFs produce matricellular proteins 

to maintain stability of the myocardium, such as tenascin-C (TNC). Just as important as it is 

for CFs to migrate to the infarct zone when they are required, it is important that their migration 

is arrested when they arrive there. Therefore, anti-migratory inhibitory signals exist for this 

reason. CXCL10/interferon-γ-inducible protein (IP)-10 is a cysteine X cysteine (CXC) 

chemokine that is increased in the infarcted myocardium and inhibits FGF induced CF 

migration (Bujak et al., 2009). The relationship between CFs and CMs as co-communicators 

in the heart is also evident in the induction of CF migration. It was demonstrated by Shi et al. 

(2017) that metabolites of hypoxic CMs, including TNF-α and IL1-β, can induce CF migration 

and this migration can conversely be inhibited through treatment with anti-TNF-α and anti-IL1-

β antibodies. Each of these behaviours are important and necessary to heal the injured heart 

but can become dysregulated and harmful after differentiation to the MyoFb phenotype. 
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1.3.2 Fibroblast to Myofibroblast Differentiation 

The transition to MyoFb is characterised by a change in protein expression that means 

MyoFBs become proliferative and contractile cells that are hyper-synthetic for ECM proteins. 

Such proteins that are used to characterise MyoFBs include vimentin, fibronectin and most 

importantly, α-SMA (Baum and Duffy, 2011). Although MyoFbs express α-SMA (ACTA2 

gene), they do not express other SMC markers such as smooth muscle myosin heavy chain 

(SM-MHC; MYH11 gene) (Souders et al., 2009a). Another important distinction of MyoFBs is 

that they are particularly responsive to proinflammatory cytokines which as aforementioned 

are increased in the pathological remodelling heart. Such cytokines include but are not limited 

to; TNFα, IL-1, IL-6 TGF-β and the vasoactive peptide angiotensin II (Ang II) (Van Linthout et 

al., 2014). MyoFbs are not sensitive to only chemical mediators of remodelling however, with 

other signals including changes in stretch and tension (which can be replicated in vitro using 

specialised plates) and ischemia and reperfusion which involves the restriction of oxygen and 

then the rapid influx and reperfusion of oxygen which can lead to the production of reactive 

oxygen species (ROS) known to induce cell damage (Li et al., 2022b). 

CFs and MyoFbs are both responsive to stimuli of cardiac dysfunction. Response occurs 

through altered synthesis and release of ECM proteins such as collagen, fibronectin, MMPs 

and TIMPs and pleiotropic cytokines such as IL-6 (Souders et al., 2009a). This response has 

been shown to affect electrophysiology. CFs in coculture with CMs have been shown to alter 

the electrophysiological properties of CMs while also exhibiting membrane potential 

fluctuations themselves (Hall et al., 2021). Following MI, CFs show increased sensitivity to 

mechanical stretch, demonstrated through altered resting potential and mechanically induced 

potential and such alterations can result in post-MI arrhythmias (Kamkin et al., 2003). 

Mechanosensitive ion channels, therefore, such as those belonging to the Piezo family of 

proteins, are of interest in CFs due to their ability to respond to membrane tension (Blythe et 

al., 2019) (Stewart and Turner, 2021). 

Another important distinction of MyoFbs is their localisation, proliferation, and migration in the 

remodelling heart. Unlike skin fibroblasts, which after wound repair undergo apoptosis, cardiac 

MyoFBs persist and are found localised to the mature infarct scar (Darby et al., 2014). 

Although MyoFbs participate in the initial wound healing process, which is vital for cardiac 

function and survival, their persistence in this area of the heart becomes detrimental. This is 

due to dysregulation of ECM turnover leading to fibrosis. In fact, MyoFBs, unlike CFs, are not 

actually found in the healthy myocardium but their persistence is necessary for continues 

remodelling to maintain scar viability (Kim et al., 2018). 
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Figure 1.2 The role of myofibroblasts in the development of cardiac remodelling and 

dysfunction after transition and activation. Cardiac fibroblasts are at a quiescent and 

healthy resting state in the heart until fibroblast-to-MyoFb transition (FMT) occurs where their 

phenotype changes to that of an active MyoFb. MyoFbs then drive remodelling through 

excessive deposition of extracellular matrix or induction of CM hypertrophy through paracrine 

signalling, for example with the secretion of IL-6. Created with BioRender.com. 
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1.4 Mitochondrial Dysfunction 

Mitochondria are subcellular organelles that drive the generation of adenosine triphosphate 

(ATP) and therefore are important for the healthy functioning of all cells and subsequently, 

tissues, organs, and homeostasis (Javadov et al., 2020). Mitochondrial dysfunction is any 

abnormality in the mitochondrial structure or activity that compromises its proper functioning. 

This dysfunction can take the form of; issues with maintenance of the electrical or chemical 

potential of the inner mitochondrial membrane, alterations with proper functioning of the 

electron transport chain (ETC), or decreases in the transport of metabolites into the 

mitochondria (Nicolson, 2014). Metabolic or environmental stress can cause damage to the 

mitochondria and cause dysfunction, but there are responses to stress in the form of 

mitochondrial fission or mitochondrial fusion (Youle and van der Bliek, 2012). Fission, which 

is also required for the generation of new mitochondria, can help to break down and remove 

damaged mitochondria and result in apoptosis of cells in response to stress. Fusion on the 

other hand involves the combination of partially damaged mitochondria in a process called 

complementation. Fusion between mitochondrial outer membranes is mediated by two 

proteins called mitofusins, either MFN1 or MFN2. In addition, MFN2 specifically is also integral 

for endoplasmic reticulum (ER) to mitochondrial tethering (Liu and Zhu, 2017). This tethering 

is essential for various processes including, phospholipid synthesis and exchange, calcium 

transfer, regulation of fission and apoptosis. 

Mitochondrial dysfunction has been identified in numerous forms of CVD, including but not 

limited to; atherosclerosis, ischemia–reperfusion injury, HF, and hypertension (Poznyak et al., 

2020). Dysfunction of the mitochondria most likely causes either a lack of energy or 

uncontrolled release of ROS in these cases. In fact, mitochondrial dysfunction has been 

suggested as a player in the development of apoptosis, inflammation, and fibrosis, all of which 

are hallmarks of cardiac remodelling. There has been increasing research to discern the role 

of the mitochondria in the progression of fibrosis and suggestions that mitochondrial 

dysfunction actively contributes to this. The heart is an example of a high oxygen consuming 

organ and is sensitive to any changes in mitochondrial function. The impact of ROS in the 

myocardium is far reaching (Siwik and Colucci, 2004). For example, ROS can activate the 

MAPKs and stress activated kinases such as p38 MAPKs and JNKs in both CMs and CFs. 

Pivotally, it has also been found that ROS can activate MMPs post-transcriptionally and 

similarly, decreasing the levels of TIMPs and collagen synthesis to result in a balance leading 

to ECM degradation and myocardial remodelling. In fact, Zhang et al. (2002) demonstrated 

that MMP-2 activation specifically was dependent upon the release of ROS which is regulated 

by the activity of  manganese superoxide dismutase (MnSOD), an enzyme capable of 

preventing mitochondrial dysfunction by detoxifying ROS. It has also been shown by Li et al. 
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(2011) that hypoxia-induced release of ROS leads to activation of NF-κB signalling which 

similarly then leads to MMP-2 activation. It could be hypothesised therefore that CFs, given 

their active role in regulating the ECM, could be influenced by the onset of mitochondrial 

dysfunction. There is currently a lack of research concerning mitochondrial dysfunction in CFs 

despite this rationale. In fact, miRNAs have been found to play active roles in the regulation 

of ROS production in the field of senescence research (Catanesi et al., 2020). This has 

suggested a role for miRNAs in responding to ageing and then regulating gene expression 

related to ROS production and has been the basis for much research in neurodegenerative 

diseases such as Alzheimer’s disease (AD). In relation to this project however, miR-214 

particularly has been demonstrated as an inhibitor of MFN2 in the disease of acute kidney 

injury (AKI) (Yan et al., 2020). It was therefore found that ischemia-reperfusion injury in the 

kidneys results in an overexpression of miR-214 and that contributes to mitochondrial 

fragmentation, renal tubular cell death, and ischemic acute kidney injury. It would therefore be 

interesting to investigate whether any of the miRNA’s part of this investigation, play a role in 

the regulation of mitochondrial dysfunction, in human CFs. 

1.5 MicroRNAs 

MicroRNAs (miRNAs) are non-coding RNAs that are around 22 nucleotides (nt) in length and 

regulate gene expression by preventing the translation of messenger RNA (mRNA) into 

protein (O'Brien et al., 2018). They primarily exhibit their effects by targeting the 3’ untranslated 

region (UTR) of mRNA either by perfect or imperfect complementary binding, although binding 

to the 5’ UTR as well as gene promoters has also been reported (Liu et al., 2018). The human 

genome encodes around 2,600 miRNAs and they are estimated to regulate around one third 

of the mRNAs (O'Brien et al., 2018). MiRNAs are vital for development and health, however 

they are also associated with human disease such as cancer, CVD, diabetes, and 

neurodegenerative disease. Associations with these diseases has been demonstrated on a 

functional level where miRNAs prevent protein translation leading to downstream changes 

leading to disease but also as biomarkers where the levels of miRNAs are expressed at higher 

or lower levels in disease compared to healthy controls. Importantly, miRNAs can act within 

the cells they are transcribed as well as on other cells by circulating extracellular miRNAs can 

be measured as biomarkers. 

1.5.1 Biogenesis of microRNAs 

The main pathway for miRNA biogenesis is the canonical pathway (summarised in Figure 1.3). 

The first step is transcription of primary miRNAs (pri-miRs) and subsequent processing into 

precursor miRNAs (pre-miRs) by a collection of proteins known as the microprocessor 

complex. This complex is made up of an RNA binding protein called DiGeorge Syndrome 
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Critical Region 8 (DGCR8) and a ribonuclease III enzyme called Drosha. Pri-miRs contain a 

characteristic hairpin as part of their structure which forms a pri-miR duplex. However, upon 

recognition and binding by DGCR8, Drosha catalyses the cleavage of the hairpin which 

ultimately results in the generation of a pre-miR. The next processing occurs in the cytoplasm 

and transport here is facilitated by an exportin 5 (XPO5)/RanGTP complex. The pre-miR is 

processed to remove the terminal loop which produces a mature miRNA duplex, and this step 

is catalysed by an RNase III endonuclease called Dicer. A key result of this processing is the 

directionality of the miRNA strand that is produced by Dicer. The directionality refers to 

whether the strand arises from the 5’ end or 3’ end of the pre-miRNA hairpin where each of 

these strands are referred to as 5p and 3p respectively. Finally, the strands may be loaded 

into the Argonaute (AGO) family of proteins which help mediate RNA targeting of both siRNA 

and miRNA. Another important pathway for miRNA biogenesis that should be considered is 

the non-canonical pathway. The non-canonical pathway can be broadly defined as miRNA 

biogenesis that is independent of either Drosha or DGCR8 and appears to have a bias for 3p 

strand biogenesis (Stavast and Erkeland, 2019). 

The loaded miRNA strand and AGO in combination, make up the miRNA-induced silencing 

complex (miRISC) which mediates silencing of RNA by different means depending on the 

complementarity and target specificity of the complex. The miRISC binds to complementary 

sequences on mRNA which are known as miRNA response elements (MREs). If there is a 

perfect binding and full complementarity between miRNA and MRE then AGO2 becomes 

catalytically active and cleaves and degrades the mRNA. This process involves the RISC 

driving the miRNA towards the 3’ UTR or 5’ UTR (in the case of non-canonical seed sequences 

where miRNAs can bind to the coding regions of mRNAs) of mRNA targets. Upon binding, the 

mRNA is still stable but its translation into protein by the ribosome is inhibited either by 

preventing elongation or by causing an already bound ribosome to “drop off” from the mRNA. 

This is the primary cause of post-transcriptional gene regulation by miRNAs, with the 

degradation of the mRNA being a secondary step that occurs once translation has already 

been inhibited.  

 

 



36 
 

 

 

Figure 1.3 The biogenesis of microRNAs in the nucleus and their targeting of mRNAs 

in the cytoplasm. The biogenesis of miRNAs involves multiple processing and transportation 

steps. The first transcribed miRNA is the primary-miRNA (Pri-miRNA) which is processed by 

the microprocessor complex by removal of its characteristic hairpin. This produces the pre-

miRNA which is exported to the cytoplasm by the exportin (XPO5)/RanGTP complex. The pre-

miRNA is then processed to become a miRNA duplex and one strand of this duplex is loaded 

into an Argonaute (AGO) protein and then finally directs targeting to mRNA containing a 

specific seed sequence, which are then degraded to prevent protein translation. Created with 

BioRender.com. 
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1.5.2 MicroRNA Families 

An important concept to understand when investigating the levels of specific miRNAs in a 

sample or when transfecting with commercially available anti-miRs (used to inhibit miRNAs) 

or pre-miRs (used to overexpress miRNA levels) is that different miRNA families exist and 

within these families there are miRNA “sisters” (Chipman and Pasquinelli, 2019). MiRNAs fall 

within the same family when they recognise the same 3’ UTR seed sequence in mRNA, for 

example the miRNAs that are part of the miR-25 and miR-103 families differ in such a way 

and miRNA families are designated with a specific number. There are however overlaps that 

occur within each of these families where different miRNAs recognise different target mRNAs 

or have a bias for certain mRNAs and family members that exhibit this difference in binding 

are referred to as “sister” miRNAs. These miRNAs differ only by one or two nucleotides but 

letter suffixes such as “a” or “b” can be used to differentiate between them, for example the 

miR-30 family is made up of 6 family members (miR-30a, miR-30b, miR-30c-1, miR-30c-2, 

miR-30d, and miR-30e). Finally, as aforementioned, the specific strand loaded into the miRISC 

(3p or 5p) also governs the target specificity of each miRNA. It is therefore important that the 

specific miRNA being discussed is consistent throughout our investigations. 

1.5.3 Intracellular and extracellular roles of microRNAs 

A final level of regulation that will be discussed here is the localisation of miRNAs. MiRNAs 

can be localised on a subcellular level and in specific cell types or alternatively they can 

circulate and be found in circulating bodily fluids such as plasma, urine and saliva (Wang et 

al., 2018a). One example of a well-established cardiac specific miRNA is miR-208 (Malizia 

and Wang, 2011). It was found that around 50% of all miRNAs are cell type enriched and 

around 25% are broadly expressed (O'Brien et al., 2018). This finding points towards the 

importance of investigating the role that miRNAs play within the specific cell type of interest 

rather than using model cell lines that may not necessarily reflect endogenous miRNA levels 

or even miRNA activity (when we consider the basal transcription levels of target mRNAs). 

Similarly, another factor we should consider are the inter patient differences that exist between 

biological samples. For this reason, and indeed is the case in most in vitro experiments, the 

most accurate and translational findings would be achieved by investigating miRNA levels in 

primary human cells of the specific cell type of interest. 

1.6 MicroRNA-21a-5p 

Of all the identified microRNAs to date, miR-21a-5p (or miR-21) is one of the most widely 

researched in the field of human health and disease. It was also one of the first identified 

miRNAs, discovered in vertebrates and invertebrates by Lagos-Quintana et al. (2001) who 

recognised the impact of miRNAs on general post-transcriptional regulation. The human miR-
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21 (denoted as hsa-miR-21-5p) is expressed on chromosome 17q23.2, which is downstream 

of the vacuole membrane protein-1 (VMP1) gene. The mature sequence of miR-21 is 22nts in 

length and has a sequence comprising: UAGCUUAUCAGACUGAUGUUGA (miRBase, 

2022a). There are numerous cytokines that have been demonstrated to induce miR-21 

transcription. Löffler et al. (2007) established that signal transducer and activator of 

transcription 3 (STAT3) is the major mediator of IL-6 signalling. IL-6 leads to an increase in 

miR-21 levels due to the presence of enhancers upstream from miR-21 (in the overlapping 

transmembrane protein 49 (TMEM49) gene) that contain two consensus STAT3 binding sites. 

Also interestingly, Davis et al. (2008) found that TGF-β and BMPs, induce an increase in the 

expression of mature miR-21 specifically, through post-transcriptional regulation. This 

regulation involves recruitment of TGF-β- and BMP-specific SMAD signal transducers to pri-

miR-21 and lead to DROSHA-mediated processing into pre-miR-21. The net result of this is 

miR-21 mediated silencing of the target programmed cell death 4 (PDCD4) and induction of a 

contractile phenotype in human vascular SMCs (Davis et al. (2008)). 

The research on miR-21 related to human health and disease has largely concerned cancer, 

however it also plays important roles in CVD and inflammation (which has overlaps with both). 

MiR-21 is also important in healthy early development and Ramachandra et al. (2008) found 

that miR-21 and STAT3 expression is increased during embryonic gene activation, suggesting 

miR-21 may be responsible for the targeted degradation of maternal mRNAs. Hayashi et al. 

(2011) have also suggested that miR-21 plays a role in early branching morphogenesis by 

modulating MMPs and degrading ECM through the targeting of the apoptosis-related factor, 

PDCD4 and endogenous MMP inhibitor, RECK. MiR-21 has been demonstrated extensively 

as an anti-apoptotic and pro-survival factor and Chan et al. (2005) found that human 

glioblastoma tumour tissues show elevated miR-21 and that knockdown of miR-21 led to 

increased apoptosis through activation of caspases. In fact, the role of miR-21 throughout 

cancer means that it is commonly referred to as an onco-miR and the fact that miR-21 

degradation of PDCD4 leads to aromatase inhibitor resistance in breast cancer means that is 

an important therapeutic target (Chen et al., 2015). The role of miR-21 extends however 

beyond cancer and its targets can be important in other disease pathologies. Phosphatase 

and tensin homolog (PTEN) for example inhibits the phosphoinositide-3-kinase (PI3K) 

pathway and prevents Akt activation. MiR-21 mediated regulation of PTEN is observed in 

many cancers, however it is also known that PTEN normally suppresses expression of MMP2 

and MMP9 via focal adhesion kinase (FAK). Transfection with pre-miR-21 has hence shown 

increased expression of these MMPs, which are important in ECM remodelling (Jazbutyte and 

Thum, 2010). 
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In the human heart, all cardiac cell types have high expression of miR-21, including vascular 

SMCs, ECs, CMs and CFs (Cheng and Zhang, 2010). As in cancer research, miR-21 has 

been thoroughly investigated in CVD and it has reproducibly been shown to confer a fibrotic 

phenotype. One way that miR-21 has demonstrated this is through regulation of the pivotal 

ERK-MAPK signalling pathway. Thum et al. (2008) reported that miR-21 levels are elevated 

in the early, intermediate, and late stages of the failing human heart. Importantly, they found 

that miR-21 mediated ERK-MAPK signalling in primary CFs by targeting sprouty homologue 

1 (Spry1) and inhibition of miR-21 through an antagomir inhibited interstitial fibrosis and 

attenuated cardiac dysfunction in a pressure-overload-induced disease model in mice. 

Another investigation that has contextualised the onco-miR properties to CVD was performed 

by Cao et al. (2017) who found that miR-21 targets the tumour suppressor, cell adhesion 

molecule-1 (CADM1), in CFs. They showed that miR-21 enhances STAT3 expression, 

decreases CADM1 expression and ultimately results in cardiac fibrosis and increased CF 

proliferation. Conversely, knockdown of miR-21 with an inhibitor resulted in decreased fibrosis 

and suppressed CF proliferation. Interestingly, Yuan et al. (2017) found that miR-21, while 

being increased in cardiac fibrosis, is also a factor that potentiates the activities of the 

profibrotic cytokine, TGF-β. The authors found that miR-21 expression is increased in the 

infarct zone following LAD ligation, and TGF-β treatment increased the levels of miR-21 in 

CFs. It was shown that by overexpressing miR-21, the expression levels of type I collagen and 

α-SMA were increased, and that inhibition of miR-21 prevented this increase. Finally, they 

showed through luciferase reporter assays that miR-21 directly targets SMAD7 which is an 

inhibitor of TGF-β signalling, and so miR-21 releases the breaks on TGF-β signalling. The 

activities of miR-21 in CFs encapsulate the importance of viewing miRNAs as mediators of 

signalling pathways rather than isolated negative regulators of individual mRNAs and no more 

important is this than in the mediation of fibrotic signals that induce cardiac remodelling. 

1.7 MicroRNA-214-3p 

MiR-214-3p is a vertebrate specific miRNA that was first identified by Lim et al. (2003) and 

then later by Landgraf et al. (2007) after sequencing both mouse and human small RNA 

libraries respectively. MiR-214 was found to belong to a cluster, along with miR-199, in an 

intronic region located opposite the Dynamin3 (dnm3) gene (Desvignes et al., 2014). The 

precise location of this region is at 1q24.3 and the distance between the regions encoding 

miR-199 and -214 means that the two are transcribed independently of each other and 

possess different seed sequences. The mature sequence of miR-214 is 22nt in length and 

consists of a sequence of ACAGCAGGCACAGACAGGCAGU (miRBase, 2022c). The 

regulatory activities of miR-214 have been implicated in a variety of organs and diseases, 

including but not limited to: cancer, osteoporosis, nephrology and CVD (Amin et al., 2021). 
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Although there are a range of publications investigating the role of miR-214 in CFs, like miR-

21, the emphasis of existing research is on its role in cancer. In fact, its regulatory activity in 

melanoma has earned it the title of being a “melano-miR”, a miRNA that is influential in the 

progression of melanoma (Bar-Eli, 2011). Transcription of miR-214 can be regulated by the 

action of polycomb group (PcG) proteins which are epigenetic regulators and during 

differentiation, become disengaged from the miR-214 transcriptional unit and allow MyoD and 

myogenin recruitment to induce transcription (Juan et al., 2009). The transcription factor Twist-

1, important during early development, has also been shown to induce the transcription of 

miR-214 (Lee et al., 2009). In cancer, Penna et al. (2015) commented on the fact that miR-

214 is upregulated and down-regulated in different types of cancer and that this highlights the 

context of cell-specificity. This is the same in CVD, where depending on the disease model, 

we see miR-214 increased or decreased, and its role is not as definitive as miR-21a. 

Just like miR-21, miR-214 also targets the important tumour suppressor enzyme PTEN (Liu et 

al., 2017). MiR-214 was found to be overexpressed in ovarian cancer and it was demonstrated 

that the miR-214 mediated degradation of PTEN resulted in upregulated phosphatidylinositol 

(3,4,5)-trisphosphate (PIP3), p-Akt and phosphorylated glycogen synthase kinase-3 (p-GSK-

3β). The overall effect of this is induction of proliferation and inhibition of apoptosis. Zhang et 

al. (2019) also identified an effect on the PI3K/Akt/mTOR pathway, but in this case concerning 

the migration of triple negative breast cancer (TNBC) cells. It was found that with inhibition of 

miR-214, there was decreased viability, invasion, and migration (all behaviours relevant to 

CFs during cardiac remodelling), as well as increased expression of TIMP-2 and decreased 

expression MMP-2 (i.e., profibrotic). Finally, Cao et al. (2021) proposed a therapeutic role for 

miR-214 in the progression of osteoarthritis (OA) based on miR-214 regulation of ECM 

degradation. The authors found that miR-214 is downregulated in inflamed chondrocytes and 

that increased miR-214 decreases IKBKB expression and leads to dysfunction of NF-kB 

signalling. They also found that miR-214 partially inhibited IL-1β induced ECM degradation. 

The effect of this on ECM proteins was increased expression of COL2A1 and SOX9 but 

decreased expression of MMP3 and MMP13 with an overall protection against OA. 

There are questions that remain regarding the role of miR-214 in CVD and in CFs specifically 

because there is no clear consensus as to whether miR-214 plays a protective or dysfunctional 

role. Of course, it is possible that miRNAs can play both roles or indeed that the targets they 

degrade can be helpful or harmful depending on the event they are responding to or the time 

since the initiating event. For example, one pattern of ECM regulation may be helpful in the 

acute phase of MI or harmful long after the MI where long-term chronic remodelling may be 

taking place. Firstly, Yang et al. (2019) found that a deficiency of miR-214 actually exacerbates 

cardiac fibrosis and that the presence of miR-214 plays a protective role. They found that miR-
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214 levels were reduced in both TGF-β1 treated MyoFbs and in a transverse aortic constriction 

(TAC) induced mouse model of pressure overload. This protective role was at the levels of 

inhibiting proliferation and inhibiting the phenotypic switch to MyoFbs, two hallmarks of cardiac 

remodelling. Similarly, Dong et al. (2016) found that miR-214 plays a cardioprotective role by 

reversing Ang II mediated increases in collagen I and III, TGF-β1 and TIMP-1. MiR-214 was 

also found to increase the levels of MMP-1 that were otherwise reduced in CFs by Ang II 

treatment. The overall effect of miR-214 here was a protection against fibrosis. In contrast 

however, Sun et al. (2015) found that miR-214 mediated both neonatal rat CF proliferation 

and collagen synthesis in response to ISO and in fact that it was down-regulation of miR-214 

that inhibited proliferation. They proposed that this activity by miR-214 is caused by inhibition 

of the mitochondrial fusion protein, MFN2, and activation of ERK1/2 MAPK signalling. In 

summary, miR-214 represents a miRNA implicated in the regulation of important genes 

relevant to CF behaviours in pathological remodelling, however the existing literature is not 

clear on whether miR-214 plays a protective or harmful role. 

1.8 MicroRNA-224-5p 

MiR-224-5p is a 25nt mature miRNA that is encoded on the X chromosome. The sequence of 

this miRNA is UCAAGUCACUAGUGGUUCCGUUUAG (miRBase, 2022d). The strongest 

mRNA target of miR-224 according to Wang (2022) is cyclin-dependent kinase 8 (CDK8) 

which is a serine-threonine kinase that is important for cell cycle progression and a 

transcriptional regulator. This regulation is a good example of the wide-reaching effects of 

miRNAs because in many cases they regulate transcriptional regulators which subsequently 

has downstream effects on the gene expression of many targets. Therefore, miRNAs work not 

only by inhibiting individual targets, but by inhibiting entire networks of genes. 

MiR-224 is of particular interest in the disease of colorectal cancer (CRC) and specifically in 

the role it plays in metastasis of the disease (Ling et al., 2016). The first indication of its role 

was that miR-224 expression levels show correlation with tumour burden in CRC and that 

patients with higher expression of miR-224 showed shorter survival and shorter metastasis-

free survival. Interestingly, this research found that SMAD4 protein expression was inversely 

correlated with miR-224, and miR-224 showed direct targeting of SMAD4 in a luciferase 

reporter assay. SMAD4 is a transcription factor which when active potentiates the effects of 

TGFβ stimulation as a tumour suppressor. Loss of SMAD4 however, seen in overexpression 

of miR-224, switches this TGFβ signalling to tumorigenic and metastatic. The overall effect of 

miR-224 overexpression was increased CRC motility. Like the activity of miR-21a and -214, 

there are translatable findings on the activity of miRNAs in cancer, where motility of CFs and 

MyoFbs is an occurrence found in migration of these cells to the infarct zone following MI. 



42 
 

Similarly, the inhibition of SMAD4 by miR-224 was also found to be important for the induction 

of proliferation in a CRC cell line (Zhou et al., 2017). SMAD4 therefore is an important miR-

224 target for the control of behaviours relevant to cardiac remodelling. 

There is a lack of published research concerning the role of miR-224 in CFs. There is a single 

report that studied miR-224 expression levels in rat CFs and found that Ang II treatment 

increased the expression levels of miR-224, but not miR-21 (Ning and Jiang (2013)). MiR-224 

represents a miRNA that is implicated in the regulation of an important downstream mediator 

of TGFβ signalling (SMAD4) which itself is an important cytokine in cardiac dysfunction. There 

is no research however on the role of miR-224 in human CFs. There is an opportunity to 

understand how miR-224 might regulate human CFs and could be a potential therapeutic 

target in cardiac remodelling. 

1.9 MicroRNA-30d-5p 

MiR-30d-5p is a member of the miR-30d family which are an important family in the regulation 

of human development and disease (Mao et al., 2018). The miR-30d family is made up of five 

members, with six mature miRNAs which are; miR-30a, -30b, -30c-1, -30c-2, -30d and -30e. 

MiR-30d itself is located on chromosomal region 8q24 (Lin et al., 2017) and the mature 

sequence is composed of 22nt with the sequence: CUUUCAGUCAGAUGUUUGCUGC 

(miRBase, 2022b). MiR-30d differs from the three other miRNAs investigated in this project 

(miR-21a, -214 and -224) because its expression levels were decreased in the ISO infusion 

mouse model (Bageghni et al., 2018). This pattern of miR-30d expression levels being 

reduced in disease is something that occurs consistently in various pathologies. In fact, the 

importance of miR-30d in cancer especially is reflected in the fact that miR-30d is a reliable 

diagnostic and prognostic biomarker (Zhao et al., 2022). This role as a biomarker was explored 

by Xiao et al. (2017) who followed up 95 patients, diagnosed with acute HF for 1 year. It was 

found that those patients that died in this year had a significantly lower level of serum miR-

30d. Similarly, Melman et al. (2015) found that the baseline plasma levels of miR-30d are 

associated with response to cardiac resynchronisation therapy (CRT) in patients with HF with 

dyssynchrony. The mechanism here was a protection against TNF signalling. 

In pulmonary fibrosis, there is also differentiation of fibroblasts into a MyoFb phenotype. It was 

found by Zhao et al. (2018) that miR-30d expression levels were reduced in pulmonary fibrosis 

tissues. However, upon overexpression of miR-30d, primary normal human lung fibroblast 

(NHLF) proliferation resulting from TGFβ-1 signalling was attenuated. MiR-30d 

overexpression also prevented an increase in the protein expression of α-SMA and collagen 

I. It was demonstrated that miR-30d prevents the effect of TGFβ-1 signalling in NHLFs by 

binding to and inhibiting expression of JAG1 which subsequently inhibited activation of 
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JAG1/Notch signalling. This regulation of MyoFb markers is clearly translatable and important 

when looking at the role of miR-30d in the MyoFb transition in cardiac remodelling, considering 

that both α-SMA and collagen I are similarly upregulated here. Another important behaviour 

for cardiac remodelling that has been researched in cancer for miR-30d is motility. MiR-30d, 

in combination with the entire miR-30 family, was found to suppress breast cancer metastasis 

to the bone (Croset et al., 2018). This suppression is mediated through the inhibition of several 

pathways. Of note, there was inhibition of IL8 and IL11 expression (as well as twinfilin1, an 

upstream regulator of IL11). There was also inhibition of the integrins ITGA5 and ITGB3 which 

are important molecules for adhesion and invasion. 

Until recently, research on miR-30d in CVD was lacking, however Li et al. (2021) published a 

novel and impactful investigation into the role that miR-30d plays in the regulation of cardiac 

remodelling by both intracellular and paracrine signalling. This work had been motivated by 

the earlier identification of miR-30d as a biomarker in HF patients by Xiao et al. (2017). First, 

it was found that overexpression of miR-30d was protective against cardiac remodelling in a 

rodent model of MI, defined by improved ventricular function, significantly lower fibrosis and 

suppressed α-SMA upregulation compared to WT mice. MiR-30d overexpression also 

protected CMs against apoptosis. Through RNA sequencing of miR-30d inhibition and 

overexpression in neonatal rat ventricular myocytes (NRVM), it was found that miR-30d 

regulated the expression of a range of focal adhesion genes (ITGA5, ITGA6, ITGAV, ITBL1, 

and ITGB3) and the MAPK signalling gene, MAP4K4. It was concluded, through luciferase 

reporter assays and investigating extracellular vesicle (EV) release, that miR-30d acts 

intracellularly on CMs to inhibit MAP4K4 expression to suppress apoptosis and is released in 

EVs from CMs to act by paracrine signalling on CFs to inhibit ITGA5 and subsequently prevent 

fibrosis and MyoFb activation. MiR-30d has therefore been found as a regulator of the two 

arms of cardiac remodelling, both protection of CMs from cell death and suppression of 

fibrosis. It should be noted however that as illuminating as this research is, there is still a lack 

of research on the role of miR-30d in human CFs. The current project therefore addresses a 

knowledge gap by investigating how miR-30d acts in human CFs. 

1.10 Summary 

CFs are a primary nodal regulator of cardiac remodelling which can be a pathological process 

following cardiac injury. The two main hallmarks of cardiac remodelling are increased fibrosis 

and myocyte hypertrophy. CF are drivers of both processes. Cardiac injury through events 

such as MI leads to activation of CF and induces a fibroblast-to-MyoFb transition to the MyoFB 

phenotype. This phenotype is highly proliferative and highly matrix synthetic. Through the 

excessive deposition of ECM proteins such as collagens and contractile proteins such as 
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αSMA, CFs cause myocardial fibrosis. This fibrosis leads to stiffening of the myocardium with 

resultant contractile impairment and can also impede electrical conductance. Activated CF 

also synthesise and release the proinflammatory cytokine, IL-6. IL-6 can then act by paracrine 

signalling on CMs to induce hypertrophy. The long-term consequence of this stimulation is 

increased thickening of the left ventricle, known as left ventricular remodelling, which ultimately 

reduces cardiac output. P38 MAPK is an important signalling node in the response of CF to 

DAMPs and governs the response of this cell-type during cardiac remodelling. There are four 

microRNAs that were identified as being of interest in our previous study following ISO infusion 

in fibroblast-specific p38 KO mice, namely miR-21a-5p, -214-3p, -224-5p and -30d-5p. 

MiRNAs are epigenetic regulators important in the modulation of CF behaviour and miRNAs 

represent a novel and exciting therapeutic target in this disease. By understanding more about 

the mechanisms of action of these 4 microRNAs in human CF, it is hoped that novel 

therapeutic targets can be identified to reduce the impact of CVD. 

1.11 Aims and objectives 

Overall aim 

The overall aim of this project was to understand what role miR-21, -214, -224 and -30d each 

play in the regulation of CF gene expression, protein expression and behaviour relevant to 

cardiac remodelling, in cultured human CFs. 

Hypothesis 

MiR-21, -214, -224 and -30d play important regulatory roles in human CFs of relevance to 

pathological cardiac remodelling. 

Objectives 

1. Investigate the expression of miR-21a, 214, 224 and 30d in mouse models of cardiac 

dysfunction (Chapter 3). 

2. Investigate the expression of each miRNA in human CFs. 

3. Modulate the activity of these miRNAs and to investigate the effect on gene and protein 

expression of targets relevant to cardiac remodelling (Chapter 4). 

4. Perform proteomics analysis of human CF protein expression following overexpression 

of miR-214 and miR-30d (Chapter 5). 

5. Validate findings from bioinformatics analysis by investigating gene and protein 

expression and functional assays (Chapter 5). 
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Chapter 2 Materials and Methods 

2.1 Chemicals and Reagents 

Item Catalogue number Manufacturer 

Dulbecco’s Modified Eagle Medium 21969035 Thermo Fisher Scientific 

Phosphate Buffered Saline D8537 Sigma Aldrich 

Foetal Bovine Serum  BioSera 

Trypsin-EDTA (0.25%) 25200056 Thermo Fisher Scientific 

Corning T-75 Flasks 430641U Corning 

Corning T-25 Flasks 430639 Corning 

6-Well Tissue Culture Plates 10578911 Thermo Fisher Scientific 

12-Well Tissue Culture Plates 10253041 Thermo Fisher Scientific 

24-Well Tissue Culture Plates 10380932 Thermo Fisher Scientific 

96-Well Tissue Culture Plates 10695951 Thermo Fisher Scientific 

Trypan Blue Stain 15250061 Thermo Fisher Scientific 

Collagenase Type II Solution LS004176 Worthington Biochemicals 

L-Glutamine (200mM) 25030024 Thermo Fisher Scientific 

Penicillin-Streptomycin  15070063 Thermo Fisher Scientific 

Aurum™ Total RNA Mini Kit 7326820 Bio-Rad Laboratories, Inc. 

Molecular Biology Grade Ethanol 16685992 Thermo Fisher Scientific 

Β-Mercaptoethanol 21985023 Thermo Fisher Scientific 

TaqMan™ MicroRNA Reverse 

Transcription Kit 

4366596 Thermo Fisher Scientific 

TaqMan™ Universal Master Mix II, 

no UNG 

4440043 Thermo Fisher Scientific 

Reverse Transcription System A3500 Promega Corporation 

TaqMan™ Gene Expression Master 

Mix 

4369016 Thermo Fisher Scientific 

Opti-MEM™ I Reduced Serum 

Medium 

31985070 Thermo Fisher Scientific 

Lipofectamine™ 2000 Transfection 

Reagent 

11668019 Thermo Fisher Scientific 

DAPI (4',6-Diamidino-2-

Phenylindole, Dihydrochloride) 

D1306 Thermo Fisher Scientific 

Paraformaldehyde Solution (4% in 

PBS) 

15670799 Thermo Fisher Scientific 
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Bovine Serum Albumin 9048-46-8 Sigma Aldrich 

Collagen I, Rat Tail A1048301 Thermo Fisher Scientific 

10X Dulbecco′s Modified Eagle′s 

Medium - low glucose 

D5523-10X1L Sigma Aldrich 

Human IL-6 DuoSet ELISA DY206 R&D Systems 

DuoSet® Ancillary Reagent Kit 2 DY008 R&D Systems 

Pierce™ BCA Protein Assay Kit 23225 Thermo Fisher Scientific 

RIPA Buffer (10X) 9806 Cell Signalling Technology 

Phosphatase Inhibitor Cocktail 2 P5726 Sigma Aldrich 

Phosphatase Inhibitor Cocktail 3 P0044 Sigma Aldrich 

Laemmli 4X sample buffer 1610747 Bio-Rad Laboratories, Inc. 

NUPAGE 10% Gels  NP0301BOX Thermo Fisher Scientific 

DTNB 22582 Thermo Fisher Scientific 

Citrate Synthase Assay Kit CS0720 Sigma Aldrich 

Poly-D-lysine, black/clear bottom 

plate 

152037 Thermo Fisher Scientific 

Pluronic® F-127  P2443 Sigma Aldrich 

Probenecid P8761-100G SLS 

YODA-1 Prepared in house School of Chemistry, 

University of Leeds 

DMSO D8418 Sigma Aldrich 

ATP R0441 Thermo Fisher Scientific 

 

Table 2.1. List of materials used throughout the experiments performed in this project. 

The generic materials used in this project are listed here along with the specific catalogue 

numbers and manufacturers of each. 

2.2. Human Cardiac Fibroblast Culture 

Human CFs were obtained from liquid nitrogen banks or original cultures were established as 

described previously (Turner et al., 2003). Biopsies of human right atrial appendage were 

obtained from patients (without left ventricular dysfunction) undergoing elective coronary 

artery bypass grafting at the Leeds General Infirmary following local ethical committee 

approval and informed patient consent. The study reference for cells taken from liquid nitrogen 

was Ref 01/040 (K. Porter) and for cells derived from fresh tissue was Ref 17/WA/0314 (A. 

Smith). Heart tissue was minced and digested by incubation with 20mg of 740U/ml 

collagenase type II solution (Worthington Biochemical Corporation, Lakewood, NJ, USA) 
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dissolved in 10mL of Dulbecco's modified Eagle medium (DMEM) containing 0.05% bovine 

serum albumin (BSA) for 2 hours at 37 °C. Cells were pelleted by centrifugation at a 

temperature of 4°C and speed of 600xg for 6 minutes and the media was discarded. The pellet 

was then agitated and washed with 50mL of DMEM (containing 0.05% BSA) and then re-

centrifuged as previously described. The media was again discarded, the pellet agitated and 

resuspended in 10mL of full growth medium (FGM); DMEM supplemented with 10% FCS, 1% 

L-Glutamine and 1% Pen/Strep). The cell suspension was then dispensed with 5mL in each 

of two T25 tissue culture flasks for 30 minutes to allow fibroblasts to adhere. After incubation, 

non-adherent cells were removed by discarding the media within each flask and this was 

replaced with a further 5mL of FGM and fibroblasts were cultured to confluence in a humidified 

atmosphere of 5% CO2 in air at 37 °C, and subsequently passaged by trypsinisation (using 

Trypsin-EDTA 0.25%). For previously frozen cells, cells were brought up from liquid nitrogen 

by placing in water at ~37 °C to thaw and then dispensing the cells in T75 flasks containing 

10mL of pre-warmed (37 °C) FGM and then incubating overnight. Following incubation, media 

was removed for the purpose of removing DMSO and was replaced with fresh pre-warmed 

FGM. Experiments were performed on human cardiac fibroblasts from passages 2-5. 

Experiments that involved treating cells with reagents and stimuli involved culturing cells in 

T75 flasks until ~80% confluent, trypsinising and counting and then plating out for overnight 

incubation. Cells were then serum starved for 24 hours by culturing in SFM in order to quiesce 

and then treated with appropriate stimuli, diluted in SFM. 

2.3. RNA Isolation 

RNA for both miRNA RT-PCR and mRNA RT-PCR was isolated from human CFs by using 

the Aurum™ Total RNA Mini Kit (Bio-Rad Laboratories, Inc., Hercules, California, USA) which 

is a spin-based RNA elution method. The method was performed as per the manufacturer’s 

instructions and for all RNA work, the environment was cleaned prior using 70% ethanol and 

RNase Away. The first step of this method involved lysing cells by agitating and resuspending 

pellets using 350µL of cell lysis buffer (containing β-mercaptoethanol) and 350µL of 70% 

molecular grade ethanol per sample and then transferring the total ~700µL homogenate to a 

spin column basket within a 2mL capless tube. The spin column was then centrifuged at 

13,000xG for 30 seconds and the waste was discarded. 700µL of low stringency wash solution 

was then added to each spin column and re-centrifuged and the waste discarded. Each spin 

column matrix was then incubated with 80µL of DNase1 (prepared by combining 5µL of 

DNase1 with 75µL of DNase1 dilution solution) for 15 minutes at room temperature. The 

samples were recentrifuged and waste discarded before washing with 700µL of high 

stringency wash solution and the waste discarded. The samples were then washed with 700µL 

of low stringency wash solution and recentrifuged for 1 minute, waste discarded and 
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recentrifuged for a further 2 minutes. The spin columns were then transferred to 1.5mL 

Eppendorf tubes and the spin column matrix was incubated for 1 minute at room temperature 

with 80µL of RNA elution solution (pre-warmed to 70°C). The sample was then recentrifuged 

for 2 minutes to elute the RNA in each Eppendorf to produce a final product of DNA free, total 

RNA which was stored at -80°C. 
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2.4. RT-PCR Primers 

Primer Catalogue number 

miR-21a-5p (mouse and human) 4427975 (000397) 

miR-214-3p (mouse and human) 

 

4427975 (002306) 

miR-224-5p (mouse) 4427975 (002553) 

miR-224-5p (human)  4427975 (000599) 

miR-30d-5p (mouse and human) 4427975 (000420) 

U6 (mouse and human) 4427975 (001973) 

GAPDH Hs99999905_m1  

IL6 Hs00174131_m1  

TNC Hs01115665_m1 

COL1A1 Hs00164004_m1 

ACTA2  Hs00426835_g1 

MMP2 Hs00234422_m1 

MMP3 Hs00233962_m1 

TGFB1 Hs00998133_m1 

TGFB3 Hs01086000_m1 

IL6R Hs01075666_m1 

IL11 Hs01055413_g1 

IL11RA Hs00234415_m1 

AGTR1 Hs00258938_m1 

EDN1 Hs00174961_m1 

ITGA5 Hs01547673_m1 

 

Table 2.2. RT-PCR Primers used in RT-PCR analysis in this study. Each of the specific 

primer targets (both miR-RT-PCR and mRNA RT-PCR) are listed here along with the generic 

catalogue numbers and the specific assay IDs for each of them. 
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2.5. MiRNA RT-PCR 

2.5.1. MiRNA cDNA synthesis 

For miRNA RT-PCR, cDNA was synthesised by using the TaqMan™ MicroRNA Reverse 

Transcription Kit (Thermo Fisher Scientific, Waltham, MA, USA) along with a TaqMan™ 

MicroRNA Assay which contains specific miRNA RT primers (dependent upon the specific 

miRNA of interest, as well as U6 snRNA as a housekeeping control). This method involves 

creating a 5.4µL mastermix per sample containing nuclease free water, 10X RT buffer, dNTP 

mix with dTTP, RNase inhibitor and MultiScribe™ RT enzyme at volumes as described in 

Table 3. Mastermix was aliquoted so that for each specific sample and primer of interest, 5.4µL 

was aliquoted per 0.2mL PCR tube. To this tube, 1µL of RNA sample and 1.6µL of miRNA RT 

primer was added to a final volume of 8µL. The reaction mixture was centrifuged to spin down 

the reagents and then incubated on ice for 5 minutes. For the final step, reaction tubes were 

then incubated in a Bio-Rad T100 PCR Thermal Cycler (Bio-Rad Laboratories, Inc., Hercules, 

California, USA) using a pre-set miRNA RT reaction process. The reaction process involved 

16°C for 30 minutes, 42°C for 30 minutes, 85°C for 5 minutes and 4°C holding. cDNA samples 

were immediately processed for RT-PCR analysis. 

Reagent Amount per sample (µL) Amount for 6 samples (µL) 

dNTP mix w/dTTP (100M 

total) 

0.08 0.48 

Multiscribe RT enzyme 

(50U/µL) 

0.533 3.2 

10X RT buffer 0.8 4.8 

RNase inhibitor (20U/µL) 0.1013 0.61 

Nuclease free water 3.886 23.32 

 

Table 2.3. Volumes required to produce RT reaction mixtures for miRNA RT-PCR. The 

specific volumes required to make a 5.4µL miRNA RT reaction mixture per sample are 

described and the amount for 6 samples described as an example. 
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2.5.2. MiRNA RT-PCR 

For miRNA RT-PCR, a mastermix of 18µL per well was prepared containing 7.25µL nuclease 

free water, 10µL TaqMan™ Universal Master Mix II (no UNG) and 0.75µL specific TaqMan™ 

MicroRNA Assay RT primers (depending on the miRNA of interest, as well as U6 snRNA as 

a housekeeping control) per sample. 18µL of mastermix was then aliquoted in each relevant 

well of a 96 well plate so that there were duplicate wells per specific sample and miRNA of 

interest. To each of these wells, 2µL of miRNA cDNA (synthesised as previously described) 

was dispensed into the relevant duplicate wells. A plate seal was then attached to the plate, 

and it was pulse centrifuged for 30 seconds to spin down the reagents. The Design and 

Analysis Software v1.5.2, QuantStudio 3 and 5 systems (Thermo Fisher Scientific, Waltham, 

MA, USA) was used to prepare the plate template. The comparative CT experiment was 

selected and set to 50 cycles of PCR. The run was performed using the QuantStudio™ 3 Real-

Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA). PCR was performed as 

per a template protocol that involved a denaturation step at 95˚C for 1 minute and then 50 

cycles of denaturation (95˚C), annealing and extension (60˚C). 

2.6. MRNA RT-PCR 

2.6.1. MRNA cDNA synthesis 

mRNA cDNA synthesis was performed using the Reverse Transcription System (Promega 

Corporation, Madison, WI, USA). First, RNA samples to synthesise cDNA from had 5µL of 

RNA incubated for 10 minutes at 70°C prior to cDNA synthesis. This method involved creating 

an 18µL mastermix per sample that was composed of and added in the order of; nuclease 

free water, MgCl2, RT 10X buffer, dNTPs, Recombinant RNasin® Ribonuclease Inhibitor, 

AMV Reverse Transcriptase (HC) and lastly, Random Primers, in volumes as described in 

Table 2.4. 18µL of mastermix was aliquoted into a 0.2mL PCR tube as well as 2µL of pre-

warmed RNA. The 20µL reaction mixtures were incubated in a Bio-Rad T100 PCR Thermal 

Cycler (Bio-Rad Laboratories, Inc., Hercules, California, USA) using a pre-set RT reaction 

process. The reaction process involved 25°C for 10 minutes, 42°C for 15 minutes, 95°C for 5 

minutes and 4°C for holding. 
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Reagent Amount per sample (µL) Amount for 6 samples (µL) 

Nuclease free water 7.9 47.4 

MgCl2 4 24 

Reverse Transcription 10X 

Buffer 

2 12 

dNTP Mix 2 12 

Recombinant RNasin® 

Ribonuclease Inhibitor 

0.5 3 

AMV Reverse Transcriptase 

(HC) 

0.6 3.6 

Random Primers 1 6 

 

Table 2.4. Volumes required to produce RT reaction mixtures for mRNA RT-PCR. The 

specific volumes required to make an 18µL mRNA RT reaction mixture per sample are 

described and the amount for 6 samples described as an example. 

2.6.2. mRNA RT-PCR 

For mRNA RT-PCR, a mastermix of 18µL per well was prepared containing 7.5µL of nuclease 

free water, 10µL of TaqMan™ Gene Expression Master Mix and 0.5µL of specific TaqMan™ 

Real-Time PCR Assay primers (depending on the mRNA of interest, as well as GAPDH as a 

housekeeping control). 18µL of mastermix was then aliquoted in each relevant well of a 96 

well plate so that there were duplicate wells per specific sample and mRNA of interest. To 

each of these wells, 2µL of mRNA cDNA (synthesised as previously described) was dispensed 

into the relevant duplicate wells. A plate seal was then attached to the plate, and it was pulse 

centrifuged for 30 seconds to spin down the reagents. The Design and Analysis Software 

v1.5.2, QuantStudio 3 and 5 systems (Thermo Fisher Scientific, Waltham, MA, USA) was used 

to prepare the plate template. The comparative CT experiment was selected and set to 50 

cycles of PCR. The run was performed using the QuantStudio™ 3 Real-Time PCR System 

(Thermo Fisher Scientific, Waltham, MA, USA). PCR was performed as per a template 

protocol that involved a denaturation step at 95˚C for 1 minute and then 50 cycles of 

denaturation (95˚C), annealing and extension (60˚C). 

2.7. RT-PCR Data Analysis 

The experiment type for all RT-PCR runs performed by the QuantStudio™ 3 Real-Time PCR 

System was the comparative CT (ΔΔCT) method. The amplification plot of these experiments 
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generates a ΔRn value for each sample and gene of interest at each specific cycle number 

being measured. The Rn is calculated by dividing the fluorescence of the reporter dye by the 

fluorescence of Rox which is the passive reference dye in our RT-PCR experiments. The 

analysis settings were changed post-run so that the cycle threshold (CT) value for each well 

was calculated at a threshold of 0.1 ΔRn, as depicted in Figure 2.1. The data were then 

exported to an Excel file and the CT value for each replicate was checked for each sample to 

ensure that values were within at least one whole cycle of each other. The ΔCT mean value 

(which is the difference between the CT value for the gene of interest and the value for the 

housekeeping control of U6 or GAPDH for any given sample) was then used to calculate the 

percentage expression of each gene or miRNA relative to the housekeeping control by 

calculating the 2^-ΔCT value and multiplying by 100 to find the specific percentage change. 
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Figure 2.1. Graphical display of the amplification curve generated during RT-PCR, the 

baseline threshold, and the cycle threshold (CT). Usually, the quencher dye prevents light 

emission from the reporter dye when the probe is intact however during amplification, the 

quencher and reporter dyes are released and so light is emitted as they are no longer in 

proximity. The CT value is the PCR cycle number at which point the baseline threshold is met 

(when amplification is in the exponential phase). The CT value can be used to determine the 

relative expression of a specific gene or microRNA, relative to a housekeeping control. 
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2.8. Transfection of Cultured Human Cardiac Fibroblasts 

Human CFs were grown to ~80% confluence in T75 flasks and then trypsinised, counted and 

plated out in FGM and were seeded into wells of a 6-well plate at a density of 70,000 cells per 

well in 2 mL of FGM and incubated for 24 hours at 37˚C. Transfection reagents were prepared 

according to manufacturer’s instructions and depending on whether the molecule to be 

transfected was miRNA (pre- or anti-miR) (Table 2.5) or siRNA (Table 2.6). Stocks of 

transfection reagents were prepared to allow 2mL of the necessary reagents per well and 

volumes and concentrations are described in Tables 2.5 and 2.6. For each incubation 

performed, the contents of tube 1 were incubated for 5 minutes at room temperature before 

addition to the contents of tube 2 for a further incubation of 20 minutes at room temperature 

and finally addition to tube 3. After incubation with transfection reagents, cells were incubated 

for a range of times (dependent upon manufacturer’s instructions; typically, 6 hours to 24 

hours) and then media was replaced with FGM. Cells were incubated for an appropriate period 

of several days (see individual experiments for specific time) before performing functional 

assays or isolating protein or RNA.  

 

Transfection volumes for pre/anti-miRs in 6-well plates 

Transfection 

condition 

Reagent 

Tube 1 Tube 2 Tube 3 

Pre-miR 

(60nM) 

6µL Pre-

miR 

(10µM) 

500µL 

Optimem 

5µL 

Lipofectamine  

500µL 

Optimem 

1mL 0.4% FCS 

DMEM 

Anti-miR 

(200nM) 

20µL 

Anti-miR 

(10µM) 

500µL 

Optimem 

5µL 

Lipofectamine  

500µL 

Optimem 

1mL 0.4% FCS 

DMEM 

 

Table 2.5. Transfection volumes for transfecting human CFs with pre- or anti-miRs. Pre-

miRs were transfected at a final concentration of 30nM whereas anti-miRs were transfected 

at a final concentration of 100nM. Lipofectamine 2000 was used as lipid mediated transfection 

agent at a concentration of 1%. The final volume for each well was 2mL, made up with 1mL 

of 0.4% FCS DMEM. 
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Transfection volumes for siRNA in 6-well plates 

Transfection 

condition 

Reagent 

Tube 1 Tube 2 Tube 3 

siRNA 

(20nM) 

8µL 

siRNA 

(5µM) 

192µL 

Optimem 

2µL 

Lipofectamine  

198µL 

Optimem 

1600µL SFM DMEM 

(antibiotic free) 

 

Table 2.6. Transfection volumes for transfecting human CFs with siRNA. SiRNA were 

transfected at a final concentration of 20nM. The final volume for each well was 2mL, made 

up with 1.6mL of SFM DMEM. 

Primer Catalogue number Manufacturer 

ON-TARGETplus Non-

targeting Control Pool 

D-001810-10-05 Horizon Discovery 

ON-TARGETplus siRNA 

MFN2 – SMARTPool 

L-012961-00-0005 Horizon Discovery 

hsa-pre-miR-21-5p 

 

AM17100; PM10206 Thermo Fisher Scientific 

hsa-pre-miR-124-3p 

 

AM17100; PM12124 Thermo Fisher Scientific 

hsa-pre-miR-224-5p 

 

AM17100; PM11010 Thermo Fisher Scientific 

hsa-pre-miR-30d-5p 

 

AM17100; PM10756 Thermo Fisher Scientific 

hsa-anti-miR-21-5p 

 

AM17000; AM10206 Thermo Fisher Scientific 

hsa-anti-miR-124-3p 

 

AM17000; AM12124 Thermo Fisher Scientific 

hsa-anti-miR-224-5p 

 

AM17000; AM11010 Thermo Fisher Scientific 

hsa-anti-miR-30d-5p 

 

AM17000; AM10756 Thermo Fisher Scientific 

 

Table 2.7 Synthetic siRNAs, pre-miRs and anti-miRs transfected into human cardiac 

fibroblasts. Listed here are the full names for and the catalogue numbers for siRNAs, pre-

miRs and anti-miRs that were transfected into human CFs. 
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2.9. Proliferation Assay 

Human CFs were plated out at a density of 10,000 cells/mL in 1mL FGM per well in 24 well 

plates and incubated overnight. The following day, each well was rinsed with 1mL PBS and 

incubated overnight with 1mL SFM. 48 hours later, day 0 counts were performed by 

trypsinising wells in triplicate and then counting using a haemocytometer to calculate the total 

number of cells per well (see Figure 2.2). The remaining wells were supplemented with 1mL 

of DMEM containing predefined concentrations of FCS and then incubated for a further 48 

hours. Counts were then taken on day 2 and remaining wells were supplemented again with 

the same method being performed to count cells on days 4 or 7, depending on the experiment 

being performed. Counts were averaged between triplicate wells and mean cell counts were 

plotted versus time. 
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Figure 2.2. A haemocytometer grid containing 9 squares and an individual square 

zoomed in to show which cells should be counted. A haemocytometer was used to 

perform cell counts, where each individual square contains a total volume of 100nL of cell 

suspension. To calculate the total number of cells in the original 1mL suspension, 50µL of cell 

suspension was mixed with 50µL of trypan blue. Counts were performed considering cells 

within the grid and only cells bordering two pre-determined sides of the grid. A minimum of 3 

grids were counted and the mean was calculated. The mean figure was then multiplied by two 

(to factor in the 1 in 2 dilution with trypan blue) and then multiplied by 10,000 (to factor in the 

difference between 100nL and 1mL). 
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2.10. ELISA for Detection of Human IL-6 

Conditioned media was centrifuged at 600xG for 15 minutes at 4°C and the supernatant stored 

at -80°C. A Human IL-6 DuoSet ELISA kit and DuoSet ELISA Ancillary Reagent Kit 2 (R&D 

Systems, Minneapolis, USA) were used to measure IL-6 concentrations. Manufacturer’s 

instructions were followed. Plates were incubated overnight with 100µL of capture antibody at 

room temperature. The following day, wells were aspirated and washed with 400µL wash 

buffer (three times) and blocked for 1 hour at room temperature using 300µL of reagent diluent. 

The wash steps were repeated as previously described before the plate was ready for sample 

addition. Standards were made up by diluting 3µL of stock standard with 997µL of reagent 

diluent and performing 1:2 serial dilutions to produce standards of 600, 300, 150, 75, 37.5, 

18.8 and 9.38 pg/mL. Duplicate wells of 100µL of standards and samples (diluted to 1:50 with 

reagent diluent) were added and incubated for 2 hours at room temperature. Washing was re-

performed and 100µL of detection antibody was added and incubated at room temperature 

for a further 2 hours. The wash was performed again and 100µL of Streptavidin-HRP was then 

added to each well and incubated for 20 minutes at room temperature and wrapped in foil. 

The wash step was performed again and 100µL of substrate solution was added (1:1 mix of 

colour reagent A and B) to each well. The plate was incubated at 20 minutes at room 

temperature and wrapped in foil before 50µL of stop solution was added to each well and 

plates were agitated to ensure thorough mixing. The optical density of each well was then 

measured at 450nm with wavelength correction at 540nm using a PowerWave HT Microplate 

Spectrophotometer (Agilent Technologies, Santa Clara, CA, USA). Manufacturer’s IL-6 

standards were used to generate a standard curve with an assay range of 9.4 - 600 pg/mL 

which was then used to calculate the IL-6 concentration in each sample (see Figure 2.3). 
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Figure 2.3. Standard curve generated from IL-6 ELISA standards supplied in the DY206-

05 human IL-6 ELISA kit. A seven-point standard curve was prepared by performing 2-fold 

serial dilutions, starting with a high standard of 600 pg/mL and then covering 300, 150, 75, 

37.5, 18.8 and 9.38 pg/mL. The standard curve was used to calculate the concentration of IL-

6 within our samples of conditioned media, considering the dilution factor of the original 

samples (1:50). 
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2.11. ELISA for Detection of Human MMP-2 

Conditioned media was centrifuged at 600xG for 15 minutes at 4°C and the supernatant stored 

at -80°C. A Human MMP-2 DuoSet ELISA kit and DuoSet ELISA Ancillary Reagent Kit 2 (R&D 

Systems, Minneapolis, USA) were used to measure MMP-2 concentrations. Manufacturer’s 

instructions were followed. Plates were incubated overnight with 100µL of capture antibody at 

room temperature. The following day, wells were aspirated and washed with 400µL wash 

buffer (three times) and blocked for 1 hour at room temperature using 300µL of reagent diluent. 

The wash steps were repeated as previously described before the plate was ready for sample 

addition. Standards were made up by diluting 3µL of stock standard with 997µL of reagent 

diluent and performing 1:2 serial dilutions to produce standards of 20, 10, 5, 2.5, 1.25, and 

0.625 ng/mL. Duplicate wells of 100µL of standards and samples (diluted to 1:2 with reagent 

diluent) were added and incubated for 2 hours at room temperature. Washing was re-

performed and 100µL of detection antibody was added and incubated at room temperature 

for a further 2 hours. The wash was performed again and 100µL of Streptavidin-HRP was then 

added to each well and incubated for 20 minutes at room temperature and wrapped in foil. 

The wash step was performed again and 100µL of substrate solution was added (1:1 mix of 

colour reagent A and B) to each well. The plate was incubated at 20 minutes at room 

temperature and wrapped in foil before 50µL of stop solution was added to each well and 

plates were agitated to ensure thorough mixing. The optical density of each well was then 

measured at 450nm with wavelength correction at 540nm using a PowerWave HT Microplate 

Spectrophotometer (Agilent Technologies, Santa Clara, CA, USA). Manufacturer’s MMP-2 

standards were used to generate a standard curve with an assay range of 0.625 - 20 ng/mL 

which was then used to calculate the MMP-2 concentration in each sample. 

2.12. BCA Protein Assay 

A BCA assay was performed on all protein lysates in order to determine the concentration and 

total amount of protein in each sample before performing any downstream assays. The BCA 

assay was performed using the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, 

Waltham, MA, USA) which is a colourimetric assay with a linear working range for BSA of 20 

to 2000 µg/mL. 8µL of each sample was diluted in 56µL of deionised water to perform a 1 in 

8 dilution. Standards were made up from a 2000 µg/mL stock. A six-point standard curve was 

prepared, starting with a high standard of 1,000 µg/mL, and then covering 500, 250, 125, 62.5 

and 31.2 µg/mL. 25µL of standards and samples were added to a 96 well-plate, in duplicate. 

Sufficient BCA working reagent was prepared to allow for 200µL of reagent per well by 

combining 50 parts BCA Reagent A with 1 part BCA Reagent B. 200µL was dispensed per 

well and the plate was sealed, wrapped in foil to protect from light and incubated at 37°C for 
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30 minutes. The absorbance was then measured at 562nm using a PowerWave HT Microplate 

Spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) and a standard curve was 

generated, from which protein concentrations were calculated (see Figure 2.4). 
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Figure 2.4. A BCA assay standard curve generated using known concentrations of 

Bovine Serum Albumin (BSA) and absorbance read at 562nm. A six-point standard curve 

was prepared, starting with a high standard of 1,000 µg/mL, and then covering 500, 250, 125, 

62.5 and 31.2 µg/mL of BSA. The curve was used to calculate the unknown protein 

concentrations of samples, considering the dilution factor of the original samples (1:8). 
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2.13. Western Blotting 

2.13.1. Sample preparation 

Protein lysates were obtained by incubating with 1X RIPA lysis buffer (containing 1% of 

phosphatase inhibitor (PPI) cocktail 2 and 1% PPI cocktail 3) and scraping each well to obtain 

a cell lysate mixture. Lysates were centrifuged at 14,000 xG at 4°C and the supernatant was 

obtained. A BCA assay was performed to determine the protein concentration in each sample 

by using 8µL of lysate in a 1:8 dilution (see Section 2.12). Samples and a molecular weight 

ladder (covering 10-180 kDa) to load on gels were prepared by combining 7.5µL Laemmli 4X 

sample buffer, 2µL β-mercaptoethanol and ddH2O and protein lysate in volumes determined 

by the BCA assay, to a final volume of 30µL and protein amount of 9µg. Samples were then 

boiled for 4 minutes and stored at -20°C.  

2.13.2. SDS-PAGE and western blotting 

Western Blot tank gel apparatus was assembled and precast gels (Bio-Rad Laboratories, Inc., 

Hercules, California, USA) were used. 30µL of sample was loaded per well and ran at 150 V 

for ~45 minutes or until the dye reached the bottom of the gels. Gel transfer was performed 

by assembling a blotting cassette sandwich containing foam insert, pre-wet filter paper, pre-

wet PVDF membrane, gel, pre-wet filter paper and foam insert. Blotting apparatus was run at 

40 V overnight at 4°C. After transfer, PVDF membranes were dried at room temperature and 

then re-wet in methanol, water and TBST. PVDF membranes were then blocked-in blocking 

solution (5% dried milk powder in TBST) and then incubated with primary antibody (Table 2.8) 

in blocking solution for 3 hours at room temperature (RT). The membrane was then washed 

and incubated with secondary antibody in blocking solution for 1 hour at RT. After further 

washing, membranes were incubated for 2 minutes with Super-Signal ECL solution and 

imaged to observe bands using an IBright FL1500 Imaging System (Thermo Fisher Scientific, 

Waltham, MA, USA). 

2.14. TMT Proteomics 

2.14.1. Sample preparation and analysis 

Protein expression was measured by tandem mass tagging (TMT) in protein lysates isolated 

from human CFs following pre-miR-negative control, -214 and -30d transfection. Human CFs 

were seeded at a density of 35,000 cells/mL in 2mL of FGM per well of a 6 well plate. They 

were transfected for 5 hours with 30nM pre-miR or 100nM anti-miR and incubated for a further 

72 hours in FGM. The cells were then washed twice with 1mL of cold PBS. Cells were treated 

on ice with 100uL of ice-cold RIPA buffer (containing 1% of each of phosphatase inhibitor II 

and III cocktails) for 5 minutes. Cells were then scraped, and the RIPA buffer and cell lysis 
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mixture was transferred to the subsequent well. Once this had been performed for 3 wells in 

total, the final mixture was transferred to an Eppendorf tube and sonicated for 30 seconds in 

ice cold water. The mixture was then centrifuged at 14,000xG for 15 minutes and the 

supernatant was stored at -80°C. A BCA assay was performed to ensure the protein 

concentration was at least >100µg/mL. Samples were shipped to the University of Bristol 

Proteomics Facility on dry ice where they underwent TMT analysis. Experimentation 

performed at the University of Bristol Proteomics Facility involved samples for TMT analysis 

being labelled within the facility and then fractionated and analysed by nano-LC MSMS using 

the SPS-MS3 approach on a Orbitrap Fusion Tribid mass spectrometer. Samples were 

digested and analysed and labelled using TMT reagents which are amine-specific isobaric 

tags. RP chromatography was performed to fractionate the samples and then each fraction 

was analysed by acidic RP nano-LC MSMS. Two 10-plex experiments were performed each 

containing 9 samples plus a common pooled reference sample (which contained an aliquot of 

each sample, acting as an internal reference) whereby tagged peptides were used to track 

protein expression.  

An initial data analysis was also performed at University of Bristol Proteomics Facility whereby 

Proteome Discover software was used to generate an Excel report listing the proteins 

identified and showing how levels of those proteins change between the conditions under 

comparison as well as the generation of volcano plots and principal component analysis. 

Subsequent analysis was then performed at the University of Leeds to filter the data prior to 

pathway analysis, as described in Figure 2.5. In total, 8793 proteins were investigated. Firstly, 

non-human proteins were eliminated, of which there were 99 (made up of bovine, trypsin and 

BSA derived proteins which are commonly found in FCS and trypsin-EDTA used for cell 

trypsinisation), leaving 8,694 proteins. Then any contaminants were eliminated, of which there 

were 49 (made up largely of keratin proteins), leaving 8645 proteins. Proteins were then 

eliminated based on whether they passed or failed the false discovery rate (FDR) which is a 

statistical value that estimates the number of false positive identifications among a peptide 

identification sequence. For pre-miR-214 transfected samples, 5,279 proteins failed the FDR, 

leaving 3,365 proteins. For pre-miR-30d transfected samples, this figure was 6,127, leaving 

2,517 proteins. These remaining proteins for each transfection were then filtered into lists 

based on the most significantly changed proteins – this involved analysing the top 500, 250, 

100 and 50 significantly changed proteins (measured by P value) for each of pre-miR-214 and 

-30d transfected samples. Proteins were then filtered based on the most changed proteins 

(either decreased or increased) based on the log2 fold change results from the original 

analysis. 
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Antibody Catalogue number Manufacturer 

Beta-actin (Mouse Anti Human) MCA5775GA Bio-Rad 

Mitofusin 2 (Rabbit Anti Human) 12186-1-AP Proteintech 

Pan-LOX (Rabbit Anti Human) PA116989 Thermo Fisher Scientific 

 

Table 2.8 Antibodies used in Western Blot analysis of protein expression. A list of the 

antibodies used in the analysis of protein expression in human CFs. 
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Figure 2.5. A graphical representation of the filtering process taken for proteins 

investigated by TMT Proteomics. 8,793 proteins were initially investigated by TMT 

Proteomics, but this number was filtered to 3,365 proteins for pre-miR-214 transfection and 

2,517 proteins for pre-miR-30d transfection after filtering steps to eliminate proteins that were 

either non-human, contaminants or failed the false discovery rate (FDR) test. 
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2.14.2. Ingenuity Pathway Analysis, STRING and Bioinformatics Analyses 

Filtering was applied to the TMT proteomics dataset as described in Section 2.14.1 and further 

bioinformatics analyses was performed on this dataset using a range of tools. Ingenuity 

pathway analysis (IPA) (Quiagen, Germany) is a licensed tool that was used to generate 

predictions based upon the proteins changed by each of the miRNA overexpression and the 

actual log2 fold changes (either up or down) of each protein. The specific predictions of IPA 

that were of most interest included canonical pathways, upstream analysis and diseases and 

functions. Each of the canonical pathways were investigated based on the significance value 

of the pathway (which indicated the strength of the prediction), the specific targets from the 

protein list that were implicated in the pathway and the location of each of these proteins in 

the pathway based on a graphical description generated within IPA. Other free to use online 

bioinformatics prediction tools were also used to analyse the dataset, including STRING which 

makes predictions on shared networks between the proteins in the dataset. The limit on the 

number of proteins analysed in STRING is 2,000 proteins and so the dataset was further 

refined to analyse the top 2,000 proteins changed based on statistical significance, the top 

2,000 most increased or decreased proteins and a combination of both. Other free to use tools 

included WebGestalt and a literature analysis of research conducted on the specific miRNAs 

and the canonical pathways predicted as significant by IPA. 

2.15. Citrate Synthase Assay 

Human CFs were transfected for 6 hours, and protein lysates were obtained after 48 hours 

using RIPA lysis buffer. The citrate synthase assay was then performed as a measure of 

mitochondrial function. 1mM of 5', 5'-Dithiobis 2-nitrobenzoic acid (DTNB) was made up fresh 

by dissolving 2mg DTNB in 5mL 1M Tris-HCl buffer (pH to 8.1) and 10mM oxaloacetate (OAA) 

was made up fresh by dissolving 6.6mg OAA in 4.5mL ddH2O and 0.5mL 1M Tris Hcl buffer 

(pH 8.1). In a 96 well plate, a working solution was prepared so that blank wells contain 200µL 

(made up of 175.5µL dH2O, 19.5µL DTNB and 5µL acetyl-CoA) and experimental wells 

contain 199µL of working solution plus 1µL of sample or citrate synthase standard where each 

sample or standard was plated in triplicate. The spectrophotometer was set to 37°C and the 

wavelength to 412nm. The plate was loaded and allowed to equilibrate to temperature for 5 

minutes. 5µL of OAA was then added to each of the experimental wells only. Reading was 

performed at 412nm for 5 minutes and only ¼ of a plate was read at a time. 

2.16. Flex Station Measurement of Piezo1 Activity Assay 

Human CFs were transfected for 6 hours and then trypsinised from 24 well cell culture plates 

after 48 hours and plated at a density of 12,000 cells/mL in 1mL FGM in each well of a 96 well 

poly-D-lysine, black/clear bottom plate and incubated overnight at 37°C. Cells were checked 
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under a light microscope to ensure they were in a confluent monolayer. Fura2-AM was made 

up in salt buffered saline (SBS) (containing probenecid at a concentration of 12.5mM) by 

adding 1:1000 dilution of 10% pluronic acid and 1:500 dilution of 1mM Fura2-AM stock to a 

final concentration of 2µM which was then protected from light. Growth media was removed 

from each well and 50µL of Fura2-AM mix was added before incubating the plate, wrapped in 

foil, at 37°C for 1 hour. After the incubation, the Fura2-AM mix was removed and 100µL of 

SBS (containing probenecid) was added to each well and then incubated for 30 minutes, 

wrapped in foil, at RT. During the 30-minute incubation, recording buffer was made up by 

adding a 1:1000 dilution of 10% pluronic acid to 1:1000 dilution of DMSO and SBS (containing 

pluronic acid) so there was 60µL per well. During the incubation, compound plates were 

prepared in a U bottom 96 well plate. Compound plates were designed so that triplicate wells 

of each condition would be treated with 60µL of YODA1 or DMSO (both to a final concentration 

of 5µM) and both would be treated subsequently with 60µL ATP (to a final concentration of 

5µM), each made up in SBS (containing probenecid). After incubation, the 100µL SBS was 

removed and 60µL recording buffer was added. Plates were read at an excitation wavelength 

of 340nm and 380nm for a total run time of 7 minutes and intervals of 5 seconds and ATP 

compound transfer at 300 seconds. After the run, data were exported and analysed using 

Excel. Data analysis involved dividing the results at 340nm by the result at 380nm for the same 

time point and then subtracting the baseline (the average result for the initial 30 seconds of 

each run) from each result. These final values were plotted against the length of time (in 

seconds). 

2.17. Statistical Analyses 

GraphPad Prism 8 (San Diego, CA, USA) was used for data analysis and presentation. 

Averaged data are presented as mean ± SEM, where “n” represents the number of 

independent experiments on cells from different patients (i.e., biological replicates). For 

comparisons between two sets of normalised data (e.g., RT-PCR), values were transformed 

(Y=Log(Y)). Unpaired t tests were performed to calculate a two tailed P value when comparing 

data deriving from different biological samples and paired t tests were performed for data 

belonging to the same patients. A two-way ANOVA was performed to measure significance 

across two different variables and was followed by a Tukey post-hoc test. When there were 

large differences in the values obtained between different groups on the same graph, data 

was plotted on a Log10 scale. P<0.05 was considered statistically significant *P<0.05, 

**P<0.01 and ***P<0.001. No significant difference is indicated by NS (P>0.05).  
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Chapter 3 Expression levels and regulatory activity of miR-21a, -214, -224 and -30d in 

the murine heart, and in murine and human cardiac fibroblasts 

3.1 Introduction 

Adverse cardiac remodelling involves both increased fibrosis and increased hypertrophy. CFs 

have been demonstrated as pivotal in both processes, driving fibrosis through the secretion of 

extracellular matrix (ECM) related proteins and mediating hypertrophy through the secretion 

of paracrine signalling molecules, including the cytokine interleukin-6 (IL-6). Our group has 

been studying the role of the p38 MAPK signalling pathway in the regulation of CF responses 

to inflammatory stimuli and cardiac injury. p38 MAPK has been demonstrated as a pivotal 

signalling molecule in the response to inflammatory stimuli and cardiac injury, resulting in CF 

activation. Following activation CFs then exhibit behaviours that ultimately lead to pathological 

cardiac remodelling such as fibrosis and induction of cardiomyocyte hypertrophy (Turner and 

Blythe, 2019). 

Specifically, our group has investigated human CFs in vitro and found that the subtype of p38 

MAPK that is primarily expressed in human CFs is p38α and this subtype is integral to CF 

behaviour in cardiac remodelling, including the expression and secretion of IL-6 (Sinfield et 

al., 2013). Following on from this work, our group performed an investigation producing a loxP-

directed deletion of p38α MAPK in fibroblasts in mice (Fb-p38α KO). A cardiac injury model 

was then performed in Fb-p38α KO and wild type (WT) mice by infusing with the β-adrenergic 

receptor agonist, isoproterenol (ISO), as a model of HF, as published by Bageghni et al., 

(2018). This model was conducted by injecting mice (at 3 weeks of age) with tamoxifen to 

induce Cre activity and facilitate loxP-directed deletion of fibroblast specific p38α (Fb-p38α). 

Then, at 10-12 weeks of age, ISO or saline was infused for 14 days in control or Fb-p38α KO 

mice before removal of osmotic mini-pumps. Cardiac function was analysed after 3 weeks at 

which point RNA was extracted. It was demonstrated that the activity of p38α MAPK is pivotal 

for cardiac hypertrophy and the release of IL-6 and that Fb-p38α KO were protected against 

cardiac dysfunction in comparison to WT mice (Bageghni et al., 2018). Targeting p38α MAPK 

with therapeutics has however shown mixed success in the clinic and inhibition of p38α/β did 

not improve outcomes after 6 months post-MI and so there is great importance in the discovery 

of other therapeutic targets involved in the regulation of CF behaviour to treat adverse cardiac 

remodelling (O'Donoghue et al., 2016). 

CFs, alike other cell-types, express cell specific and generic miRNAs which govern post-

transcriptional regulation through the binding to (either perfect or imperfect) target mRNAs to 

facilitate inhibition of translation (Humphreys et al., 2005). Hearts from these Fb-p38α KO mice 

and WT mice were isolated and miRNA levels were assessed by performing an 84-target 
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miRNA microarray (Bageghni et al., 2018). In this microarray, 14 miRNAs were modulated, 

with 12 being increased and 2 being decreased following ISO treatment. The group identified 

five miRNAs that were significantly regulated by ISO in control mice but not in Fb-p38α KO 

mice, which were miR-21a, -214, -224, -208b, and -30d (Figure 3.1). It was found by Bageghni 

et al., (2018) that miR-21a-5p, -214-3p and -224-5p levels were increased, and miR-30d-5p 

levels were decreased, 3 weeks post-ISO infusion compared to saline infusion (Figure 3.1). 

The levels of these miRNAs were modulated significantly for miR-214, -224 and -30d and was 

near significance (P = 0.09) for miR-21 and they showed no significant difference when 

comparing the levels in saline infused mice compared to ISO infused fibroblast specific p38α 

(Fb-p38α) KO mice for all four miRNAs (Figure 3.1). The dependence of these miRNAs on 

p38α MAPK activity suggests they are important for the cardioprotective effect of fibroblast-

specific p38α KO. The miR-208b is expressed specifically in cardiac and skeletal muscle (and 

is encoded by an intron of the β-MHC gene) and so was not included in our investigation in 

CFs.  
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Figure 3.1. MiRNA levels in whole heart 3 weeks post-isoproterenol infusion in control 

and fibroblast-specific p38 MAPK KO mice. Isoproterenol (ISO) infusion was performed to 

induce chronic β-adrenergic receptor stimulation in WT mice or mice with a loxP-directed 

deletion of fibroblast specific p38α (Fb-p38α). Saline infusion was performed in WT mice as a 

control. MiRNA levels were calculated by performing an 84-target SYBR Green miRNA array 

and normalising levels relative to a range of controls including: SNORDs 61, 68, 72, 95 and 

96A and U6. Horizontal bars indicate the mean value and error bars represent SEM. Group 

sizes; n=4. Ordinary one-way ANOVA, with a Šidák multiple comparisons test, performed on 

log transformed data (Y=Log(Y)). *P<0.05 and **P<0.01. ns=not significant. Original data 

published in FASEB Journal (Bageghni et al., 2018). 
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It is important to investigate and discover the expression levels of each of these miRNAs in a 

range of murine models of cardiac remodelling, including MI and chronic hypertensive models 

(Bageghni et al., 2018). Similarly, it is important for translatability to investigate the level of 

these miRNAs in human CFs and to understand how the stimulation of CFs in vitro with 

relevant stimuli, and the inhibition of p38, may modulate the expression levels of all four 

miRNAs. 

3.2 Aims 

The main aims of this chapter were: 

• To investigate the expression levels of miR-21a, -214, -224 and -30d in the murine 

heart, and whether their expression changes with cardiac dysfunction (HF, MI or 

chronic hypertension models); 

• To measure the basal miRNA expression levels in unstimulated cultured murine and 

human CFs; 

• To measure the miRNA levels in human CFs after stimulation with cardiac dysfunction 

relevant stimuli; 

• To measure the miRNA levels in human CFs after pharmacological inhibition with a 

p38 inhibitor. 

3.3 Methods 

3.3.1 Generic methods 

Human CFs were cultured from right atrial appendage (RAA) biopsies as described in Section 

2.2. Mouse CFs were cultured using a similar collagenase digestion technique, as described 

in Mylonas et al., (2017). RNA was isolated as described in Section 2.3 and miRNA levels 

were quantified by qRT-PCR as described in Section 2.5. All animal procedures were carried 

out in accordance with the Animal Scientific Procedures Act (United Kingdom) 1986 under 

United Kingdom Home Office authorisation, following review and approval by the University of 

Leeds Animal Welfare and Ethical Review Committee. 

3.3.2 Mouse model of MI (LAD coronary artery ligation)  

Experimental MI was performed in mice by permanently ligating the left anterior descending 

(LAD) coronary artery (Bageghni et al., 2019). This was ligated at the edge of the left atrium 

using 8-0 prolene suture, and occlusion was confirmed by observing the pallor of the anterior 

LV wall. Sham-operated animals underwent a similar surgical procedure without tying the 

ligature. RNA was purified from snap-frozen heart tissue 3 days and 4 weeks after LAD 

ligation. Mice from which RNA was extracted at 3 days post-LAD were Cre-negative controls 
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from a cardiomyocyte-specific IL-1α KO (MIL1AKO) mouse line (Bageghni et al 2019). Mice 

from which RNA was extracted at 4 weeks were from Cre-negative controls for a fibroblast-

specific IL-1R1 KO (FIL1R1KO) mouse line that had been injected with tamoxifen for 5 days, 

at 12 days old before performing LAD ligation at 10-12 weeks old (Bageghni et al., 2019). 

Surgical techniques were performed by Dr Mark Drinkhill, and RNA extraction performed by 

Dr Sumia Bageghni and Dr Karen Hemmings.  

3.3.3 Mouse model of hypertensive remodelling (chronic Ang II infusion)  

A model of chronic hypertension was performed in mice using the vasoconstrictive peptide 

Ang II. Alzet mini-pumps delivered Ang II (1,000 ng/kg/min) or saline as a control to 12-week-

old mice for 4 weeks. Echocardiography and morphometric analysis revealed overt cardiac 

hypertrophy in mice receiving Ang II compared with saline, without a reduction in ejection 

fraction i.e., compensated cardiac hypertrophy (unpublished data). Heart tissue was then 

collected, and RNA extraction was performed. Surgical techniques, morphometric and 

echocardiographic analysis, and RNA extraction were performed by Dr Leander Stewart.  

3.3.4 Murine whole heart cell fractionation  

Cardiac cell fractionation was performed by magnetic antibody cell separation (MACS) as 

described by Bageghni et al., (2018). Mouse hearts were digested with collagenase and then 

filtered through a 30-μm MACS SmartStrainer (Miltenyi Biotec, Bergisch Gladbach, Germany) 

to remove CMs. Non-myocytes were separated into 2 fractions: non-fibroblasts (endothelial 

cells and leukocytes) and fibroblasts with a Cardiac Fibroblast MACS Separation Kit (Miltenyi 

Biotec). RNA was extracted from cell fractions, and quantitative RT-PCR was used to quantify 

mRNA for cell type-specific marker genes which included Myh6 (cardiomyocyte marker); 

Pecam1 (endothelial cell marker); Ddr2, Pdgfra, Col1a1, and Col1a2 (fibroblast markers) 

(Bageghni et al 2019). Gene expression levels were compared with those obtained from a 

single sample of collagenase-digested whole heart. MACS separation, RNA extraction and 

miRNA RT-PCR were performed by Dr Sumia Bageghni and Dr Karen Hemmings.  

3.3.5 Stimuli and p38 inhibitor treatment of human CFs  

Human CFs were treated in vitro with a range of growth factors or cytokines as stimuli or a 

p38 inhibitor (SB203580) to assess the effect on miRNA expression. Cells were plated at a 

density of 30,000 cells/mL in 1mL of FGM overnight. They were then washed with 1mL PBS 

and incubated with 1mL SFM for 24 hours to quiesce. Cells were treated with 10nM Ang II, 

10µM ISO, 10ng/mL TNFα, 1ng/mL TGFβ, 10ng/mL IL1α, 10µM SB203580 or 10µM DMSO 

(control) in 1mL SFM or 0.4% FCS for 6 hours or 24 hours. At each time point, cell pellets 

were obtained, and RNA isolation was performed (as described in Section 2.3) before 
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subsequent miR-RT-PCR (Section 2.5). Data are expressed relative to the U6 housekeeping 

gene mRNA expression with the cycle threshold (2−ΔCt) method. 

3.4 Results 

3.4.1 Measuring miRNA levels in murine models of cardiac dysfunction 

Building on the results from the ISO-HF model, the second model of cardiac dysfunction that 

was used to measure any effect on miRNA expression levels was left anterior descending 

(LAD) coronary artery ligation which is a permanent occlusion model of MI. MiRNA levels were 

first measured at 3 days post-MI and it was found that the levels of miR-21 and -214 were 

both significantly higher (2.5-fold and 2.7-fold higher respectively) in MI mice compared to 

sham mice (Figure 3.2). MiR-224 and -30d showed no change in expression levels at the 3-

day time point (Figure 3.2). At 4 weeks post-MI however, a different expression pattern was 

evident whereby miR-21, -214 and -224 levels were similar in the MI and sham groups, but 

miR-30d showed significantly lower expression levels in the MI mice (a decrease of 90.5%) 

(Figure 3.3). It was noticeable that basal miRNA levels were different (relative to U6) between 

the 3-day and 4-week samples, possibly reflecting that the samples had been obtained on 

different occasions from different control mouse populations. 

The third and final murine model of cardiac dysfunction from which miRNA levels were 

measured was that of an angiotensin II (Ang II) infusion model to mimic chronic hypertension 

and compensated hypertrophy. MiRNA levels were measured at 4-weeks post infusion of Ang 

II or saline. Like the LAD model of MI, in this model it was found that whereas miR-21, -214 

and -224 remained similar between both groups, miR-30d had significantly lower expression 

in the Ang II infusion group compared to saline infusion (a decrease of 48.3%) (Figure 3.4). 
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Figure 3.2. MiRNA levels in whole heart murine RNA extracted at 3 days post-MI. Left 

anterior descending (LAD) coronary artery ligation or a sham procedure was performed on 

mice and RNA was extracted from hearts after 3 days. MiRNA levels were calculated by 

performing qRT-PCR and normalising levels relative to the housekeeping control, U6. Note 

the Log10 scale. Horizontal bars indicate the mean value and error bars represent SEM. 

Group sizes; n=5 for sham and n=4 for MI. Two tailed, parametric, unpaired t test performed 

on log transformed data (Y=Log(Y)). **P<0.01 and *P<0.05. ns=not significant. 
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Figure 3.3. MiRNA levels in whole heart murine RNA extracted at 4 weeks post-MI. Left 

anterior descending (LAD) coronary artery ligation or a sham procedure was performed on 

mice and RNA was extracted from hearts after 4 weeks. MiRNA levels were calculated by 

performing qRT-PCR and normalising levels relative to the housekeeping control, U6. Note 

the Log10 scale. Horizontal bars indicate the mean value and error bars represent SEM. 

Group sizes; n=5 for sham and n=4 for MI. Two tailed, parametric, unpaired t test performed 

on log transformed data (Y=Log(Y)). **P<0.01. ns=not significant. 
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Figure 3.4. MiRNA levels murine whole heart at 4 weeks post-angiotensin II infusion. 

The vasoactive peptide Ang II was delivered in mice using mini pumps as a model of chronic 

hypertension. Heart tissue was collected, and RNA extraction performed. MiRNA levels were 

calculated by performing qRT-PCR and normalising levels relative to the housekeeping 

control, U6. Note the Log10 scale. Horizontal bars indicate the mean value and error bars 

represent SEM. Group sizes; n=4. Ordinary one-way ANOVA, with a Šidák multiple 

comparisons test, performed on log transformed data (Y=Log(Y)). ***P<0.001. ns=not 

significant. 
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3.4.2 Detection of microRNAs in murine and human cardiac fibroblasts 

To validate that the miRNAs modulated in the ISO model could be observed in CFs, our group 

first performed qRT-PCR analysis to measure miRNA expression levels in cardiac cell 

fractions obtained from mouse heart using the MACS technique (Figure 3.5). It was observed 

that miR-21a, -214 and -224 were enriched in CFs compared to endothelial cells (EC), with 

significant differences for miR-214 and -224 and a trend for miR-21a (P=0.06). MiR-30d 

however appeared to show more similar levels across CFs, ECs, and the whole heart (Figure 

3.5). 

The expression levels of each miRNA were then analysed specifically in cultured murine CFs 

from 4 separate heart preparations under basal conditions to assess the expression pattern 

(Figure 3.6). This analysis found that miR-214 was expressed at the highest level, followed by 

-21a, -30d and then -224 (with miR-214 being expressed 6-fold higher than miR-21a, 25.5-

fold higher than miR-30d and 140.7-fold higher than miR-224) (Figure 3.6). 

Similarly, the expression levels were then analysed in cultured human CFs from 4 different 

donors under basal conditions to assess the translatability of the investigation into these 

specific miRNAs (Figure 3.7). The same expression pattern was observed as in murine CFs 

(Figure 3.6), where miR-214 showed the highest level of expression, followed by -21a, -30d 

and finally -224 (with miR-214 being expressed 2.4-fold higher than miR-21a, 37.4-fold higher 

than miR-30d and 109.4-fold higher than miR-224) (Figure 3.7). 

In summary, the expression levels of the four miRNAs were found to be generally similar 

between freshly isolated murine CF, cultured murine CF and cultured human CF, with miR-

214 being most highly expressed and miR-224 having the lowest expression, and miR-21 and 

miR-30d being somewhere in between. 
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Figure 3.5.  MiRNA levels in freshly isolated endothelial cells, cardiac fibroblasts, and 

murine whole heart. Non-myocytes from collagenase-digested murine hearts were 

separated into two fractions by magnetic antibody cell separation (MACS). EC = endothelial 

cells and leukocytes; CF = cardiac fibroblasts; and whole heart (all cardiac cell types, including 

cardiomyocytes). MiRNA levels were calculated by performing qRT-PCR and normalising 

levels relative to the housekeeping control, U6. Horizontal bars indicate the mean value and 

error bars represent SEM. Group sizes; n=3 for EC and CF and n=1 for whole heart. Two-

tailed, ratio paired t test performed on non-transformed data and fold difference reported. 

*P<0.05 and **P<0.01. Unpublished data by Dr Sumia Bageghni. 
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Figure 3.6. MiRNA levels in cultured murine cardiac fibroblasts. RNA was isolated from 

murine cardiac fibroblasts from 4 different hearts and miRNA levels were calculated by 

performing qRT-PCR and normalising levels to the housekeeping control, U6. Note the log10 

scale. Horizontal bars indicate the mean value and error bars represent SEM. Group sizes; 

n=4. 
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Figure 3.7. MiRNA levels in cultured human cardiac fibroblasts. RNA was isolated from 

human cardiac fibroblasts, derived from right atrial appendage tissue from 4 different donors, 

and miRNA levels were calculated by performing qRT-PCR and normalising levels to the 

housekeeping control, U6. Note the log10 scale. Horizontal bars indicate the mean value and 

error bars represent SEM. Group sizes; n=4. 
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3.4.3 MiRNA expression levels in human CFs under a range of stimuli and p38 

inhibition 

The expression levels of each miRNA were investigated in human CFs, in vitro, under the 

influence of a range of stimuli known to be influential in cardiac remodelling (Figures 3.8-3.11). 

First, the influence of cardiac dysfunction relevant stimuli was investigated, including TNFα, 

Ang II, ISO, IL1α, TGFβ and 10% FCS. These stimuli were chosen as they are known 

stimulators of CFs, inducers of cardiac remodelling and/or known to be released during cardiac 

dysfunction. Experiments were performed over a 6 h or 24 h period in either SFM or medium 

containing a low concentration of serum (0.4% FCS). Whereas for most stimuli treatments and 

serum concentrations (both SFM (panels A and B) or 0.4% FCS (panel C)), there was little 

effect on the expression levels of the miRNAs (Figures 3.8-3.11), there was an effect on the 

level of miR-21a after treatment with TNFα (Figure 3.8). It was found that at 24 hours post-

TNFα treatment, the level of miR-21a was significantly lower (a decrease of 27.6%) compared 

to 24 hours post-SFM incubation (Figure 3.8B). There also appeared to be a trend of lower 

miR-224 levels when treated with IL1-α (made up in 0.4% FCS) for 24 hours with a decrease 

of 62.5% (P=0.0778) (Figure 3.10C). A trend for lower miR-30d levels was further observed 

when cells were treated with ISO (made up in SFM) for 6 hours with a decrease of 17.3% 

(P=0.0915) (Figure 3.11A). 
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Figure 3.8. MiR-21a levels in human cardiac fibroblasts post-stimuli treatment. Human 

CFs were treated with stimuli including SFM, TNFα (1ng/mL), Ang II (10nM), ISO (10µM) 

(made up in SFM) and 10% FCS (A and B) and IL1α (10ng/mL), Ang II (10nM), TGFβ 

(1ng/mL), ISO (10µM) (made up in 0.4% FCS) and 10% FCS (C). RNA was isolated at either 

6 hours (A) or 24 hours post-treatment (B and C). MiRNA levels were calculated by performing 

qRT-PCR and normalising levels to the housekeeping control, U6. Horizontal bars indicate the 

mean value and error bars represent SEM. Group sizes; n=3 (A) and n=4 (B). Ordinary one-

way ANOVA, with a Šidák multiple comparisons test, performed on log transformed data 

(Y=Log(Y)). **P<0.01. ns=not significant. 
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Figure 3.9. MiR-214 levels in human cardiac fibroblasts post-stimuli treatment. Human 

CFs were treated with stimuli including SFM, TNFα (1ng/mL), Ang II (10nM), ISO (10µM) 

(made up in SFM) and 10% FCS (A and B) and IL1α (10ng/mL), Ang II (10nM), TGFβ 

(1ng/mL), ISO (10µM) (made up in 0.4% FCS) and 10% FCS (C). RNA was isolated at either 

6 hours (A) or 24 hours post-treatment (B and C). MiRNA levels were calculated by performing 

qRT-PCR and normalising levels to the housekeeping control, U6. Horizontal bars indicate the 

mean value and error bars represent SEM. Group sizes; n=3 (A) and n=4 (B). Ordinary one-

way ANOVA, with a Šidák multiple comparisons test, performed on log transformed data 

(Y=Log(Y)). ns=not significant. 
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Figure 3.10. MiR-224 levels in human cardiac fibroblasts post-stimuli treatment. Human 

CFs were treated with stimuli including SFM, TNFα (1ng/mL), Ang II (10nM), ISO (10µM) 

(made up in SFM) and 10% FCS (A and B) and IL1α (10ng/mL), Ang II (10nM), TGFβ 

(1ng/mL), ISO (10µM) (made up in 0.4% FCS) and 10% FCS (C). RNA was isolated at either 

6 hours (A) or 24 hours post-treatment (B and C). MiRNA levels were calculated by performing 

qRT-PCR and normalising levels to the housekeeping control, U6. Horizontal bars indicate the 

mean value and error bars represent SEM. Group sizes; n=3 (A) and n=4 (B). Ordinary one-

way ANOVA, with a Šidák multiple comparisons test, performed on log transformed data 

(Y=Log(Y)). ns=not significant. 
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Figure 3.11. MiR-30d levels in human cardiac fibroblasts post-stimuli treatment. Human 

CFs were treated with stimuli including SFM, TNFα (1ng/mL), Ang II (10nM), ISO (10µM) 

(made up in SFM) and 10% FCS (A and B) and IL1α (10ng/mL), Ang II (10nM), TGFβ 

(1ng/mL), ISO (10µM) (made up in 0.4% FCS) and 10% FCS (C). RNA was isolated at either 

6 hours (A) or 24 hours post-treatment (B and C). MiRNA levels were calculated by performing 

qRT-PCR and normalising levels to the housekeeping control, U6. Horizontal bars indicate the 

mean value and error bars represent SEM. Group sizes; n=3 (A) and n=4 (B). Ordinary one-

way ANOVA, with a Šidák multiple comparisons test, performed on log transformed data 

(Y=Log(Y)). ns=not significant. 
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Finally, the effect of p38 inhibition on miRNA levels in human CFs was investigated to further 

understand the dependence of these miRNA levels on p38 MAPK activity, as previously 

suggested in murine whole heart (Figure 3.1; Bageghni et al 2018). It was demonstrated that 

a trend exists where the levels of each miRNA were decreased in human CFs treated with 

p38 inhibitor SB203580 vs treated with DMSO (control) (at 24 hours post-treatment) and 

specifically, the levels of miR-224 were significantly decreased by 46.5% (Figure 3.12A). 

However, at 48 hours post-p38 inhibitor treatment, there was no effect on miRNA expression 

levels, indicating that the effect of p38 inhibition on miR-224 was short-lived (Figure 3.12B).  

An important role of p38 MAPK is to respond to stress stimuli such as cytokines by inducing 

the transcription of genes and miRNAs which subsequently coordinate their own downstream 

regulation. Therefore, the pharmacological inhibition of p38 resulting in a significant decrease 

in miR-224 expression, is suggestive that miR-224 transcription can be induced by the activity 

of p38 MAPK. Similarly, the fact that miR-21a expression was lower upon treatment with 

TNFα, a cytokine that induces necrosis and apoptosis, suggests that miR-21 levels are 

decreased by TNFα activity, which may be important in inflammatory cardiac remodelling such 

as post-MI. 
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Figure 3.12 MiRNA levels in human cardiac fibroblasts at 24 hours and 48 hours post-

p38 inhibitor or DMSO treatment. Human CFs were treated with 10µM SB203580 (p38 

inhibitor) or DMSO (vehicle control) and RNA was isolated at 24 (A) or 48 hours (B) post-

treatment. MiRNA levels were calculated by performing qRT-PCR and normalising levels to 

the housekeeping control, U6. Note the log10 scale. Horizontal bars indicate the mean value 

and error bars represent SEM. Group sizes; n=4. Paired t test performed on log transformed 

data (Y=Log(Y)). *P<0.05 and ns=not significant. 
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3.5 Discussion 

The aim of this chapter was to identify alterations in expression levels of miR-21a-5p, -214-

3p, -224-5p and -30d-5p in murine models of cardiac dysfunction, and to investigate 

expression levels and modulation of these miRNAs in mouse and human CFs. 

We have shown for the first time that ISO-induced miR-21a overexpression in murine models 

is dependent upon the expression of p38 MAPK in fibroblasts (Figure 3.1). The post-

transcriptional regulation of miR-21a is of particular interest in CVD and its aberrant expression 

has been detected in previous mouse models of cardiac dysfunction, although without 

elucidating the role of p38 MAPK. Increased expression of miR-21a was detected post-ISO 

infusion by both Thum et al. (2008) when looking at the left ventricular myocardium and Cao 

et al. (2017) when looking at rat CFs. In a model of MI, we found that miR-21a expression was 

increased in a mouse model at 3 days post-LAD ligation but was unchanged at 4 weeks post-

ligation (Figure 3.2 and 3.3). This was also found by Yuan et al. (2017) who found that LAD 

ligation increased miR-21a in the border and infarct zones at 3 days but interestingly they also 

found miR-21a was increased at 7 and 14 days post-ligation in the remote, border and infarct 

zones and Yang et al. (2018) made a similar finding, with miR-21a elevated from day 1 to 7 

but peaking at day 3 post-ligation. Dong et al. (2009) identified this same expression signature 

of elevated miR-21a levels in the early phase of AMI after performing a 341-miRNA expression 

signature array on RNA isolated from infarct, border, and non-infarct areas of rat left ventricles 

at 6 hours post-LAD ligation (miR-214 was also aberrantly expressed in this array). The group 

found that miR-21a was upregulated in the border but interestingly, downregulated in the 

infarct area. They then performed overexpression of miR-21 (by adenovirus-mediated miR-21 

gene transfer) in an in vivo model of LAD ligation and found that MI size was decreased by 

29% at 24 hours post-LAD ligation and that left ventricular dimension was reduced at 2 weeks 

post-LAD ligation. They demonstrated that the upregulation of miR-21 in the acute phase of 

MI protects against ischemia induced CM damage and apoptosis by targeting the programmed 

cell death 4 (PDCD4) and activator protein 1 (AP-1) pathway. In our model of hypertension, 

we did not find that Ang II infusion affected miR-21a expression at 4 weeks post-Ang II but in 

comparison, Watanabe et al. (2020) found an increase in miR-21a at 2 weeks post-Ang II 

infusion in mice and in the same paper, they also found in another model of hypertension that 

miR-21a was elevated at 4 weeks post-trans aortic constriction (TAC). Finally, miR-21a 

increase has also been found at 3 weeks post-TAC in a rat model where miR-21a was 

increased in rat ventricular fibroblasts specifically (Thum et al., 2008). 

Of all the miRNAs studied in CVD and in patient samples, miR-21a is one of the most 

researched. MiR-21a is highly implicated in CVD as it has been shown to respond to and 
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mediate stress signalling pathways to inhibit CM apoptosis and also activating CFs to MyoFbs 

and increasing myocardial fibrosis (Dai et al., 2020). Differential expression of miR-21a is 

identifiable across a range of CVDs in clinical samples. In atrial fibrillation (AF), the left atria 

from patients with AF showed 2.5-fold higher miR-21a expression compared to patients with 

normal sinus rhythm and interestingly, miR-21a expression was positively correlated with atrial 

collagen content (Adam et al., 2012) and (Chen et al., 2021) found that plasma miR-21a was 

increased in AF patients and increasing levels of circulating miR-21a correlated with higher 

risk of AF and left atrial fibrosis. Regarding coronary artery disease, Kumar et al. (2020) found 

that miR-21a was increased 2.46-fold in acute coronary syndrome (ACS) and 1.9-fold in stable 

angina. This is even further supported by an interesting publication from Zile et al. (2011) 

which found that miR-21a showed differential expression at different times post-MI, with a 

decrease in plasma miR-21a at 2 days and increased at 5 days but back to normal levels at 

day 90. Finally, miR-21a has been suggested as a promising biomarker in HF, as Zhang et al. 

(2017) found that miR-21a was associated with HF and also at predicting rehospitalisation 

with HF and Ding et al. (2020) found that miR-21a could be used in combination with other 

miRNAs as a biomarker for HF. 

We have shown that miR-21a expression is downregulated in human CFs after treatment with 

TNFα at 24 hours post-treatment, however it was unchanged after treatment with Ang II, ISO, 

IL1α, TGFβ and 10% FCS. TNFα is a proinflammatory cytokine that is elevated in patients 

suffering from HF and is associated with a decrease in survival (Dunlay et al., 2008). It is 

interesting to note that while TNFα is a driver of necrosis and apoptosis, miR-21a is associated 

with cell survival and proliferation and so have opposing effects on cells (Møller et al., 2019). 

Our finding that TNFα reduced miR-21 expression was also found by Zou et al. (2020) when 

investigating fibroblasts isolated from the hips of patients with ankylosing spondylitis. This 

group found that TNFα only reduced miR-21 expression at a concentration of 10ng/mL (the 

same concentration used in our investigation). Interestingly, they found that miR-21 levels 

were upregulated by a lower concentration of TNFα (0.1ng/mL). This suggests that the 

measurement of miRNA levels following TNFα treatment is concentration dependent. TNFα 

has also been investigated in the context of CMs by Palomer et al. (2015) also who used the 

AC16 cell line which is a proliferating human CM cell line although they found that miR-21 

levels were unchanged following treatment with 100ng/mL of TNFα. An investigation by Ning 

and Jiang (2013) supported our findings by showing that Ang II treatment of rat CFs did not 

affect miR-21a expression but conversely, Lorenzen et al. (2015) did find that Ang II treatment 

increased miR-21a expression in mouse CFs. In contrast to our finding that TGFβ did not 

affect miR-21a expression, Yuan et al. (2017) found that TGF-β1 increased miR-21a 

expression levels in rat CFs in a dose-dependent manner and peaking at 48-hours of 
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treatment, whereas our treatment was performed for up to 24 hours and Cao et al. (2017) also 

found TGF-β1 increased miR-21 in CFs after 24 and 48 hours of treatment. Research on 

treatment of CFs with ISO in vitro is lacking, for comparison, but in CMs, Sayed et al. (2008) 

found that ISO treatment of cultured neonatal CMs led to increase in miR-21a expression. 

The role of miR-214 in CVD is not clearly understood and the literature suggests that it could 

be either cardioprotective or pathological. There are two existing publications investigating the 

expression levels of miR-214 post-ISO infusion in rodents and both agree with the findings of 

the current investigation. Duan et al. (2015) found that miR-214 was increased by ~1.5-fold 

and ~2.5-fold in murine whole heart samples at both 2 weeks and 4 weeks post-ISO infusion 

and Sun et al. (2015) found miR-214 was increased by ~4.5-fold in rat myocardium at 7 days 

post-ISO infusion. This finding concurs with our own finding that miR-214 is increased in 

murine whole heart samples at 3 weeks post ISO infusion (Figure 3.1). MiR-214 expression 

was increased at 3 days post-LAD ligation but unchanged at 4 weeks post-ligation in the 

current investigation (Figure 3.2 and 3.3). This increase was similarly identified by Aurora et 

al. (2012) in the hearts of mice subjected to 45 minutes of ischemia and 1 or 7 days of 

reperfusion in a model of permanent or transient ligation of the LAD. Research on miR-214 

levels following the TAC model of hypertension is not in agreement, as Lv et al. (2018) found 

a 2-fold increase in mouse left ventricle following TAC surgery for 4 weeks however Yang et 

al. (2016) found a ~50% decrease in mouse hearts at 6 weeks post-TAC. They found that by 

treating with adenovirus-expressing miR-214 (Ad-miR-214) for 4 days prior to AMI, these rats 

were protected against left ventricular remodelling and showed decreased cardiac cell 

apoptosis and decreased infarct size. It was found that these effects were mediated by miR-

214 targeting the tumour suppressor, Pten, which encodes PTEN, an enzyme that usually acts 

by inhibiting proliferation and promoting apoptosis (Lu et al., 2016). There are also conflicting 

findings on the effect of Ang II infusion on miR-214 expression in mouse models. Tang et al. 

(2016) demonstrated a >50% reduction, but conversely Ding et al. (2021) reported a 4.88-fold 

increase and both involved 2 weeks of Ang II infusion. 

First, Duan et al. (2015) found that miR-214 levels were upregulated in patients with chronic 

HF compared to healthy controls however in comparison, circulating miR-214 expression was 

found to be lower in patients with coronary artery disease (CAD) and a drop in miR-214 is 

suggested as a loss of protection. Yin et al. (2019) investigated the miR-214 levels in the 

serum of elderly patients categorised as either AMI, unstable angina (UA), or healthy patients. 

They found that miR-214 expression levels were significantly upregulated in AMI patients 

compared to UA and healthy patients. They also found that the expression levels of miR-214 

were positively correlated with serological markers of AMI in AMI patients, including aspartate 
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aminotransferase (AST), lactate dehydrogenase (LDH), creatinine kinase-MB (CK-MB), 

cardiac troponin (cTnI). 

We found that miR-214 expression was unchanged after treatment with ISO, Ang II, IL1α, 

TNFα, TGFβ and 10% FCS. In comparison, Sun et al. (2015) performed in vitro ISO treatment 

in rat CFs and found there was a dose and time-dependent increase of miR-214 in response 

to 1µM and 10µM ISO and increasing at 6 hours, peaking at 24 hours and dropping at 48 

hours. We did not see any change in miR-214 and we also treated with 10µM ISO for 6 and 

24 hours. Although we found no change in miR-214 after treatment with TGFβ, Yang et al. 

(2019) did find that miR-214 was decreased in mouse CFs after treatment with 10ng/mL TGF-

β1 for 48 hours (to compare, we treated with 10ng/mL TGFβ for 24 hours). There is a lack of 

research on the treatment of isolated CFs with Ang II however in mouse ventricular myocytes, 

Tang et al. (2016) found that miR-214 was increased by Ang II treatment for 48 hours. 

We demonstrated for the first time that ISO infusion increases the expression levels of miR-

224 in mice (Figure 3.1). MiR-224, despite being of interest in the field of CVD, has not been 

extensively researched in in vivo models of HF. We did not however find any change in miR-

224 following LAD ligation and similarly, there is no existing research investigating the 

expression of miR-224 in MI models. Finally, we did not find any change in miR-224 

expression at 4 weeks post-Ang II infusion. There is however evidence of expression changes 

in a model of hypertension as Zheng et al. (2021) reported that miR-224 increased by ~2-fold 

after 28 days of TAC surgery. 

In regard to miR-224 expression in clinical samples, it was found by James et al. (2022) that 

miR-224 was the most differentially expressed circulating miRNA (out of a panel of 190 

miRNAs) in low coronary flow reserve (CFR) patients compared with high CFR patients. CFR 

is used as a measure of major adverse cardiac events (MACE) and patients who survive MI 

are at a high risk of developing MACE. The higher the CFR, the lower the risk of developing 

MACE and this research suggests that increased miR-224 is associated with poorer outcomes 

following MI. 

It was found that miR-224 expression levels are decreased in response to IL1α treatment in 

vitro, although not statistically significant (P=0.0778) (Figure 3.10). IL-1 has been shown to 

regulate various processes in CFs specifically, leading to increased release of 

proinflammatory cytokines, cell migration and ECM degradation and decreased ECM 

synthesis and MyoFb differentiation (Turner, 2014). In existing literature, the measurement of 

miR-224 specifically, or miRNA profiling in general, has not been performed following IL-1α/β 

stimulation. Ning and Jiang (2013) Ang II increased miR-224. Jiang et al. (2013) made a 
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similar finding when they found that miR-224 was upregulated in adult rat CFs but again, this 

experiment was an in vitro treatment for 24 hours. 

MiR-30d represents an exciting regulatory miRNA in response to ISO induced cardiac 

dysfunction as this miRNA (unlike the other three miRNAs investigated) is decreased following 

ISO infusion (Figure 3.1). Very recently, Li et al. (2022a) investigated miR-30d expression in 

in vivo models of both HF and hypertension. They found that miR-30d expression was 

decreased in hypertrophic hearts obtained from mice and rats after 2 weeks of ISO infusion 

as a model of HF. Interestingly, they found that overexpression of miR-30d in a transgenic rat 

model ameliorated cardiac hypertrophy and cardiac fibrosis from ISO infusion. We also found 

that miR-30d was unchanged in mice at 3 days post-LAD ligation but decreased at 4 weeks 

post-ligation in our in vivo model of MI. Interestingly, Li et al. (2021) found that transgenic miR-

30d overexpression was protective against cardiac hypertrophy and cardiac fibrosis in an 

ischemic MI model in rats, at 3 weeks post-MI and it was demonstrated that this protection 

was via miR-30d targeting of Map4k4 in CMs and Itga5 in CFs. Also, Roca-Alonso et al. (2015) 

found that miR-30d was decreased in adult rat ventricular myocytes isolated from rats at 3 

weeks post-doxorubicin and 4 weeks post-LAD ligation. We also demonstrated that miR-30d 

was decreased at 4 weeks post-Ang II infusion as a model of hypertension. The investigation 

by Li et al. (2022a) performed two models of hypertension in mice which were TAC and Ang 

II infusion. They found that miR-30d was consistently decreased in mice hearts and supported 

our findings by showing miR-30d was decreased at 4 weeks post-Ang II and 4 weeks post-

TAC which again supports our findings. 

The study performed by Li et al. (2022a) supports our findings for miR-30d expression at 4 

weeks. Huo et al. (2019) comparatively, performed an in vivo Ang II model by infusing with 

Ang II for with the same amount of Ang II infused in our experiment (1000ng/kg/minute), 

however they treated for 7 days, and 14 days as opposed to 4 weeks. Small RNA sequencing 

was performed to measure miRNA expression levels and none of miR-21a, -214, -224 or -30d 

were found to be changed by this treatment. The fact they did not detect a change in miR-30d 

levels like we did could be because, this treatment was at too early a stage to detect miR-30d 

change. Morishima and Ono (2021) also performed an Ang II infusion and measured miR-30d 

expression at 6 hours and 2 weeks post-infusion. They found that miR-30d was significantly 

upregulated at 2 weeks in the atrium but not the ventricles. These findings are valuable as 

they suggest that miR-30d is only decreased at later time points post-MI, HF, and 

hypertension. This supports the argument that miR-30d levels are increased as a regulator of 

repair although as the levels of miR-30d decrease at the later stages (such as 4 weeks) and 

at this later time point, the anti-apoptotic and anti-fibrotic effects of miR-30d are lost.  
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The circulating levels of miR-30d have been suggested as a prognostic biomarker for survival 

in acute HF. Xiao et al. (2017) found that miR-30d was significantly lower in the serum from 

patients who died during a 1-year follow up with acute HF compared to those who survived 

and the authors suggest miR-30d as a predictive marker for 1-year all-cause mortality in acute 

HF patients. This is in support of findings made by Melman et al. (2015) who found that plasma 

miR-30d level was associated with protection against deleterious TNF signalling and was 

associated with response to cardiac resynchronisation therapy (CRT) in HF patients with 

dyssynchrony (HFDYS). 

We did not find any effect on miR-30d expression in human CFs following treatment with Ang 

II, ISO, IL1α, TNFα, TGFβ or 10% FCS. This is in opposition to finding from Li et al. (2022a) 

who found that miR-30d was decreased in primary neonatal rat CMs (NRCMs) after in vitro 

treatment with Ang II treatment or phenylephrine (PE) treatment for 48 hours. Similarly, Roca-

Alonso et al. (2015) found that in vitro treatment of primary isolated adult rat ventricular 

cardiomyocytes (ARVCMs) with DOX (as an in vitro HF stimuli, similar to ISO) resulted in 

decreased expression of miR-30d. 

We found that miR-21a, -214 and -224 are enriched in murine CFs compared to endothelial 

cells (ECs) but not miR-30d (Figure 3.5). Interesting to note is that there have been numerous 

studies that have demonstrated the capability of cells to secrete miRNAs in EVs which can 

then act by paracrine signalling on other cell types. In fact the publication by Li et al. (2021) 

showed that miR-30d expressed and secreted by CMs acts on CFs in a murine model of 

cardiac hypertrophy. The authors even went on to confirm our findings by measuring miR-30d 

expression levels in both neonatal rat ventricular myocytes (NRVMs) and neonatal rat cardiac 

fibroblasts (NRCFs) at baseline or 24 hours after acute ischemic stress. They found that 

NRVMs showed increased expression of miR-30d after ischemic stress and increased miR-

30d packaged in EVs. In comparison, NRCFs showed significantly lower cellular pre–miR-

30d, mature miR-30d and EV packaged miR-30d both at baseline and no increases after 

ischemic stress. Also, after culture with conditioned media derived from these NRVMs, miR-

30d was found to target the integrin, Itga5 in NRCFs, which is a transmembrane receptor 

capable of sensing changes in the ECM and decreases in Itga5 resulted in decreased fibrosis. 

We have validated that the expression levels of miR-21a, -214, 224 and -30d are detectable 

in murine CFs and in human CFs (Figure 3.6 and 3.7). The most interesting finding from these 

investigations was that the relative expression levels between each of the miRs was the same 

for that in murine CFs and in human CFs. We importantly found that miR-214 was most highly 

expressed, miR-21 was second most, miR-30d was third most and miR-224 was the least 
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expressed in both murine CFs and human CFs. This finding provides added translatability to 

our investigations in mouse models and in mouse CFs to clinical relevance for human CFs. 

Our final investigation into the regulation of miRNAs in human CFs found that miR-224 

expression is decreased upon inhibition of p38 MAPK (Figure 3.12). This pharmacological 

inhibition of p38 MAPK mirrors the finding in our ISO infusion model that miR-224 expression 

was decreased in fibroblast specific p38 MAPK KO mice compared to WT mice (Figure 3.1). 

The three other miRNAs investigated remained unchanged. Antoon et al. (2013) have already 

shown that p38 inhibition can influence miRNA expression, inducing a decrease in miR-21a, 

and leads to functional changes, to the extent of reversing epithelial to mesenchymal transition 

(EMT). As we hypothesised that miR-21a, -214, -224 and -30d play important roles in 

regulating CF behaviour in cardiac remodelling, and as fibroblast to myofibroblast transition 

(FMT) is an important step in CF to MyoFb activation, this poses a potential mechanism for 

p38 and miRNA regulation in this process. The miRNA profiling after p38 inhibition of a 

chemoresistant breast cancer cell line (MCF-7TN-R) found that only miR-214 out of our four 

miRNAs of interest was changed and the expression levels of this miRNA were reduced. As 

the literature concerning miRNA expression following p38 inhibition is sparse, the identification 

of p38 dependent binding sites in miRNA promoters or repressors should be considered. 

Whitmarsh (2010) compiled a list of p38 MAPK dependent transcription factors (TFs) and each 

of the stresses their activation is induced by. There are TFs that are activated by all the 

stresses that activate p38 MAPK, which are Jun, Fos, Myc, Egr-1 and Maff. The current 

investigation used the online tool TransmiR (https://www.cuilab.cn/transmir) to investigate the 

existence of TF binding sites in each miR. While each of the miRNAs comprise of binding sites 

for a variety of p38 MAPK dependent TFs, all four miRNAs comprise of a binding site for the 

TF, Jun. However, only miR-224 was directly decreased in CFs in this investigation and the 

fact that p38α MAPK KO in fibroblasts decreased expression of all four miRNAs may be simply 

associated with the extent of remodelling rather than being due to p38 itself. 

This investigation found that the expression levels of miR-21a, -214, -224 and -30d were each 

affected by different in vivo models of cardiac dysfunction. In a model of HF, miR-21a, -214 

and -224 were increased at 3 weeks post-ISO infusion whereas miR-30d was decreased. In 

a model of MI, miR-21a and -214 were increased at 3 days post-LAD ligation and -30d was 

decreased at 4 weeks post-ligation. In a final model, of hypertension, miR-30d was decreased 

at 4 weeks post-Ang II infusion. In in vitro experiments of human CFs, it was found that TNFα 

treatment decreased miR-21a expression and that there was a trend of decreased miR-224 

after treatment with IL1α. It was also found that although miR-21a, -214, -224 and -30d 

expression levels returned to basal levels following ISO infusion in p38α MAPK KO mice, that 

treatment of human CFs with pharmacological inhibition of p38 MAPK decreased the 
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expression of miR-224 only. This chapter found that there are different expression signatures 

for each of the four miRNAs in response to different in vivo or in vitro triggers of cardiac 

dysfunction in whole heart and human CFs. Chapter 4 will investigate the effect of 

overexpressing or inhibiting each miRNA on gene expression, protein expression and 

regulation of human CF behaviour, relevant to cardiac remodelling. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



98 
 

Chapter 4 Investigating the influence of overexpressing and inhibiting miR-21a, -214, -

224 and -30d on human cardiac fibroblasts 

4.1 Introduction 

In Chapter 3, it was established that both mouse and human CFs express miR-21a-5p, -214-

3p, -224-5p and -30d-5p and that levels are modulated in models of cardiac dysfunction. This 

suggests that the miRNAs play a role in cardiac dysfunction/remodelling through modulation 

of CFs.  

One of the cell-type specific hallmarks of cardiac remodelling is a phenotypic switch of CFs 

into a MyoFb state. During the proliferative phase of cardiac remodelling, MyoFbs adopt a 

highly proliferative state compared to CFs in the healthy human heart (Humeres and 

Frangogiannis, 2019). MiR-21a is relatively well researched in the field of both CVD and 

cardiac remodelling specifically. In this research, fibroblast proliferation has been covered 

extensively and the findings largely support that miR-21a mediates increased proliferation. 

The first research identifying the role of miR-21 in CFs was conducted by Thum et al. (2008) 

who demonstrated that miR-21 is capable of regulating ERK MAPK activation in CFs via the 

inhibition of Spry1. The implication of this miR-21/ERK MAPK signalling cascade is that miR-

21 induces fibroblast survival and growth factor secretion that ultimately results in cardiac 

fibrosis and dysfunction. The importance of miR-21 in CFs was then demonstrated shortly 

thereafter when Roy et al. (2009) found that miR-21 regulates Mmp2, which has already been 

described as important for cardiac remodelling, via the inhibition of Pten. Cao et al. (2017) 

more recently demonstrated that miR-21a targeted the mRNA for the tumour suppressor cell 

adhesion molecule-1 (CADM1) and thus inhibited its expression. The subsequent downstream 

effect of this targeting resulted in enhanced expression of Signal transducer and activator of 

transcription 3 (STAT3) and knockdown of miR-21a resulted in decreased CF proliferation. 

Similarly, Zhou et al. (2018) found that TGF-β1 treatment resulted in an increase in the 

expression of miR-21a, a decrease in the notch signalling activation protein, Jagged1 (JAG1), 

and pivotally, an increase in CF proliferation. Interestingly, inhibition of miR-21a was found to 

increase Jag1 levels and decrease CF proliferation in rat CFs.  

A role for miR-214 in CF proliferation has also been reported by Sun et al. (2015) who 

demonstrated that ISO treatment increased both CF proliferation and miR-214 expression, 

suggesting that miR-214 acts mechanistically through inhibiting translation of the 

mitochondrial fusion protein, Mitofusin 2 (MFN2), to regulate ERK1/2 MAPK signalling and 

promote CF proliferation. Less is known about miR-224 and its role in regulating CF 

proliferation, however Ning and Jiang (2013) suggested that miR-224 may induce CF 

proliferation as it is upregulated in tumours and induces proliferation in this setting, as well as 
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being increased in CFs following Ang II treatment. Finally, miR-30d is not well understood in 

CFs however there has been demonstration that it inhibits proliferation in the pathology of 

cancer. Liang et al. (2021) reported that miR-30d inhibited proliferation and autophagy in renal 

cell carcinoma by targeting the mRNA for autophagy protein 5 (ATG5) and so it is possible 

that miR-30d plays a similar role in human CFs. 

Another important factor to consider for the regulation of these miRNAs in the context of 

cardiac remodelling is the expression of relevant genes. This is particularly important for two 

reasons. Firstly, gene expression changes may not necessarily result in phenotypic changes 

that can be measured by limited behavioural assays, and secondly because miRNAs act 

through the inhibition of protein translation through binding to mRNA and any direct binding 

and degradation of target mRNAs could be demonstrated through this assay. Because 

miRNAs also act by degrading mRNA, RT-PCR is useful to determine if miRNA effects are at 

the level of mRNA degradation or inhibition of protein translation. The MyoFb phenotype also 

demonstrates highly matrix-synthetic behaviours and as previously discussed, important 

proteins in the regulation of the ECM include the MMPs MMP-2, MMP-3 and MMP-9 (Page-

McCaw et al., 2007) as well as tenascin C (TNC) which has been researched as a potential 

biomarker for myocarditis (Imanaka-Yoshida et al., 2020). Similarly, there are also increases 

in the levels of the contractile protein α-SMA and collagens such as collagen type I (Shinde et 

al., 2017). The mRNA levels of these genes were therefore investigated following pre- and 

anti-miR transfection.  

IL-6 is an important signalling molecule in cardiac remodelling and has been demonstrated as 

a paracrine signalling molecule, released by CFs, and acting on CMs to induce cardiac 

hypertrophy (Bageghni et al., 2018). Interleukin-11 (IL-11), an IL-6 family member, is similarly 

another important signalling molecule in cardiovascular disease and cardiovascular fibrosis 

specifically (Schafer et al., 2017). In fact, it was demonstrated that upregulation of IL-11 occurs 

following exposure to TGFβ1 (a cytokine secreted by immune cells after cardiac injury and a 

stimulator of CFs). What is also important to note is that IL-11 and its receptor, IL11RA, are 

specifically expressed in fibroblasts and genetic deletion of Il11ra1 was found to protect 

against disease (with reduced ERK signalling) (Schafer et al., 2017). Due to the importance 

of these cytokines and their subsequent response through binding to their specific receptors, 

the mRNA levels of IL-6, IL6R, IL-11 and IL11RA were included in this investigation. 

CFs respond to stimuli of cardiac dysfunction, including triggers like hypertension and 

cytokines, by synthesising ECM proteins that mediate cardiac remodelling. Measuring mRNA 

levels for these ECM components is not sufficient and so the levels of IL-6 and MMP-2 protein 
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expression was measured in conditioned media to investigate the influence of each miRNA 

on their expression.  

Transfections were performed with pre-miRNAs to overexpress miRNA or anti-miRNAs to 

inhibit miRNAs to determine their regulatory roles. After validating successful transfections, 

this investigation sought to understand what influence these miRNAs have on human CF 

activity relevant to the cardiac remodelling process. 

4.2 Aims 

The main aims of this chapter were: 

• To validate the successful transfection of human CFs with pre-miRs and anti-miRs 

and measure the change in miRNA levels; 

• To determine the effect of specific miRNA overexpression on human CF proliferation 

rates; 

• To evaluate the pre- and anti-miR mediated change in mRNA expression levels of 

genes important to cardiac remodelling; 

• To measure the concentration of important cardiac remodelling proteins, in 

conditioned media, following miRNA overexpression and inhibition. 

4.3 Methods 

4.3.1 Generic methods 

Human CFs were isolated from RAA biopsies as described in Section 2.2. Human CFs were 

transfected with pre-miRNA and anti-miRNA as described in Section 2.8. Proliferation assays 

were performed following transfection, according to the method described in Section 2.8. RNA 

was isolated as described in Section 2.3 and miRNA and mRNA levels were quantified by 

qRT-PCR as described in Sections 2.5 and 2.6 respectively. IL-6 and MMP-2 ELISAs were 

performed as described in Sections 2.10 and 2.11 respectively. 

4.3.2 Fluorescence Microscopy 

Human CFs were grown to ~80% confluence in FGM, trypsinised and then diluted to 40,000 

cells in 8 mL FGM (5,000 cells/mL). Glass coverslips were sterilised and then one was placed 

per well for 8 wells of a 24-well plate. Using a 5mL stripette and mixing the cell solution each 

time, 1 mL of the 5,000 cell/mL solution was dispensed into 8 wells. The cell solution was 

dispensed so that all the solution remained above the coverslip. The plate was then gently 

agitated and incubated for 24 hours to allow cells to attach. After incubation the media was 

removed from each well and washed once with 1 mL PBS. Each well was then transfected 

with the Cy™3 Dye-Labeled Pre-miR™ Negative Control (30nM) according to the transfection 
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protocol previously stated in Section 2.8. At 48 hours post-transfection, growth media was 

removed and 1mL of 4% PFA (diluted in PBS) was added to fix the transfected cells to the 

coverslip. The coverslips were then viewed under a Zeiss Axio Observer microscope in order 

to view the fluorescently conjugated pre-miR negative control and calculate transfection 

efficiency. Transfection efficiency was calculated by studying five different fields of view, from 

three triplicate wells and counting the number of wells stained with DAPI and/or pre-miR-NC. 

The number of cells stained for fluorescent pre-miR were then calculated as a proportion of 

the total number of viable cells stained with DAPI ((number of cells stained with negative 

control / number of cells stained with DAPI) * 100 = transfection efficiency %). 

4.4 Results 

4.4.1 Confirming high transfection efficiency of human cardiac fibroblasts 

The transfection efficiency of human CFs was assessed by measuring the successful 

transfection of human CFs in culture with a Cy™3 Dye-Labeled Pre-miR™ Negative Control. 

The total number of live cells stained with DAPI and the number of cells incorporating the pre-

miR negative control were observed by fluorescence microscopy. All cells were found to 

contain punctate fluorescent labelling, so the transfection efficiency was effectively 100%. 

Figure 4.1 shows multiple human CFs with DAPI stained nuclei (blue) and each cell containing 

Cy3-labelled pre-miR negative control (red) at 20X magnification (Fig. 4.1A) and specifically 

focused on one cell at 40X magnification (Fig. 4.1B). 
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Figure 4.1 Transfection efficiency of human cardiac fibroblasts transfected with Cy3™ 

dye-labelled pre-miR negative control. Human cardiac fibroblasts were transfected with 

30nM Cy3™ dye-labelled pre-miR negative control (red) and stained with DAPI (blue) to 

assess the transfection efficiency of human CFs with miRNA mimics. Image viewed at 20X 

magnification (A) and 40X magnification (B). 
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4.4.2 MiRNA expression levels in human cardiac fibroblasts following pre-miR 

transfection  

The expression levels of each miRNA were investigated in human CFs post-transfection with 

specific pre-miRs or anti-miRs to validate whether miRNA expression levels and/or activity 

could be successfully modulated ahead of downstream investigations. The pre-miRs and anti-

miRNAs transfected were pre/anti-miR-NC (negative control), -21a-5p, -214-3p, -224-5p and 

-30d-5p. Expression levels of all 4 miRNAs were measured at 24 hours and 48 hours post-

transfection with pre-miRs.  

Transfection with pre-miR-21a resulted in significantly higher levels of miR-21a (560- and 700-

fold higher at 24 hours and 48 hours post-transfection respectively) as expected, but also led 

to an increase in miR-214 levels (40- and 50-fold higher at 24 hours and 48 hours post-

transfection respectively) compared to pre-miR-NC (Figure 4.2). MiR-224 and 30d levels were 

unaffected by pre-miR-21a transfection (Figure 4.2). 

Transfection with pre-miR-214 resulted in significantly higher levels of miR-214 (3,880 and 

4,290-fold higher at 24 hours and 48 hours respectively) compared to pre-miR-NC, without 

affecting levels of other miRNAs (Figure 4.3). 

Transfection with pre-miR-224 resulted in significantly higher levels of miR-224 (4,430 and 

12,960-fold higher at 24 hours and 48 hours respectively) and led to elevation of miR-30d (40-

fold higher at 24 hours and 48 hours) compared to pre-miR-NC (Figure 4.2). Mir-21a and 214 

levels were unaffected by pre-miR-224 transfection (Figure 4.4).  

Finally, transfection with pre-miR-30d resulted in significantly higher levels of miR-30d (9,360 

and 11,320-fold higher at 24 hours and 48 hours respectively) compared to pre-miR-NC, 

without affecting levels of the other miRNAs (Figure 4.5). 

To summarise, these findings demonstrate that each miRNA could be successfully 

overexpressed by transfecting with specific pre-miRs. It was also found that overexpression 

of each miRNA is maintained at 48 hours and these expression levels are higher than those 

seen at 24 hours. However, it is important to remember when discussing the effect of specific 

miRNA overexpression on mRNA and protein levels, that treatment with specific miRNAs has 

resulted in elevation of “off-target” miRNAs in some cases (pre-miR-21a elevating miR-214 

and pre-miR-224 elevating miR-30d). 
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Figure 4.2 MiRNA levels in human cardiac fibroblasts following transfection with pre-

miR-21a. Human CFs were transfected with 30nM pre-miR-NC or pre-miR-21a and RNA was 

isolated at 24 (A) or 48 (B) hours post-transfection. MiRNA levels were calculated by 

performing qRT-PCR and normalising levels relative to the housekeeping control, U6. 

Horizontal bars indicate the mean value and error bars represent SEM. Group sizes; n=3. 

One-way repeated measures ANOVA, with a Šidák multiple comparisons test, performed on 

log transformed data (Y=Log(Y)). *P<0.05 and **P<0.01. ns=not significant. 
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Figure 4.3 MiRNA levels in human cardiac fibroblasts following transfection with pre-

miR-214. Human CFs were transfected with 30nM pre-miR-NC or pre-miR-214-3p and RNA 

was isolated at 24 (A) or 48 (B) hours post-transfection. MiRNA levels were calculated by 

performing qRT-PCR and normalising levels relative to the housekeeping control, U6. 

Horizontal bars indicate the mean value and error bars represent SEM. Group sizes; n=3. 

One-way repeated measures ANOVA, with a Šidák multiple comparisons test, performed on 

log transformed data (Y=Log(Y)). *P<0.05 and ***P<0.001. ns=not significant. 
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Figure 4.4 MiRNA levels in human cardiac fibroblasts at following transfection with pre-

miR-224. Human CFs were transfected with 30nM pre-miR-NC or pre-miR-224-5p and RNA 

was isolated at 24 (A) or 48 (B) hours post-transfection. MiRNA levels were calculated by 

performing qRT-PCR and normalising levels relative to the housekeeping control, U6. 

Horizontal bars indicate the mean value and error bars represent SEM. Group sizes; n=3. 

One-way repeated measures ANOVA, with a Šidák multiple comparisons test, performed on 

log transformed data (Y=Log(Y)). *P<0.05, **P<0.01 and ***P<0.001. ns=not significant. 
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Figure 4.5 MiRNA levels in human cardiac fibroblasts at following transfection with pre-

miR-30d. Human CFs were transfected with 30nM pre-miR-NC or pre-miR-30d-5p and RNA 

was isolated at 24 (A) or 48 (B) hours post-transfection. MiRNA levels were calculated by 

performing qRT-PCR and normalising levels relative to the housekeeping control, U6. 

Horizontal bars indicate the mean value and error bars represent SEM. Group sizes; n=3. 

One-way repeated measures ANOVA, with a Šidák multiple comparisons test, performed on 

log transformed data (Y=Log(Y)). **P<0.01 and ***P<0.001. ns=not significant. 
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4.4.3 MiRNA expression levels in human cardiac fibroblasts following anti-miR 

transfection 

Anti-miRs function by binding to endogenous miRNAs to prevent them from targeting mRNA. 

Therefore, anti-miRs do not always reduce miRNA levels; however their binding may prevent 

reverse transcription of the specific miRNAs and this may be recognised as a decrease by 

qRT-PCR. MiRNA expression levels were measured at 48 hours post-transfection with anti-

miRs (Fig 4.6-4.9). Transfection with anti-miR-21a showed an apparent 4-fold increase in miR-

21 expression, although this was not close to significance (P=0.3) (Figure 4.6). Transfection 

with anti-miR-214 resulted in significantly lower levels of miR-214 (98.4% lower) and did not 

affect any other miRNAs (Figure 4.7). Transfection with anti-miR-224 did not reduce miR-224 

levels, but did result in significantly lower levels of miR-30d (48.2% lower) compared to anti-

miR-NC (Figure 4.8). Finally, transfection with anti-miR-30d resulted in significantly lower 

levels of miR-30d (98.3% lower), but also miR-21a (47% lower) and miR-214-3p (47% lower) 

compared to anti-miR-NC (Figure 4.9). 

To summarise, the transfection of CFs with anti-miRs produced variable results, as opposed 

to the consistent overexpression of miRNAs observed with pre-miR transfection (Figures 4.2-

4.5). The decrease in the levels of miR-214 and miR-30d following anti-miR-214 and anti-miR-

30d transfection respectively, were the only anti-miR transfections to result in a decrease in 

the levels of its relevant mature miRNA (Figure 4.7 and Figure 4.9). Interestingly, the anti-miR-

224 mediated decrease in miR-30d (Figure 4.8) is the reverse of what was observed with 

transfection of pre-miR-224 where miR-30d was increased (Figure 4.4). This could suggest 

that either pre-miR or anti-miR-224 are able to influence the expression levels of miR-30d 

directly or through their modulation of the levels of miR-224. The findings here show that miR-

214 and miR-30d expression levels were lower following anti-miR transfection, however, the 

fact that lower expression levels are not seen for miR-21a and miR-224 does not necessarily 

suggest that the anti-miRs are not inhibiting these miRNAs, as this binding does not 

specifically prevent transcription or degrade miRNAs. 
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Figure 4.6 MiRNA levels in human cardiac fibroblasts after transfection with anti-miR-

21a. Human CFs were transfected with 100nM anti-miR-NC or anti-miR-21a-5p and RNA was 

isolated at 48 hours post-transfection. MiRNA levels were calculated by performing qRT-PCR 

and normalising levels relative to the housekeeping control, U6. Horizontal bars indicate the 

mean value and error bars represent SEM. Group sizes; n=3. One-way repeated measures 

ANOVA, with a Šidák multiple comparisons test, performed on log transformed data 

(Y=Log(Y)). ns=not significant. 
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Figure 4.7 MiRNA levels in human cardiac fibroblasts following transfection with anti-

miR-214. Human (CFs) were transfected with 100nM anti-miR-NC or anti-miR-214-3p and 

RNA was isolated at 48 hours post-transfection. MiRNA levels were calculated by performing 

qRT-PCR and normalising levels relative to the housekeeping control, U6. Horizontal bars 

indicate the mean value and error bars represent SEM. Group sizes; n=3. One-way repeated 

measures ANOVA, with a Šidák multiple comparisons test, performed on log transformed data 

(Y=Log(Y)). ***P<0.001. ns=not significant. 
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Figure 4.8 MiRNA levels in human cardiac fibroblasts following transfection with anti-

miR-224. Human (CFs) were transfected with 100nM anti-miR-NC or anti-miR-224-5p and 

RNA was isolated at 48 hours post-transfection. MiRNA levels were calculated by performing 

qRT-PCR and normalising levels relative to the housekeeping control, U6. Horizontal bars 

indicate the mean value and error bars represent SEM. Group sizes; n=3. One-way repeated 

measures ANOVA, with a Šidák multiple comparisons test, performed on log transformed data 

(Y=Log(Y)). *P<0.05. ns=not significant. 
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Figure 4.9 MiRNA levels in human cardiac fibroblasts following transfection with anti-

miR-30d. Human (CFs) were transfected with 100nM anti-miR-NC or anti-miR-30d-5p and 

RNA was isolated at 48 hours post-transfection. MiRNA levels were calculated by performing 

qRT-PCR and normalising levels relative to the housekeeping control, U6. Horizontal bars 

indicate the mean value and error bars represent SEM. Group sizes; n=3. One-way repeated 

measures ANOVA, with a Šidák multiple comparisons test, performed on log transformed data 

(Y=Log(Y)). *P<0.05 and **P<0.01. ns=not significant. 
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4.4.4 Investigating the effect of miRNA modulation on human CF proliferation 

As has been previously described in this investigation, CF proliferation and changes in the 

rate of proliferation are directly influential in the development of cardiac remodelling. CFs are 

regulators of ECM remodelling and inducers of CM hypertrophy and so increases in 

proliferation will have an impact on each of these processes. One of the investigations into the 

role of these miRNAs in CFs during cardiac remodelling therefore sought to investigate the 

effect of overexpression through pre-miR transfection on cell counts after 7 days of culture. 

The presence of growth factors in FCS has been demonstrated as essential for CF survival 

and growth and so transfected CFs were grown in both SFM as a control and 2.5% FCS as a 

way to measure the influence of the miRNAs and increase the potential to uncover both pro- 

and anti-proliferative effects of the miRNAs. The number of cells cultured in 2.5% FCS was 

62% higher than those culture in SFM at day 7 for pre-miR-NC transfection (P=0.06), 

demonstrating the mitogenic effect of the serum (Figure 4.10-4.13). It was found that 

transfection with pre-miR-21a, -214, -224 or -30d did not lead to a significant change in the 

proliferation rate over a 7-day period in either SFM or 2.5% FCS. The number of cells at day 

7 for pre-miR-NC transfected CFs (cultured in 2.5% FCS) was 153% relative to day 0. The 

number of cells at day 7 (relative to day 0) for pre-miR-30d transfection, in comparison, was 

81% (Figure 4.13). Although it was not statistically significant, there appeared to be a trend of 

decreased proliferation over the 7-day period from pre-miR-30d transfection.  
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Figure 4.10 The effect of pre-miR-21a transfection on human cardiac fibroblast 

proliferation. Human CFs were transfected with 30nM pre-miR-NC or -21a-5p and incubated 

in either serum free media (SFM) or 2.5% foetal calf serum (FCS). Cell counts were performed 

on day 0 and day 7 post-transfection, with media changes performed on days 2 and 4. Cell 

counts were performed from triplicate wells using a haemocytometer and then averaged. 

Horizontal bars indicate the mean value and error bars represent SEM. Group sizes; n=4. 

One-way repeated measures ANOVA, with a Šidák multiple comparisons test, performed on 

log transformed data (Y=Log(Y)). ns=not significant. 
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Figure 4.11 The effect of pre-miR-214 transfection on human cardiac fibroblast 

proliferation. Human CFs were transfected with 30nM pre-miR-NC or -214-3p and incubated 

in either serum free media (SFM) or 2.5% foetal calf serum (FCS). Cell counts were performed 

on day 0 and day 7 post-transfection, with media changes performed on days 2 and 4. Cell 

counts were performed from triplicate wells using a haemocytometer and then averaged. 

Horizontal bars indicate the mean value and error bars represent SEM. Group sizes; n=4. 

One-way repeated measures ANOVA, with a Šidák multiple comparisons test, performed on 

log transformed data (Y=Log(Y)). ns=not significant. 
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Figure 4.12 The effect of pre-miR-224 transfection on human cardiac fibroblast 

proliferation. Human CFs were transfected with 30nM pre-miR-NC or -224-5p and incubated 

in either serum free media (SFM) or 2.5% foetal calf serum (FCS). Cell counts were performed 

on day 0 and day 7 post-transfection, with media changes performed on days 2 and 4. Cell 

counts were performed from triplicate wells using a haemocytometer and then averaged. 

Horizontal bars indicate the mean value and error bars represent SEM. Group sizes; n=4. 

One-way repeated measures ANOVA, with a Šidák multiple comparisons test, performed on 

log transformed data (Y=Log(Y)). ns=not significant. 
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Figure 4.13 The effect of transfection with pre-miR-30d on human cardiac fibroblast 

proliferation. Human CFs were transfected with 30nM pre-miR-NC or -30d-5p and incubated 

in either serum free media (SFM) or 2.5% foetal calf serum (FCS). Cell counts were performed 

on day 0 and day 7 post-transfection, with media changes performed on days 2 and 4. Cell 

counts were performed from triplicate wells using a haemocytometer and then averaged. 

Horizontal bars indicate the mean value and error bars represent SEM. Group sizes; n=4. 

One-way repeated measures ANOVA, with a Šidák multiple comparisons test, performed on 

log transformed data (Y=Log(Y)). ns=not significant. 
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4.4.5 Measuring the change in expression of cardiac remodelling relevant genes 

following pre-miR and anti-miR transfection 

  
Pre-
miR-21 

Pre-miR-
214 

Pre-miR-
224 

Pre-miR-
30d 

Anti-
miR-21 

Anti-
miR-214 

Anti-
miR-224 

Anti-
miR-30d 

MMP2       ˅         

MMP3     ˅           

TNC   ˄             

TGFB1                 

TGFB3                 

IL6 ˅ ˅ ˅           

IL6R ˅               

IL11 ˄               

ILL1RA                 

ACTA2               ˅ 

COL1A1   ˅             

AGTR1           ˄     

EDN1         ˄       

ITGA5     ˄ ˅         

Table 4.1 The direction of cardiac remodelling relevant gene expression change at 48 

hours post-transfection. Each cardiac remodelling relevant gene investigated is listed with 

whether it was increased or decreased at 48 hours post-pre-miR or -anti-miR transfection. 

 

It is important that ECM proteins are investigated as the dysregulation in their turnover is a 

hallmark of cardiac remodelling (Bonnans et al., 2014). Similarly, it has been demonstrated 

that miRNAs can mediate post-transcriptional regulation of specific ECM genes (Piperigkou 

and Karamanos, 2019). The first panel of mRNA expression that was investigated, following 

pre-miR or anti-miR transfection, was that of the ECM-related proteins, including: MMP-2, 

MMP-3 and TNC (Figure 4.14). MMP-2 mRNA levels first of all were significantly lower 

following the overexpression of miR-30d (45% decrease). MMP-3 mRNA levels on the other 

hand were significantly lower following pre-miR-224-5p transfection (88% decrease). This 

suggests that miR-224 also plays an inhibitory role in the expression of MMP-3. Since miR-

224 and miR-30d each decrease the levels of MMP-3 and MMP-2 respectively, this could be 

linked to the off-target effects of pre-miR-224 mediating an increase in miR-30d and anti-miR-

224 mediating a decrease in miR-30d, observed in Figure 4.4 and 4.8.  

Conversely, the levels of TNC mRNA were significantly higher following miR-214 transfection 

(4.5-fold increase) (Figure 4.14). This is a large increase in the expression levels of TNC, an 

ECM protein which has been suggested as an inducer of left ventricular remodelling post-MI 

(by macrophage polarisation) (Kimura et al., 2019). This could indicate that miR-214 acts in 

an opposing way to miR-224 and miR-30d in regulation of the ECM. In contrast to the effects 

of pre-miR transfection, there was no effect of anti-miR transfection on mRNA expression 

levels of MMP2, MMP3 or TNC (Figure 4.15). 
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Figure 4.14 Expression levels of ECM genes in human cardiac fibroblasts at 48-hours 

post-transfection with pre-miRs. Human CFs were transfected for 6 hours with 30nM pre-

miR-NC, -21a-5p, -214-3p, -224-5p or -30d-5p and RNA was isolated at 48 hours post-

transfection. Gene expression levels of MMP2 (A), MMP3 (B) and TNC (C) were calculated 

by performing qRT-PCR and normalising levels relative to the housekeeping control, GAPDH. 

Horizontal bars indicate the mean value and error bars represent SEM. Group sizes; n=4. 

One-way repeated measures ANOVA, with a Šidák multiple comparisons test, performed on 

log transformed data (Y=Log(Y)).*P<0.05 and ***P<0.001. ns=not significant. 
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Figure 4.15 Expression levels of ECM genes in human cardiac fibroblasts at 48-hours 

post-transfection with anti-miRs. Human CFs were transfected for 6 hours with 100nM anti-

miR-NC, -21a-5p, -214-3p, -224-5p or -30d-5p and RNA was isolated at 48 hours post-

transfection. Gene expression levels of MMP2 (A), MMP3 (B) and TNC (C) were calculated 

by performing qRT-PCR and normalising levels relative to the housekeeping control, GAPDH. 

Horizontal bars indicate the mean value and error bars represent SEM. Group sizes; n=3. 

One-way repeated measures ANOVA, with a Šidák multiple comparisons test, performed on 

log transformed data (Y=Log(Y)). ns=not significant. 
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The second panel included measuring mRNA levels for two of the members of the TGFβ 

family; TGFβ1 and TGFβ3. These proteins are multifunctional cytokines that have been 

studied extensively in CVD. TGF-β is a stimulator of FMT and leads to expansion of the MyoFb 

population (increasing the synthesis of α-SMA), as well as acting in a pro-fibrotic manner to 

increase expression of ECM proteins (Nagpal et al., 2016). Furthermore, TGFβ stimulates a 

signalling cascade that leads to SMAD molecule translocation to the nucleus, leading to their 

initiation of miRNA transcription (Saadat et al., 2020). It was therefore important to include 

these cytokines in the panel to investigate their effect on human CFs in vitro. What should be 

noted is that large SEMs exist for the measurement of TGFB1 and TGFB3 which may mask 

any real findings.   

Transfection with pre-miR-21a suggested a trend of higher levels of TGFB3 mRNA expression 

(1.6-fold higher) although this was not quite statistically significant, with a P value of 0.0539 

(Figure 4.16). Overexpression of the miRNAs, miR-214, -224 and -30d showed no change in 

the levels of either TGFB1 or TGFB3 at the time point studied (48 h). It appears therefore that 

none of the miRNAs influence TGFβ transcription. Similar to transfection with pre-miRs, 

transfection with anti-miRs for each of the miRNAs had no effect on the expression levels of 

TGFB1 or TGFB3 (Figure 4.17). 
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Figure 4.16 Expression levels of TGF-β genes in human cardiac fibroblasts at 48-hours 

post-transfection with pre-miRNA. Human CFs were transfected for 6 hours with 30nM pre-

miR-NC, -21a-5p, -214-3p, -224-5p or -30d-5p and RNA was isolated at 48 hours post-

transfection. Gene expression levels of TGFB1 (A) and TGFB3 (B) were calculated by 

performing qRT-PCR and normalising levels relative to the housekeeping control, GAPDH.  

Horizontal bars indicate the mean value and error bars represent SEM. Group sizes; n=4. 

One-way repeated measures ANOVA, with a Šidák multiple comparisons test, performed on 

log transformed data (Y=Log(Y)).  ns=not significant. 
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Figure 4.17 Expression levels of TGF-β genes in human cardiac fibroblasts at 48-hours 

post-transfection with anti-miRNA. Human CFs were transfected for 6 hours with 100nM 

anti-miR-NC, -21a-5p, -214-3p, -224-5p or -30d-5p and RNA was isolated at 48 hours post-

transfection. Gene expression levels of TGFB1 (A) and TGFB3 (B) were calculated by 

performing qRT-PCR and normalising levels relative to the housekeeping control, GAPDH. 

Horizontal bars indicate the mean value and error bars represent SEM. Group sizes; n=3. 

One-way repeated measures ANOVA, with a Šidák multiple comparisons test, performed on 

log transformed data (Y=Log(Y)). ns=not significant. 
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The third panel included the interleukin 6 family members, IL6 and IL11 and each of their 

receptors, IL6R and IL11RA. As discussed, IL-6 has been demonstrated as a paracrine 

signalling molecule, being synthesised and released by CFs, to act on CMs to induce 

hypertrophy, in pathological cardiac remodelling (Bageghni et al., 2018). IL-11 has been 

shown to be increased following TGFβ1 stimulation and induce IL-11 dependent pro fibrotic 

protein expression (Widjaja et al., 2021).  

Pre-miR-21a transfected CFs showed significantly lower levels of IL6 and IL6R mRNA (54% 

and 35% lower respectively) and significantly higher levels of IL11 mRNA (2.4-fold higher). 

Both pre-miR-214 and pre-miR-224 transfected CFs showed significantly lower levels of IL6 

mRNA (30% and 70% lower respectively) (Figure 4.18). There was no effect of anti-miR 

transfection on each of the interleukins or their receptors however there was a strong trend of 

lower levels of IL11 mRNA after anti-miR-30d-5p transfection (P=0.0539) (Figure 4.19). 
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Figure 4.18 Expression levels of interleukin and interleukin receptor genes in human 

cardiac fibroblasts at 48-hours post-transfection with pre-miRNA. Human CFs were 

transfected for 6 hours with 30nM pre-miR-NC, -21a-5p, -214-3p, -224-5p or -30d-5p and RNA 

was isolated at 48 hours post-transfection. Gene expression levels of IL6 (A), IL6R (B), IL11 

(C) and IL11RA (D) were calculated by performing qRT-PCR and normalising levels relative 

to the housekeeping control, GAPDH. Horizontal bars indicate the mean value and error bars 

represent SEM. Group sizes; n=4. One-way repeated measures ANOVA, with a Šidák multiple 

comparisons test, performed on log transformed data (Y=Log(Y)). *P<0.05. ns=not significant. 
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Figure 4.19 Expression levels of interleukin and interleukin receptor genes in human 

cardiac fibroblasts at 48-hours post-transfection with anti-miRNA. Human CFs were 

transfected for 6 hours with 100nM anti-miR-NC, -21a-5p, -214-3p, -224-5p or -30d-5p and 

RNA was isolated at 48 hours post-transfection. Gene expression levels of IL6 (A), IL6R (B), 

IL11 (C) and IL11RA (D) were calculated by performing qRT-PCR and normalising levels 

relative to the housekeeping control, GAPDH. Horizontal bars indicate the mean value and 

error bars represent SEM. Group sizes; n=3. One-way repeated measures ANOVA, with a 

Šidák multiple comparisons test, performed on log transformed data (Y=Log(Y)). ns=not 

significant. 
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The next panel looked at the MyoFb markers, ACTA2 and COL1A1. These MyoFb markers 

have been included to understand what role each of the four miRNAs may play in inducing the 

phenotypic switch to this fibrotic phenotype (FMT transition). ACTA2 specifically, is an 

important measure of this and is one of the hallmarks of the MyoFb, where increased 

expression levels are observed with both activation of CFs and expansion of CFs into this 

phenotype (Daseke et al., 2020). Transfection of CFs with pre-miR-214 resulted in significantly 

lower levels of COL1A1 mRNA (36% lower) without modulating ACTA2 mRNA (Figure 4.20). 

None of the other pre-miRs affected ACTA2 or COL1A1 mRNA levels (Figure 4.20).  

When CFs were transfected with anti-miR-30d, to inhibit endogenous miR-30d, the mRNA 

expression levels of ACTA2 were significantly lower with a decrease of 12% however it could 

be questioned whether this decrease is biologically significant (Figure 4.21). This is particularly 

interesting because existing research on miR-30d suggests that it is decreased in models of 

CVD, in agreement with the ISO infusion model performed by our group (Figure 3.1). Inhibition 

of miR-30d leading to a decrease in ACTA2 levels may indicate that endogenous miR-30d 

prevents ACTA2 levels from being down-regulated. This could be specific to endogenous 

levels however and miR-30d may play a role in maintaining a healthy level of CF activation. 
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Figure 4.20 Expression levels of myofibroblast marker genes in human cardiac 

fibroblasts at 48-hours post-transfection with pre-miRNA. Human CFs were transfected 

for 6 hours with 30nM pre-miR-NC, -21a-5p, -214-3p, -224-5p or -30d-5p and RNA was 

isolated at 48 hours post-transfection. Gene expression levels of ACTA2 (A) and COL1A1 (B) 

were calculated by performing qRT-PCR and normalising levels relative to the housekeeping 

control, GAPDH. Horizontal bars indicate the mean value and error bars represent SEM. 

Group sizes; n=4. One-way repeated measures ANOVA, with a Šidák multiple comparisons 

test, performed on log transformed data (Y=Log(Y)). *P<0.05. ns=not significant. 
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Figure 4.21 Expression levels of myofibroblast marker genes in human cardiac 

fibroblasts at 48-hours post-transfection with anti-miRNA. Human CFs were transfected 

for 6 hours with 100nM anti-miR-NC, -21a-5p, -214-3p, -224-5p or -30d-5p and RNA was 

isolated at 48 hours post-transfection. Gene expression levels of ACTA2 (A) and COL1A1 (B) 

were calculated by performing qRT-PCR and normalising levels relative to the housekeeping 

control, GAPDH. Horizontal bars indicate the mean value and error bars represent SEM. 

Group sizes; n=3. One-way repeated measures ANOVA, with a Šidák multiple comparisons 

test, performed on log transformed data (Y=Log(Y)). *P<0.05. ns=not significant. 
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Finally, other important genes relevant to cardiac remodelling were investigated including; 

angiotensin II receptor type-1 (AGTR1), endothelin 1 (EDN1) and integrin alpha 5 (ITGA5). 

ITGA5 was specifically studied due to existing research by Li et al. (2021) demonstrating that 

miR-30d acts on ITGA5 in CFs to inhibit proliferation, and therefore was included in part as a 

positive control.  

It was discovered that transfection with pre-miR-224 resulted in significantly higher levels of 

mRNA for ITGA5 (1.6-fold higher). Pre-miR-30d transfection conversely showed significantly 

lower levels of ITGA5 mRNA (44% lower) as expected (Figure 4.22). Treatment with the 

inhibitory anti-miR-21a resulted in significantly higher levels of EDN1 mRNA (1.1-fold higher). 

Finally, transfection with anti-miR-214 resulted in significantly higher levels of AGTR1 mRNA 

(1.1-fold higher) (Figure 4.23). In comparison, there were no pre-miR transfections that 

changed mRNA expression levels of either AGTR1 or EDN1. Similarly, no anti-miR 

transfections affected the levels of ITGA5 mRNA, despite seeing that pre-miR-224 and -30d 

changed their levels (Figure 4.23). 

To summarise, many differences were identified across all panels of gene expression explored 

for each of the four miRNAs overexpression and inhibitions. First, miR-21a overexpression 

resulted in lower mRNA levels of both IL6 and its receptor, IL6R, which would suggest that it 

could inhibit all elements of the IL6 signalling cascade (Figure 4.18). Interestingly, miR-21a 

overexpression increased the levels of IL11 mRNA. Inhibition of miR-21a on the other hand, 

resulted in higher levels of EDN1 mRNA (Figure 4.23).  

MiR-214 overexpression reduced levels of IL-6 mRNA, similar to miR-21a overexpression 

(Figure 4.18). Inhibition of miR-214 also yielded increased levels of AGTR1 mRNA, perhaps 

suggesting that miR-214 could mediate the degradation of the AGTR1 mRNA at endogenous 

levels (Figure 4.23). MiR-214 overexpression reduced COL1A1 and increased TNC (4.5-fold 

higher), without modulating ACTA2 mRNA. This means it did not affect MyoFb differentiation 

markers specifically but more so influencing the production of specific matrix molecules 

(Figure 4.14 and 4.20).  

MiR-224 overexpression, the same as with miR-21a and -214, resulted in lower levels of IL6 

mRNA (Figure 4.18). MiR-224 overexpression also led to decreased mRNA levels of the 

matrix protease MMP3 (Figure 4.14). Overexpression of miR-224 also resulted in higher levels 

of ITGA5 mRNA (Figure 4.22). Finally, miR-30d overexpression resulted in lower levels of 

MMP2 mRNA (Figure 4.14).  
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Figure 4.22 Expression levels of relevant cardiac remodelling genes in human cardiac 

fibroblasts at 48-hours post-transfection with pre-miRNA. Human CFs were transfected 

for 6 hours with 30nM pre-miR-NC, -21a-5p, -214-3p, -224-5p or -30d-5p and RNA was 

isolated at 48 hours post-transfection. Gene expression levels of AGTR1 (A), EDN1 (B) and 

ITGA5 (C) were calculated by performing qRT-PCR and normalising levels relative to the 

housekeeping control, GAPDH. Horizontal bars indicate the mean value and error bars 

represent SEM. Group sizes; n=4. One-way repeated measures ANOVA, with a Šidák multiple 

comparisons test, performed on log transformed data (Y=Log(Y)). *P<0.05 and **P<0.01. 

ns=not significant. 
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Figure 4.23 Expression levels of relevant cardiac remodelling genes in human cardiac 

fibroblasts at 48-hours post-transfection with anti-miRNA. Human CFs were transfected 

for 6 hours with 100nM anti-miR-NC, -21a-5p, -214-3p, -224-5p or -30d-5p and RNA was 

isolated at 48 hours post-transfection. Gene expression levels of AGTR1 (A), EDN1 (B) and 

ITGA5 (C) were calculated by performing qRT-PCR and normalising levels relative to the 

housekeeping control, GAPDH.. Horizontal bars indicate the mean value and error bars 

represent SEM. Group sizes; n=3. One-way repeated measures ANOVA, with a Šidák multiple 

comparisons test, performed on log transformed data (Y=Log(Y)). *P<0.05. ns=not significant. 

 

 

 

 

 

ns 

A – AGTR1 B – EDN1 

C – ITGA5 



133 
 

4.4.6 The effect of pre-miR and anti-miR transfection on IL-6 secretion in human 

cardiac fibroblasts  

As well as measuring the effect of pre-miR or anti-miR transfection on the expression levels 

of IL6 mRNA, the concentration of IL-6 protein in the conditioned media of transfected CFs 

was also measured 72 h after transfection. Experiments were performed in 10% FCS DMEM, 

the same serum conditions as for CFs transfected for RNA isolations and qRT-PCR analysis. 

Despite the RT-PCR gene expression data revealing decreases in IL6 mRNA levels in 

response to pre-miRs 21, 214 and 224 (Figure 4.18), there was no significant difference in the 

conditioned media IL-6 concentrations obtained from CFs transfected with any of the specific 

pre-miRs compared to pre-miR-NC transfection (Figure 4.24). Similarly, there were no 

significant differences observed when CFs were transfected with anti-miRs (Figure 4.25), in 

agreement with the RT-PCR data (Figure 4.19). Although there was an apparent increase in 

the concentration of IL-6 in anti-miR-21a transfected CFs (44.9 ng/mL) compared to anti-miR-

NC transfection (15.9 ng/mL) with a fold difference of 2.8, this had a P value of 0.8964 

indicating it is not a real difference and the apparent increase was skewed by an outlier where 

one patient showed particularly high levels of IL-6. 
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Figure 4.24 Interleukin-6 concentration in conditioned media taken from human cardiac 

fibroblasts at 72-hours post-transfection with pre-miRNAs. Human cardiac fibroblasts 

(CFs) were transfected for 6 hours with 30nM pre-miR-NC, -21a-5p, -214-3p, -224-5p or -30d-

5p and conditioned media was taken at 72 hours post-transfection. IL-6 concentration was 

calculated by performing a human IL-6 specific ELISA and performing four parameter logistic 

regression (4PL) from IL-6 standards. Horizontal bars indicate the mean value and error bars 

represent SEM. Group sizes; n=3. One-way repeated measures ANOVA, with a Šidák multiple 

comparisons test, performed on log transformed data (Y=Log(Y)). ns=not significant. 
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Figure 4.25 Interleukin-6 concentration in conditioned media taken from human cardiac 

fibroblasts at 72-hours post-transfection with anti-miRNAs. Human CFs were transfected 

with 100nM anti-miR-NC, -21a-5p, -214-3p, -224-5p or -30d-5p and conditioned media was 

taken at 72 hours post-transfection. IL6 concentration was calculated by performing a human 

IL-6 specific ELISA and performing four parameter logistic regression (4PL) from IL-6 

standards. Horizontal bars indicate the mean value and error bars represent SEM. Group 

sizes; n=3. One-way repeated measures ANOVA, with a Šidák multiple comparisons test, 

performed on log transformed data (Y=Log(Y)). ns=not significant. 
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4.4.7 The effect of pre-miR and anti-miR transfection on MMP-2 secretion in human 

cardiac fibroblasts 

MMP-2, similar to IL-6, is a secreted protein and so the expression levels in conditioned media 

obtained from human CFs was measured. The only miRNA transfection to have an affect on 

MMP-2 expression was pre-miR-214. Overexpression of miR-214 resulted in a signficantly 

higher concentration of MMP-2 (1.3 fold higher) (Figure 4.26). In comparison, there was no 

anti-miR transfection that had an effect on MMP-2 either on the mRNA level (Figure 4.15) or 

the protein level (Figure 4.27). 

 

ELISAs for IL6 and MMP2 have allowed an investigation into the levels of secreted proteins 

present in the conditioned media which otherwise may not be identified from other methods 

for protein analyses (such as Western Blot or TMT proteomics; see Chapter 5). When 

comparing any changes observed for IL-6 at the mRNA or protein level, it was found that 

overexpression of miR-21a, -214 and -224 showed lower levels of IL6 mRNA (Figure 4.18) 

however there was no change observed in IL-6 protein expression (Figure 4.24). These results 

demonstrate that the decreased expression of IL6 mRNA does not manifest as changes in 

protein secretion. In terms of MMP2, miR-30d overexpression led to significantly lower levels 

of MMP2 mRNA (45% lower) (Figure 4.14). MMP-2 protein expression on the other hand, was 

significantly increased following miR-214 overexpression.  
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Figure 4.26 MMP-2 concentration in conditioned media obtained from human cardiac 

fibroblasts following pre-miR transfection. Human (CFs) were transfected with 30nM pre-

miR-NC, -21a-5p, -214-3p, -224-5p or -30d-5p and conditioned media was taken at 72 hours 

post-transfection. MMP-2 concentration was calculated by performing a human MMP-2 

specific ELISA and performing four parameter logistic regression (4PL) from MMP-2 

standards. Horizontal bars indicate the mean value and error bars represent SEM. Group 

sizes; n=3. One-way repeated measures ANOVA, with a Šidák multiple comparisons test, 

performed on log transformed data (Y=Log(Y)). *P<0.05. 
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Figure 4.27 MMP-2 concentration in conditioned media obtained from human cardiac  

fibroblasts following anti-miR transfection. Human (CFs) were transfected with 100nM 

anti-miR-NC, -21a-5p, -214-3p, -224-5p or -30d-5p and conditioned media was taken at 72 

hours post-transfection. MMP-2 concentration was calculated by performing a human MMP-2 

specific ELISA and performing four parameter logistic regression (4PL) from MMP-2 

standards. Horizontal bars indicate the mean value and error bars represent SEM. Group 

sizes; n=3. One-way repeated measures ANOVA, with a Šidák multiple comparisons test, 

performed on log transformed data (Y=Log(Y)). ns=not significant. 
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4.5 Discussion 

 

The aim of this chapter was to validate the successful transfection of human cardiac fibroblasts 

with pre-miRs and anti-miRs for miR-21a, -214, -224 and -30d and to investigate the effect of 

this transfection on human CF proliferation and the expression of genes and proteins relevant 

to cardiac remodelling. 

 

Human CFs were successfully transfected with pre-miRNAs, leading to large increases in 

each miRNA compared to basal levels. The increases of each miRNA ranged between 700-

fold and 12,960-fold higher at 48 hours post-transfection. The intention of these increases is 

to make the downstream effects of these miRNAs easily detectable. However, it is important 

to consider the difference between the increases measured in the current investigation and 

those seen in models of cardiac dysfunction, either in vitro or in vivo. In our own investigation, 

ISO infusion increased the levels of miR-21a, -214 and -224 by 1.9-fold, 1.8-fold and 1.6-fold 

respectively (Figure 3.1) and LAD ligation increased the levels of miR-21a and -214 by 2.5-

fold and 2.7-fold (Figure 3.2). These magnitudes of fold change have been demonstrated by 

other groups, for example Cheng et al. (2007) found miR-21a and -214 were increased 4-fold 

and 3-fold respectively at 7 days post-trans aortic banding (TAB) and van Rooij et al. (2006) 

found miR-21a and -214 were increased 8.5-fold and 7-fold at 21 days post-TAB. A similar 

increase was reported by Sayed et al. (2007) who found that miR-21a and -214 were 

increased by 2-fold and 2.5-fold respectively at 7 days post-TAC. The effect of cardiac 

dysfunction models has not been as extensively researched for miR-224 or -30d. However, 

Zheng et al. (2021) found miR-224 was increased by ~2-fold after 28 days of TAC surgery and 

Ning and Jiang (2013) showed that miR-224 was increased by around 1.7-fold after in vitro 

treatment of adult rat CFs with Ang II. It is apparent therefore that the increases mediated by 

transfection of pre-miRs are supra-physiological but nevertheless provide important 

information for detecting subtle and large changes in mRNA and protein expression. 

 

It was found in exceptional cases that pre-miRNA and anti-miRNA transfections resulted in 

off-target changes in miRNA expression. Specifically, pre-miR-21a-5p transfection increased 

miR-21a (560-fold and 700-fold higher at 24 hours and 48 hours respectively) and miR-214 

levels (40-fold and 50-fold higher at 24 hours and 48 hours). Also, pre-miR-224-5p transfection 

increased miR-224 (4,430 and 12,960-fold higher at 24 hours and 48 hours) and miR-30d (40-

fold higher at 24 hours and 48 hours). Similarly, transfection with anti-miR-224-5p led to a 

decrease in expression of miR-30d, meaning miR-30d levels were regulated by both miR-224 

transfections. Finally, anti-miR-30d-5p transfection led to a decrease in miR-21a, -214 and -

30d. The capability of miRNAs to regulate the expression of other miRNAs has been 



140 
 

demonstrated and is a process known as miRNA:miRNA interaction (Lai et al., 2004). These 

interactions take the shape of miRNA duplexes where one miRNA binds to a miRNA that 

shares complementarity and prevents it from being loaded into the RISC and is therefore 

unable to target mRNA. In our case however, miRNA overexpressions were causing the 

overexpression of other miRNAs. This type of network has been demonstrated by Borzi et al. 

(2017) who found that miR-660-5p overexpression resulted in increased expression of miR-

486-5p. This network involved miR-660-5p silencing Mouse Double Minute 2 (MDM2) and 

then stimulating p53 to increase miR-486-5p in the lung cancer cell line, A549. Our pre-

miRNAs may therefore modulate the regulators of other miRNAs, such as promoters or 

repressors. Such a network has not been demonstrated for our miRNAs in existing literature 

and so this could be a novel finding from the present investigation. We used the 

miRNA/transcription factor (TF) prediction tool transmiR (https://www.cuilab.cn/transmir) to 

identify that hypoxia-inducible factor 1-alpha (HIF1A) upregulates miR-214 expression. 

Overexpression of miR-21a has been demonstrated to increase HIF1A levels and this could 

be a way in which off-target effects are observed (Liu et al., 2014). It is important to consider 

whether the detected effects from pre-miR transfection are attributable to that specific miRNA 

or the off-target miRNA that is also changed. 

 

We found that pre-miR transfection led to higher expression levels at 48 hours compared to 

24 hours. Therefore we investigated the effect of transfections on gene expression at 48 hours 

post-transfection. This decision is supported by numerous publications that involve 

measurement of mRNA targets at 48 hours post-transfection (Bertero et al., 2012) (Armada et 

al., 2019) (Jafari et al., 2021). In contrast, we investigated the effect on IL-6 and MMP-2 

secretion at 72 hours post-transfection. This was because protein translation takes place 

following transcription and it was rationalised that any changes in protein expression would 

occur after post-transcriptional regulation was at its highest activity. Again, this time point for 

the investigation of pre-miR transfection on protein expression in harvested conditioned media 

has been chosen by numerous other research groups (Turchinovich et al., 2011) (van Balkom 

et al., 2013) (Almeida et al., 2016) (Wang et al., 2016).  

 

We found that pre-miR-21a transfection reduced the expression of IL6 and IL6R mRNA and 

increased expression of IL11 mRNA. All other panels of genes including ECM and MyoFb 

markers were unchanged. This suggests miR-21a primarily regulates cytokines of the IL-6 

family in human CFs. Our finding is supported by multiple groups that demonstrate miR-21a 

targeting of IL6 as an important response to DAMPs. Liu et al. (2021) found that miR-21a 

expression negatively correlated with IL6 mRNA and that miR-21a mimic treatment was able 

to reverse an increase in IL6 caused by lipopolysaccharide (LPS). Furthermore, Yang et al. 
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(2018) found that miR-21a mimics decreased IL6 in response to the DAMPs, high mobility 

group protein B1 (HMGB1) and heat shock protein 60 (HSP60) that were released in an MI 

model. The direct targeting of IL6R by miR-21a was identified by Wang et al. (2018b) through 

a luciferase reporter assay and they demonstrated this degradation suppressed cell 

proliferation, migration and invasion. We used the miRNA to mRNA prediction database, mirdb 

(mirdb.org), to identify a seed sequence of “ATAAGCTA” in the IL6R 3’ UTR. No seed 

sequence exists in the IL6 3’ UTR however which suggests there is an indirect regulation for 

this mRNA. These findings are in contradiction to those made by Mirna et al. (2022). 

 

Our investigation is the first to confirm overexpression of miR-21a overexpression increases 

the levels of IL11 mRNA. IL-11 has been shown to induce fibrosis in CVD and its inhibition 

has been suggested as a therapeutic strategy (Schafer et al., 2017). This increase could be 

due to miR-21a regulating the expression of a TF that suppresses IL11 expression. In fact, it 

was found by Shin et al. (2012) that there are two binding sites for the TF, activator protein 1 

(AP-1) upstream of IL11 and Zhou et al. (2011) found that overexpression of miR-21a can 

increase the expression of AP-1, suggesting that a miR-21a/AP-1/IL-11 signalling axis could 

exist. The reason why miR-21a decreased mRNA expression of IL6 and IL6R, while increasing 

IL11 in human CFs could be because immune cells predominantly express IL6 whereas 

fibroblasts predominantly express IL11 (Cook and Schafer, 2020). 

 

Overexpression of miR-214 was similarly found to decrease expression of IL6 mRNA. There 

is little literature reporting on miR-214 and IL6 and of that literature, results are conflicting. He 

et al. (2020) demonstrated that inflammatory smooth muscle cells stimulated with TNFα 

produced an increase in IL6 however this increase was ameliorated by transfection with miR-

214 mimic. A similar finding was reported by Xu et al. (2022) who found that miR-214 mimic 

ameliorated an increase in IL6 induced by LPS in the HD11 cell line. Conversely, Polytarchou 

et al. (2015) demonstrated a pre-miR-214 induced ~4-fold increase of IL6 in a colonic epithelial 

cell line. These differing results could suggest cell type specific differences in the way that 

miRNAs regulate gene expression. 

 

We have shown for the first time that overexpression of miR-214 increases the expression of 

the matricellular ECM protein, TNC. The increase induced by miR-214 is particularly large and 

is 4.5-fold higher than in the control transfection. TNC is upregulated in and secreted by 

fibroblasts in response to mechanical stress and wound healing (Zhao et al., 2017a). TNC is 

increased early in wound healing (Latijnhouwers et al., 1997) and this has been demonstrated 

in the border zone of rats, detected as early as 24 hours after LAD ligation, down-regulated at 

7 days and near undetectable at 14 days (Imanaka-Yoshida et al., 2001). This is interesting 
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because in the current investigation, miR-214 expression was increased at 3 days post-LAD 

ligation and unchanged at 4 weeks and so this early increase in TNC could be induced by 

miR-214. Importantly for our investigation, there are several publications reporting on the role 

of TNC in CFs, with Maqbool et al. (2016) demonstrating that TNC upregulates the 

proinflammatory cytokine IL-6 and the ECM protein MMP-3, and Imanaka-Yoshida et al. 

(2001) suggested that TNC upregulation in MI may be important for the differentiation of 

interstitial resident fibroblasts into MyoFbs. Interestingly, miR-214 upregulation has been 

shown to induce differentiation of lung fibroblasts into MyoFbs in the context of pulmonary 

fibrosis (where it is referred to as a fibromiR) (Savary et al., 2014) and Cheng et al. (2022) 

demonstrated that overexpression of miR-214 reduced the infarct size in a ligation model of 

myocardial ischemia and reperfusion in rats. TNC upregulation has been identified as a 

response to ECM stiffness and in fact Miroshnikova et al. (2016) have demonstrated that miR-

203 upregulated TNC by in turn upregulating HIF-1α which is interesting because Li et al. 

(2019) have shown that miR-214 itself can upregulate HIF-1α. 

 

We have also shown that overexpression of miR-214 decreased the mRNA expression of 

COL1A1. As described in the introduction, COL1A1 is one of the main components of the 

ECM and is a subtype of collagen that is expressed and secreted by CFs. Its expression is 

then upregulated after differentiation of CFs into the MyoFb phenotype which is highly matrix 

synthetic. Increased expression has been identified in mouse models of cardiac dysfunction, 

for example Zhu et al. (2016) showed COL1A1 increased in fibrotic mouse myocardium after 

2 weeks of Ang II infusion and Yang et al. (2020) showed increased COL1A1 expression in 

rat heart tissue after 10 days of ISO infusion. The expression of COL1A1 has been linked to 

HF in patients. This was demonstrated by Felkin et al. (2009) who found that COL1A1 

expression was higher in patients who didn’t recover after treatment for dilatic cardiomyopathy, 

and Hua et al. (2020) found that COL1A1 was increased in left ventricular heart tissue from 

HF patients and was associated with fibrosis. Based on these findings, COL1A1 has been 

suggested as a prognostic biomarker in HF. There are two publications that support our 

finding. First of all Zhu et al. (2016) found that transfection of an miR-214 mimic in mouse 

myofibroblasts decreased the expression of COL1A1, and Li et al. (2017) showed miR-214 

targeted COL4A1 as a mechanism to decrease COL1A1 expression. In fact, our TMT 

proteomics results (discussed in Chapter 5) found that miR-214 overexpression decreased 

COL1A1 expression which demonstrates that this reduction in mRNA expression translates to 

protein expression. MiR-214 regulation of COL1A1 expression therefore represents an 

interesting therapeutic target. 
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We demonstrated that miR-224 overexpression also resulted in a decrease in IL6 mRNA. We 

found that miR-224, along with miR-21a and -214, all decreased IL6 mRNA, but miR-30d did 

not. Interestingly, miR-21a, -214 and -224 were increased in our ISO infusion model but -30d 

was not, perhaps indicating a link between this HF model and the upregulation of miRNAs that 

regulate IL6. There are no publications demonstrating a role for miR-224 in regulating IL6 

expression. However, An et al. (2021) demonstrated that IL-6 can induce miR-224 expression 

and then miR-224 targets and decreases expression of SMAD4 (a member of the TGF-β 

signalling pathway) which is interesting because inhibition of SMAD4 by siRNA reduced IL-6 

expression (Yamada et al., 2013). SMAD4 has been validated as a target of miR-224 by 

numerous studies and so a potential regulatory axis could exist whereby miR-224 regulates 

IL6 through a negative feedback loop (Yao et al., 2010) (Zhang et al., 2013) (Ma et al., 2018). 

 

The present investigation is the first to show that miR-224 decreases the expression of MMP3, 

with a decrease of 88%. The MMP-3 protein (also known as stromelysin-1) is an enzyme that 

is secreted by CFs and acts by regulating ECM breakdown, specifically of collagen, 

fibronectin, laminins, proteoglycans, and vitronectin (Visse and Nagase, 2003). This activity 

means that MMP-3 is implicated in ECM turnover, and MMP-3 activity appears to be 

particularly important in the chronic phase of remodelling, as Samnegård et al. (2006) 

demonstrated MMP-3 serum concentration was significantly increased at 3 months post-MI 

but was low compared to time of admission and 48 hours post-admission. There was a 

particularly interesting finding by Philippe et al. (2012) that miR-19 directly targets TLR2 which 

leads to a decrease in both IL6 and MMP3 mRNA in fibroblast-like synoviocytes and TLR2 

has been shown to mediate inflammation by responding to the DAMP, HSP70, and inducing 

cardiac hypertrophy in response to pressure overload (Higashikuni et al., 2013). This is 

interesting because Li et al. (2020) validated TLR2 as a direct target of miR-224 and in this 

same study also showed that MMP9 expression was reduced via this targeting. This suggests 

that miR-224 could regulate the expression of both IL6 and MMP3 by directly targeting TLR2 

in a response to inflammatory stimuli released in response to cardiac injury. 

 

We have demonstrated that miR-224 overexpression leads to an increase in mRNA 

expression of ITGA5. Integrins are transmembrane cell adhesion molecules that are the 

principle receptors required by cells for binding to the ECM and bridging this connection to the 

cytoskeleton (Schwartz, 2010). Integrins have been demonstrated as responders to multiple 

types of CVD, for example in cardiac hypertrophy (Brancaccio et al., 2006) and in hypertension 

(Heerkens et al., 2007). The importance of integrins in CFs in inducing cardiac remodelling 

has also been demonstrated as Hsueh et al. (1998). They found that activation of the integrins 

ανβ3 by fibronectin and β1 by collagen enhanced MAP kinase activity in rat CFs and that 
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integrin signalling propogated Ang II signalling to stimulate CF growth. Whereas a miR-224 

increase in ITGA5 has not been observed previously, Chen et al. (2013) did suggest that miR-

224 decreased integrin alpha M (ITGAM) by investigating computationally predicted integrin α 

subunits-targeting miRNAs and we found using the tool miRdb that miR-224 is predicted to 

bind to ITGA6 and ITGA10. It could be that miR-224 regulates the epigenetics of integrins so 

that there is a bias towards expression of ITGA5 and against ITGAM, ITGA6 and ITGA10 to 

favour binding of fibronectin (Schumacher et al., 2021). 

 

Finally, as we discuss the effect of miR-30d overexpression, we can see that both MMP2 and 

ITGA5 mRNA were decreased by 45% and 44% respectively, and both of these genes encode 

for proteins important in the role of CFs and the ECM. Overexpression of MiR-30d has been 

shown to decrease MMP-2 protein expression in a Ewing’s sarcoma (ES) cell line which 

resulted in suppression of invasion and migration (both behaviours which are exhibited by 

activated CFs in cardiac remodelling (Ye et al., 2018)) and transfection with a miR-30d mimic 

in a colorectal cancer (CRC) cell line decreased expression of MMP-2 as well as other Wnt 

signaling-associated proteins, including; β-catenin, cyclin D1, c-Myc and MMP9 (Yan et al., 

2017). It was suggested that this effect on MMP-2 in CRC was due to miR-30d targeting liver 

receptor homologue‑1 (LRH‑1). MMP-2 is one of the most researched MMPs in CVD and its 

role in cardiac dysfunction has been demonstrated in mouse models, including ischemia and 

reperfusion injury in rats where MMP-2 peaked at 2-3 minutes after reperfusion and induced 

injury (which is preventable with MMP-2 inhibition) (Cheung et al., 2000). Furthermore, 

Matsumura et al. (2005) showed that MMP-2-KO mice were protected in a LAD ligation model 

of MI by preventing cardiac rupture, and reduced macrophage infiltration. This regulation, 

combined with the fact that miR-30d expression is decreased in the three cardiac dysfunction 

models performed in the present investigation (ISO infusion, LAD ligation and Ang II infusion), 

suggests that miR-30d upregulation could be a therapeutic modality in regulating pathological 

remodelling. 

 

We have demonstrated that miR-30d overexpression decreases expression of ITGA5 mRNA. 

This activity of miR-30d has been demonstrated previously in the literature, with Croset et al. 

(2018) identifying ITGA5 downregulation after overexpression of the entire miR-30 family in a 

human breast cancer line but more importantly, by Li et al. (2021) who confirmed by luciferase 

reporter assay that miR-30d, specifically, directly targeted ITGA5 in HEK293 cells. In fact, the 

latter publication demonstrated that miR-30d overexpression in mouse CFs attenuated a 

TGFβ1 mediated increase in Itga5. The functional effect of this targeting in CFs was decreased 

activation of the TGFβ pathway, decreased proliferation and decreased fibrosis. This 

highlights an important role for miR-30d in regulating how CFs respond to the ECM and the 
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pathways it then regulates. More recent work by Hu et al. (2022) found that miR-30d also 

decreases expression of GALNT2 which subsequently prevents its ability to glycosylate ITGA5 

and resulted in similar suppresssion of proliferation, migration, and invasion but also induced 

apoptosis and cell-cycle arrest. As proliferation, migration and invasion are behaviours that 

are increased in MyoFbs during cardiac remodelling, this demonstrates that miR-30d 

regulates gene expression to suppress behaviours that would induce pathological 

remodelling.  

 

Finally, we saw that inhibition of miR-30d resulted in a decrease in mRNA expression of 

ACTA2, the gene coding for α-SMA. This was a 12% decrease in expression and so it is 

questionable whether this has biological relevance for either CF behaviour or cardiac 

remodelling as a whole. ACTA2 is used as a marker of MyoFb differentiation and upregulation 

is associated with an increase in the activation of CFs and occurs in response to injury and 

ther release of proinflammatory cytokines (Bachmann et al., 2022). Very interestingly, the 

downregulation of ITGA5 and upregulation of ACTA2 appear to be related. Shochet et al. 

(2020) found that silencing of ITGA5 resulted in an increase in ACTA2 and differentiation to a 

MyoFb phenotype and this has led to ITGA5 being considered as a therapeutic target in 

idiopathic pulmonary fibrosis (IPF). The inhibition of miR-30d leading to a decrease in ACTA2 

could be because its activity in decreasing the expression of ITGA5 has been lost and this 

would be suggestive of a role for miR-30d in inducing a MyoFb phenotype in CFs. 

 

We found that the secretion of IL-6 protein was not changed after overexpression or inhibition 

of any of the four miRNAs. This was despite overexpression of miR-21a, -214 and -224 all 

decreasing the expression of IL6 mRNA. The reason for this could be that secreted IL-6 should 

be measured at a different time point than 72 hours post-transfection or that the post-

transcriptional regulation of IL6 mRNA does not necessarily manifest in an affect on protein 

translation and/or secretion. In regards to miR-21a specifically, Ge et al. (2020) and Lu et al. 

(2020) found that miR-21a inhibition reduced IL-6 secretion when challenged with LPS. 

Similarly, Hu et al. (2018) desmonstrated that miR-214 overexpression increased IL-6 

secretion in response to LPS. This finding demonstrates that miRNA induced changes on 

gene expression do not necessarily reflect in changes in protein expression. Tasaki et al. 

(2022) developed a model for predicting protein expression based on the transcriptome profile 

of a cell with the underlying hypothesis that protein expression is not just determined by mRNA 

expression coding the protein itself but also the entire transcriptomic profile of the tissue. This 

is particularly relevant for IL-6 as it is a proinflammatory cytokine and its expression after 

challenge with DAMPs could be regulated differently by miRNAs than its expression at basal 

levels. 
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We have discovered for the first time that miR-214 overexpression leads to increased 

secretion of MMP-2. Although the effect of miR-214 on MMP2 mRNA and MMP-2 protein 

expression has been demonstrated, this is the first time that effects on secretion have been 

detected. This finding, along with the miR-214 mediated increase in TNC mRNA expression, 

demonstrates that miR-214 upregulates the expression of mRNA and/or protein important for 

ECM regulation. This has functional effects on cell migration and invasion and Zhang et al. 

(2019) found that inhibiting miR-214 led to a decrease in MMP-2 expression and decreased 

the viability, migration and invasion of cells in triple negative breast cancer. The mechanism 

for this upregulation was elucidated then by Wang et al. (2015) who found that miR-214 

increased MMP-2 expression by targeting the tumour suppressor protein, p53, in breast 

cancer and interestingly we found in our TMT proteomics screen that miR-214 

overexpresssion decreased the protein, TP53 regulated inhibitor of apoptosis 1 (TRIAP1), 

which is dependent upon p53 activity. The activity of miR-214 has been implicated in migration 

and invasion extensively in cancer (Yang et al., 2013) and because cardiac injury increases 

migration and invasion in CFs and MyoFbs, this provides support for a role of miR-214 in 

inducing these activities through its epigenetic regulation (Souders et al., 2009b). 

 

In summary, transfections have allowed us to artificially increase or inhibit endogenous 

miRNAs to explore the role that each plays in the regulation of gene expression and protein 

expression and secretion, relevant to cardiac remodelling. We have found a variety of changes 

induced, with each miRNA regulating expression of different targets. MiR-21a regulated the 

expression of the IL6 family, by decreasing expression of IL6 and IL6R mRNA and increasing 

expression of IL11, with no effect on IL-6 secretion and miR-224 decreased expression of IL6 

mRNA and the ECM protein MMP3 whilst increasing mRNA expression of the ECM binding 

integrin, ITGA5. The most interesting findings involved miR-214 and miR-30d which regulated 

expression of ECM or ECM-related genes in opposing directions. MiR-214 increased the 

expression of TNC and increased secretion of MMP-2 whereas miR-30d decreased the 

expression of MMP2 and ITGA5. As neither of these miRNAs are well understood in CVD, 

they were selected for further investigation. The following chapter (Chapter 5) describes a 

TMT proteomics driven approach to identify the effect of miR-214 or miR-30d overexpression 

on cellular protein expression. 
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Chapter 5 A proteomics approach to identify targets of miR-214 and miR-30d in 

human cardiac fibroblasts 

5.1 Introduction 

In the previous chapters miR-21a, -214, -224 and -30d were investigated regarding their 

regulation of the known genes, proteins, and behaviours relevant to CFs during cardiac 

remodelling. To investigate the novel and unknown regulatory behaviours of these miRNAs, a 

proteomics screening-based approach was taken. Due to financial and time constraints, only 

two of the candidate miRNAs were selected for the screen. These miRNAs were miR-214-3p 

and miR-30d-5p, where their overexpression through transfection with pre-miRs was 

compared to transfection with pre-miR-NC (negative control). Following this screening, 

multiple bioinformatics tools were used to analyse the dataset and the findings, and this was 

combined with what is known in the literature regarding CFs in cardiac remodelling, to identify 

important and interesting targets to validate at mRNA and protein expression levels, and 

importantly at a functional level. 

MiR-214 and miR-30d were chosen as candidate miRNAs because they represented 

pathologically relevant miRNAs (in CVD) of which there is not yet a clear consensus in the 

literature as to their roles. Any findings about the targets by which they may act and the 

subsequent pathways that they modulate could hold the potential for therapeutic applications 

in treating CVD. These miRNAs were also chosen since they were modulated in opposing 

directions in the ISO infusion model of cardiac dysfunction performed by Bageghni et al. 

(2018). Firstly, miR-214, which was increased following ISO infusion, has been investigated 

in multiple publications allied to CVD. In a literature analysis of miR-214 it was found that it is 

both increased and decreased in in vivo and in vitro models of cardiac dysfunction, specifically 

in CFs. For example, Sun et al. (2015) found that in a rat model of ISO induced cardiac 

dysfunction, miR-214 was upregulated in both fibrotic heart tissue and in cultured CFs, and 

downregulation of miR-214 with antagonists attenuated both CF proliferation and collagen 

synthesis. The authors discovered through bioinformatics analysis and luciferase reporter 

assays that miR-214 bound to the mRNA encoding MFN2, a critical regulator of proliferation 

and fibrosis. They also found that downregulating miR-214 led to inhibition of ERK1/2 MAPK 

signalling which is otherwise increased by ISO treatment. Conversely, Yang et al. (2019) found 

that miR-214flox/flox/FSP1-cre mice (fibroblast-specific miR-214 KO mice) demonstrated 

aggravated cardiac fibrosis in a transverse aortic constriction (TAC) model of pressure 

overload-induced cardiac hypertrophy and heart failure. Similarly, the authors also found that 

murine myofibroblasts treated with TGFβ-1 had a downregulation of miR-214. Pivotally, Yang 

et al. (2019) suggest that miR-214 is a repressor of CF proliferation and FMT by targeting 
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NOD-like receptor family CARD domain containing 5 (NLRC5). These conflicting conclusions 

on the role of miR-214 in the context of CF behaviour, relevant to cardiac remodelling therefore 

poses miR-214 as an important miRNA for further research to clarify its role in this area. This 

research particularly addresses this importance for human disease as previous published 

research to date has only looked at animal models and cell lines, whereas this project looked 

at human primary cells. 

Conversely, relatively little is known about the role of miR-30d, especially in CFs. The research 

by Bageghni et al. (2018) indicates that lower levels of miR-30d may be important in cardiac 

dysfunction, whether this just be a correlation or with a mechanistic underpinning. One 

important recent publication however by Li et al. (2021) found that miR-30d appears to play a 

cardioprotective role in MI and ischemia-reperfusion (I/R). MiR-30d overexpression, in mouse 

models of ischemic HF, was shown to ameliorate CM apoptosis and myocardial fibrosis and 

improve cardiac function whereas loss of function mouse models showed the opposite, with 

pathological left ventricular remodelling, fibrosis and CM death. Interestingly, miR-30d 

appears to play two distinct roles depending on its cellular context (i.e. CMs or CFs). Hypoxic 

stress selectively enriched miR-30d in CMs, where it was acutely protective by targeting 

mitogen-associated protein kinase kinase kinase kinase 4 (MAP4K4) to inhibit apoptosis. MiR-

30d is also however secreted in EVs by CMs and inhibits CF proliferation and activation by 

directly targeting integrin α5 (ITGA5) via paracrine signalling. To summarise, this research 

found that lower expression of miR-30d (both in the heart and EVs) in the chronic phase of 

ischemic remodelling is associated with adverse remodelling. 

Proteomics screening of transfected samples was performed by TMT proteomics. This 

technology utilises amine-specific isobaric tags to label peptides and then measure any 

upregulation or downregulation of protein expression (relative to pre-miR-NC transfection) by 

acidic RP nano-LC MSMS. STRING and IPA analysis was vital in predicting the pathways 

modulated by each miRNA by assessing for shared connections between the specific proteins 

changed by each miRNA. This screening led to theoretical analysis of the pathways that could 

be modulated by miR-30d and how they are relevant to cardiac remodelling based on previous 

investigations by other groups. For miR-214, interesting predictions were generated 

concerning mitochondrial dysfunction, ECM organisation and regulation of the expression of 

PIEZO1, a mechanosensitive cation channel expressed in CF (Blythe et al., 2019) and 

implicated in CVD (Beech and Kalli, 2019) (Stewart and Turner, 2021). PIEZO1 has been 

identified as an important ion channel in CVD and Bartoli et al. (2022) recently showed that a 

gain of function mutation of PIEZO1 in mice resulted in cardiac hypertrophy and cardiac 

fibrosis, the two main presentations of cardiac remodelling. Moreso, they found that PIEZO1 

overexpression in CFs resulted in increased calcium entry in response to the PIEZO1 agonist, 
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YODA1. Blythe et al. (2019) had previously drawn a connection between PIEZO1 and release 

of the profibrotic cytokine, IL-6 in human and mouse CF. This work demonstrated that IL-6 

mRNA expression and secretion is increased by PIEZO1 activation, via p38α MAPK 

activation. These investigations clarify PIEZO1 as an important mediator of cardiac 

remodelling by influencing CF behaviour. This screening has therefore led to a two-pronged 

approach, investigating that which is known to be important in CVD and that which was not. 

5.2 Aims 

The main aims of this chapter were: 

• Perform a tandem mass tagging proteomics screen of human cardiac fibroblasts 

transfected with pre-miR-214 or pre-miR-30d; 

• Utilise the findings of the proteomics screen to validate our cultured human cells as 

fibroblast populations; 

• Analyse the shared networks that exist in CFs overexpressing miR-214 or miR-30d; 

• Investigate the effect of miR-214 overexpression on mitochondrial activity; 

• Investigate the effect of miR-214 on LOX mRNA and protein expression and 

enzymatic activity and determine whether an axis linked to MFN2 exists; 

• Investigate the effect of miR-214 on PIEZO1 mRNA expression and function. 

5.3 Methods 

5.3.1 Generic methods 

Human CFs were isolated from RAA biopsies as described in Section 2.2 and were transfected 

with pre-miRNA and anti-miRNA as described in Section 2.8. Protein lysates were obtained, 

and TMT proteomics (including analysis) performed as described in Section 2.13. RNA was 

isolated as described in Section 2.3 and mRNA levels quantified by qRT-PCR as described in 

Section 2.6. Protein lysates were obtained, and western blotting performed as described in 

Section 2.12. The citrate synthase assay was undertaken as described in Section 2.14, and 

the Flex station assay for the measurement of intracellular calcium signalling performed as 

described in Section 2.16. 

5.4 Results 

5.4.1 Assessing the levels of cell-type specific markers in cultured human cardiac 

fibroblasts 

A large-scale proteomics screen was performed to measure the effect of miR-214 and miR-

30d on all cellular protein expression in human CFs. The purpose of this was to identify any 

direct or indirect targets that each miRNA is modulating at the protein level. Human CFs from 
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6 patients were transfected with pre-miR-NC (negative control), -214 and -30d and protein 

was isolated after 72 hours of incubation before analysis by TMT proteomics. The TMT 

proteomics screen identified over 8,500 proteins. The expression levels of cell-type specific 

markers were evaluated to assess the homogeneity of the population of human CFs from the 

6 different donors. The cultures were negative for markers of ECs (platelet endothelial cell 

adhesion molecule-1; PECAM-1/CD31), CMs (myosin heavy chain 6; MYH6/α-MHC) and 

SMCs (myosin heavy chain 11; MYH11) (Table 5.1). Finally, ACTA2 (α-SMC) was identified 

in our cultures which is a marker for MyoFbs or SMCs. However, as the SMC marker MYH11 

was undetectable, this most likely indicates the presence of MyoFbs. A range of fibroblast-

specific markers were also investigated which were all readily detectable, including discoidin 

domain receptor tyrosine kinase 2 (DDR2), platelet derived growth factor receptor alpha 

(PDGFRA), S100 calcium binding protein A4 (S100A4) and Thy-1 membrane glycoprotein 

(THY1 / CD90) which was increased by a LogFC of 0.52 by pre-miR-214 transfection. Three 

collagen types were also assessed, each of which were detectable and conversely modulated 

by miR-214 and miR-30d. Both alpha 1 and 2 chains of collagen 1 (COL1A1 and COL1A2) 

and alpha 1 of collagen 3 (COL3A1) were decreased by miR-214 and increased by miR-30d. 

We previously found that miR-214 overexpression resulted in decreased expression of 

COL1A1 (Figure 4.20). Both of these analyses demonstrate that there is a strong regulation 

of ECM proteins by miR-214 and its activity in this regulation should be explored further. Thus, 

the data within the proteomics screen established that our cultures are composed of human 

CFs and not contaminated by other cardiac cell types such as ECs, CMs or SMCs. 
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Cell-type Marker Protein Mean 

Normalised 

abundance 

(and SEM) 

Pre-miR-

214 LogFC 

Pre-miR-

30d 

transfection 

Endothelial cells 

PECAM1 (Platelet 

endothelial cell 

adhesion molecule-

1) 

Undetectable   

Cardiomyocytes 

MYH6 (Myosin 

Heavy Chain 6 / 

Alpha-Myosin 

Heavy Chain) 

Undetectable   

Smooth muscle 

cells 

MYH11 (Myosin 

Heavy Chain 11 / 

Smooth Muscle 

Myosin Heavy 

Chain) 

Undetectable   

Smooth muscle 

cells/myofibroblasts 

ACTA2 (smooth 

muscle alpha (α)-2 

actin) 

88.5 No change No change 

Fibroblasts 

 

DDR2 (Discoidin 

Domain Receptor 

Tyrosine Kinase 2) 

1303.7 No change No change 

PDGFRA (Platelet 

Derived Growth 

Factor Receptor 

Alpha) 

2176.3 No change No change 

S100A4 (S100 

Calcium Binding 

Protein A4) 

3140.4 No change No change 

THY1 (Thy-1 

membrane 

glycoprotein) 

465.7 0.52 No change 

COL1A1 (Collagen, 

type I, alpha I) 

126 -1.01 0.80 
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Table 5.1 Identification of cardiac cell specific markers in our tandem mass tagging 

screen of human cardiac fibroblasts. The scaled abundance values for cell-type markers 

of endothelial cells, cardiomyocytes, smooth muscle cells, myofibroblasts and fibroblasts were 

measured in human cardiac fibroblasts from 6 donors, as well as any Log fold-changes 

(LogFC) mediated by transfection with pre-miR-214 or pre-miR-30d for 72 h.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

COL1A2 (Collagen, 

type I, alpha II) 

231.2 -0.28 0.71 

COL3A1 (Collagen, 

type III, alpha I) 

8409.7 -0.49 0.32 
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5.4.2 Investigating the effect of pre-miR-214 and pre-miR-30d on protein expression in 

human cardiac fibroblasts using tandem mass tagging proteomics 

Amine-specific isobaric tags labelling peptides were measured to investigate the abundance 

of specific proteins. The LogFC of each protein was calculated between pre-miR-NC (negative 

control) and pre-miR-214 or pre-miR-30d transfected human CFs. A total of 8,792 proteins 

were investigated as being at detectable levels. For pre-miR-214, 4,162 proteins were 

significantly different to the pre-miR-NC transfection (P<0.05) (Figure 5.1). Of these, 3,387 

proteins passed the false discovery rate (FDR); 2,058 proteins were significantly increased 

and 2,226 were significantly decreased by pre-miR-214. For pre-miR-30d, 3,622 proteins were 

significantly different to the pre-miR-NC transfection (Figure 5.2). Of these, 2,534 proteins 

passed the FDR; 1,784 proteins were significantly increased and 1,838 were significantly 

decreased by pre-miR-30d transfection. 
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Figure 5.1 Volcano plot showing protein expression LogFC in pre-miR-214 transfected 

human cardiac fibroblasts. 8,792 proteins were measured at detectable levels in human 

cardiac fibroblasts cultured from 6 donors and the LogFC between pre-miR-NC and pre-miR-

214 transfected cells is displayed here as Log2 fold. Significance of difference in protein 

expression plotted by the log10 of p-value. Key: grey = NS, yellow = P<0.05, pink = P<0.05 

and >1LogFC, circle = FDR fail and triangle = FDR pass. 

 

 

 

 

 

Log2 Fold Change 

p
-v

a
lu

e
 (

-L
o

g
1
0
) 



155 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2 Volcano plot showing protein expression LogFC in pre-miR-30d transfected 

human cardiac fibroblasts. 8,792 proteins were measured at detectable levels in n=6 human 

cardiac fibroblasts (CFs) and the LogFC between pre-miR-NC and pre-miR-30d transfected 

cells is displayed here as Log2 fold. Significance of difference in protein expression plotted by 

the log10 of p-value. Group sizes; n=6. Key: grey = NS, yellow = P<0.05, pink = P<0.05 and 

>1LogFC, circle = FDR fail and triangle = FDR pass. 
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The difference between the modulation of protein expression by pre-miR-214 or pre-miR-30d 

transfection (compared to pre-miR-NC transfection) was assessed by investigating the LogFC 

of the 15 most increased and the 15 most decreased proteins by each pre-miR transfection, 

relative to pre-miR-NC transfection. This data was displayed as heat maps in Figure 5.3 and 

Figure 5.4 for pre-miR-214 and pre-miR-30d transfection respectively. The heat map displays 

a colour range for the level of protein expression in each of the 6 patients investigated, for 

either pre-miR-214 or -30d transfection. Each miRNA regulates their own pattern of protein 

expression by inhibiting their own direct targets and affecting the expression of the targets 

they indirectly affect. For this reason, there are some proteins that have similar changes for 

both miRNAs, some that are unchanged by both and some that change conversely. For this 

reason, the right-hand side of the heat maps (Figures 5.3 and 5.4) are mixed in the colours 

rather than the uniformity seen on the left-hand side.  
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Figure 5.3 The top 15 most increased and decreased proteins by pre-miR-214 

transfection in human cardiac fibroblasts. The log fold change (LogFC) is displayed as a 

colour code from yellow (largest increase) to dark blue (largest decrease) for each human CF 

patient (HCF1-HCF6) following pre-miR-214 or pre-miR-30d transfection. The proteins 

selected were the top 15 most increased and top 15 most decreased proteins by pre-miR-214 

transfection.  
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Figure 5.4 The top 15 most increased and decreased proteins by pre-miR-30d 

transfection in human cardiac fibroblasts. The log fold change (LogFC) is displayed for 

each human CF patient for pre-miR-214 or pre-miR-30d transfection, with the proteins 

selected being the top 15 most increased and top 15 most decreased proteins by pre-miR-

30d transfection. Group sizes; n=6. 
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5.4.3 STRING functional analysis of pre-miR-214 or pre-miR-30d modulated protein 

expression in human cardiac fibroblasts 

Using the data from the TMT proteomics screen, the effect of pre-miR-214 on canonical 

pathways was predicted through functional analysis, predicted by STRING. STRING is a freely 

available, online database that makes predictions on shared protein to protein interactions. By 

entering a list of proteins, STRING will draw interactions between known interactive proteins 

and compile a list of canonical pathways that those proteins are likely to be shared members 

of. One of the limitations is that LogFC is not considered, however this can generate different 

lists of canonical pathways to resources like IPA and therefore represents another useful way 

of analysing large proteomics datasets. Due to this being a large dataset of >8000 proteins 

and STRING being limited to analysis of 2000 proteins, for the analysis to cover the most 

interesting and important findings, the largest changes mediated by each miRNA (measured 

by LogFC) and the most reproducible changes (measured by P value) were both investigated. 

Any analysis of the most “significantly” modulated proteins therefore refers to most statistically 

significant (by P value). The first analysis was performed by entering the 100, 50 and 30 most 

modulated proteins by LogFC (both increased and decreased) by pre-miR-214 transfection, 

shown in Figure 5.5. For these proteins, the most shared networks exist between COL1A1, 

MMP-1, LOXL2, LOXL3, LOXL4, MAPK3 and cyclin D1 (CCND1). The next STRING analysis 

then looked for shared networks between the 100, 50 and 30 most significantly modulated 

proteins by P value (both increased and decreased) (Figure 5.6). The proteins with the most 

shared networks in this analysis were tight junction protein-1 (TJP1), catenin alpha-1 

(CTNNA1), pyruvate dehydrogenase kinase 1 (PDK1) and MAPK10. Finally, STRING analysis 

was performed on the 50 most significantly modulated proteins, 50 most increased proteins 

and 50 most decreased proteins for pre-miR-214 transfection by removing any disconnected 

nodes and highlighting the most significant predicted canonical pathways (Figure 5.7). For the 

50 most significantly modulated proteins, the most significant canonical pathway was 

“acetylation”. For the 50 most significantly increased proteins, no prediction could be made on 

a shared pathway. For the 50 most significantly decreased proteins, the most significant 

canonical pathways were “ECM organisation”, “protein lysine 6 oxidase activity” and “peptidyl 

lysine oxidation”. 
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Figure 5.5 STRING predictive analysis of shared networks between the most increased 

and decreased proteins by miR-214. The 30 (A), 50 (B) and 100 (C) most increased and 

decreased proteins (by fold change) in pre-miR-214 transfected samples were inputted for 

STRING analysis and shared networks that exist between these proteins are presented for 

each analysis.  
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Figure 5.6 STRING predictive analysis of shared networks between the most 

statistically significantly modulated proteins by miR-214. The 30 (A), 50 (B) and 100 (C) 

most significantly modulated proteins (by P value) in pre-miR-214 transfected samples were 

inputted for STRING analysis and shared networks that exist between these proteins are 

presented for each analysis.  
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Figure 5.7 STRING predictive analysis of shared networks between the 50 most: 

significantly modulated proteins, increased proteins, and decreased proteins by miR-

214. The 50 most significantly modulated proteins (by P value), most increased proteins and 

most decreased proteins (by fold change) in pre-miR-214 transfected samples were inputted 

for STRING analysis and any disconnected nodes were eliminated. The most enriched 

pathway for significantly changed proteins (A) was “acetylation” (red), there was no enriched 

pathways for decreased proteins (B) and the most enriched pathways for increased proteins 

(C) were “ECM organisation” (blue), “protein lysine 6 oxidase activity” (green) and “peptidyl 

lysine oxidation” (red).  
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For pre-miR-30d transfection, the first analysis on the 100, 50 and 30 most modulated proteins 

by LogFC (both increased and decreased) is shown in Figure 5.8. The proteins with the most 

shared networks in this analysis included COL5A1, COL1A1, COL1A2, CCND1, signal 

transducer and activator of transcription 3 (STAT3) and bone morphogenetic protein 6 

(BMP6). The next STRING analysis then looked for shared networks between the 100, 50 and 

30 most significantly modulated proteins by P value (both increased and decreased) (Figure 

5.9). The proteins with the most shared networks in this analysis were STAT3, caspase 1 

(CASP1) and protein transport protein Sec24A (SEC24A). Finally, STRING analysis was 

performed on the 50 most significantly modulated proteins, 50 most increased proteins and 

50 most decreased proteins for pre-miR-30d transfection by removing any disconnected 

nodes and highlighting the most significant predicted canonical pathways (Figure 5.10). For 

the 50 most significantly modulated proteins, the most significant canonical pathway was 

“protein binding”. For the 50 most significantly increased proteins, no prediction could be made 

on a shared pathway. For the 50 most significantly decreased proteins, the most significant 

canonical pathways were “platelet derived growth factor binding”. 
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Figure 5.8 STRING predictive analysis of shared networks between the most increased 

and decreased proteins by miR-30d. The 30 (A), 50 (B) and 100 (C) significantly most 

increased and decreased proteins (by fold change) in pre-miR-30d transfected samples were 

inputted for STRING analysis and shared networks that exist between these proteins are 

presented for each analysis.  
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Figure 5.9 STRING predictive analysis of shared networks between the most 

statistically significantly modulated proteins by miR-30d. The 30 (A), 50 (B) and 100 (C) 

most significantly modulated proteins (by P value) in pre-miR-30d transfected samples were 

inputted for STRING analysis and shared networks that exist between these proteins are 

presented for each analysis.  
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Figure 5.10 STRING predictive analysis of shared networks between the 50 most: 

significantly modulated proteins, increased proteins, and decreased proteins by miR-

30d. The 50 most significantly modulated proteins (by P value), most increased proteins and 

most decreased proteins (by fold change) in pre-miR-30d transfected samples were inputted 

for STRING analysis and any disconnected nodes were eliminated. The most enriched 

pathway for significantly changed proteins (A) was “protein binding” (red), there was no 

enriched pathways for decreased proteins (B) and the most enriched pathways for increased 

proteins (C) was “platelet derived growth factor binding” (blue).  
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5.4.4 Ingenuity pathway analysis of pre-miR-214 or pre-miR-30d modulated protein 

expression in human cardiac fibroblasts 

The next bioinformatics analysis performed on the proteomics dataset was Ingenuity Pathway 

Analysis (IPA). IPA is a licensed software, unlike STRING, and the major benefit of it is that it 

processes the LogFC of each protein in a list, as well as the directional change of those 

proteins. This means that whereas STRING might suggest a pathway in which all the listed 

proteins would normally be increased, IPA would consider that some may be decreased and 

predicts pathways with greater statistical strength. IPA also generates graphical figures 

containing each protein within a pathway and a colour code indicating whether proteins are 

increased, decreased, or predicted to be inhibited or activated, something that will be covered 

in this section. IPA was performed to analyse the LogFC values of each protein and make 

predictions on the canonical pathways affected by each pre-miR transfection.  

Firstly, IPA was used to analyse all proteins that were significantly modulated (by P value) by 

pre-miR-214 transfection (Figure 5.11). Of the canonical pathways predicted to be modulated, 

there were 27 with a -log(p-value) >10 and 8 with a -log(p-value) >15. The most significant of 

these pathways was “mitochondrial dysfunction” and interestingly, there were other pathways 

that are comprised of mitochondrial proteins such as “oxidative phosphorylation”, “sirtuin 

signalling pathway” and “Huntington’s disease signalling” and these pathways likely occurred 

due to many mitochondrial proteins being affected by miR-214. There were also other 

pathways that are important to CVD and CF behaviour that were identified including 

“autophagy” and “AMPK signalling”. Some other pathways that occurred appeared less 

relevant to CFs or even the heart, including “estrogen receptor signalling” and “CLEAR 

signalling pathway”.  

The next IPA analysis of pre-miR-214 transfection involved analysing all decreased proteins 

or all increased proteins (by fold-change) by pre-miR-214 transfection (Figure 5.12). There 

were 10 canonical pathways for each of the decreased proteins and the increased proteins 

analysis, with a -log(p-value) >6. For the significantly decreased proteins, the most significant 

pathway again was “mitochondrial dysfunction” and both “oxidative phosphorylation” and 

“autophagy” was also predicted. "Insulin receptor signalling” was also predicted which could 

be important as CFs can respond to insulin and subsequently modulates their function (Levick 

and Widiapradja, 2020). There was a larger amount of seemingly non-relevant pathways 

implicated in this method of analysis however, including “synaptogenesis signalling pathway”, 

“amyloid processing”, “CLEAR signalling pathway”, “melatonin signalling”, “estrogen receptor 

signalling” and “synaptic long term potentiation”. As these pathways are largely neuronal in 

their activity, this could be an argument that simply analysing increased or decreased proteins, 
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and not taking into account which are most statistically significant, can produce non-specific 

results. The proteins implicated in these pathways may be modulated, but their relevance to 

CF behaviour is likely lacking. For the significantly increased proteins, the most significant 

pathways appeared to show no relevance to CFs or cardiac remodelling and included 

pathways such as “ephrin B signalling”, “molecular mechanisms of cancer” and “colorectal 

cancer metastasis signalling”. This lack of specificity to CVD could point to the downregulation 

of pathways by miR-214 for CF regulation which is not surprising considering that miRNAs act 

directly by preventing protein translation. 

The most significantly predicted affected pathway, “mitochondrial dysfunction”, is shown in 

Figure 5.13. All the proteins that make up this pathway, including all the proteins that make up 

oxidative phosphorylation and the electron transport chain (ETC) are displayed here. It is most 

noticeable, that most of the proteins in this pathway are decreased by miR-214. Any proteins 

that are not decreased by miR-214 are simply because they are not present in our proteomics 

screen however due to the action of miR-214 on other proteins, they are predicted to be 

inhibited. MiR-214 is seen to be decreasing proteins in all four of the complexes of the ETC 

which would have large implications for the generation of adenosine triphosphate (ATP), the 

hydrolysis of which is required for many cellular processes. Some of the most noticeable 

decreases mediated by miR-214 in this pathway are decreases in the NADH-ubiquinone 

oxidoreductase proteins (NDUFs) which make up a large part of complex I of the ETC. In fact, 

this decrease of almost all the proteins in each complex continues and in complex II, all four 

of the succinate dehydrogenase (SDH) proteins that make up this complex (SDHA, B, C and 

D) are decreased by miR-214. MiR-214 therefore shows marked dysregulation and decreases 

in almost all proteins that regulate healthy mitochondrial function. 
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Figure 5.11 The most significantly predicted canonical pathways to be affected by pre-

miR-214 transfection in human cardiac fibroblasts, when analysing all significantly 

modulated proteins. Ingenuity pathway analysis (IPA) was used to make predictions of 

modulated canonical pathways based on the fold change and direction of change of proteins 

in a TMT proteomics screen. The data that was entered was filtered by inputting all significantly 

changed proteins and then filtering the predictions by a -log(p-value) of >10 (A) or >15 (B). 
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Figure 5.12 The most significantly predicted canonical pathways to be affected by pre-

miR-214 transfection in human cardiac fibroblasts, when analysing all proteins based 

on fold change. Ingenuity pathway analysis (IPA) was used to make predictions of modulated 

canonical pathways based on the fold change and direction of change of proteins in a TMT 

proteomics screen. The data that was entered was filtered by inputting all significantly 

decreased proteins (A) or increased proteins (B) and then filtering the predictions by a -log(p-

value) of >6.  
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Figure 5.13 Proteins within the mitochondrial dysfunction canonical pathway that are 

significantly modulated by pre-miR-214 transfection. All proteins significantly modulated 

by pre-miR-214 were entered into ingenuity pathway analysis (IPA) and any proteins within 

the most significantly predicted modulated canonical pathway (mitochondrial dysfunction) 

have been mapped to their location within the mitochondria, their relationship with other 

proteins part of this pathway and indicated whether they are increased, decreased or 

unchanged by pre-miR-214 transfection. Key: pink = increased proteins, green = decreased 

proteins, blue = predicted inhibition, orange = predicted activation, white = no predicted effect. 

 

 



172 
 

IPA analysis of pre-miR-30d significantly modulated proteins (by P value) produced 11 

canonical pathways with a -log(p-value) of >10 and 3 with a -log(p-value) >15 (Figure 5.14). 

The most significant of these pathways was “regulation of eIF4 and p70S6K signalling” and 

“EIF2 signalling”. It is interesting that both of these pathways are predicted as they have 

crossover considering that EIF proteins are eukaryotic initiation factors and these pathways 

are both concerned with eukaryotic protein translation via the recruitment of ribosomal proteins 

(Amorim et al., 2018).   

The next IPA analysis of pre-miR-30d transfection involved analysing all decreased proteins 

or all increased proteins (by fold-change) by pre-miR-30d transfection (Figure 5.15). There 

were 8 canonical pathways for the decreased proteins with a -log(p-value) >5 and 9 canonical 

pathways for the increased proteins with a -log(p-value) >4. For the decreased proteins, the 

most significant pathway was “phagosome maturation”. This is particularly interesting as 

phagocytosis is a behaviour of MyoFbs (but not fibroblasts) where MyoFbs have been shown 

to phagocytose apoptotic cells following MI and then secrete anti-inflammatory cytokines, very 

similar to how macrophages act (Kurose, 2021). For the increased proteins, the most 

significant pathways were “EIF2 signalling” and “regulation of eIF4 and p70S6K signalling”. It 

is of note for miR-30d, that the pathways identified when looking at the most statistically 

significant proteins, are also predicted when looking at the most increased proteins (this was 

the other way round for miR-214). The identification of these pathways in both analyses gives 

them more reliability in those pathways being modulated by miR-30d. The most significantly 

predicted affected pathway, “regulation of eIF4 and p70S6K signalling pathway”, is shown in 

Figure 5.16. This pathway shows a mixture of proteins both increased and decreased rather 

than the entire pathway being “switched off”. Interestingly, some EIF proteins such as EIF4A 

and EIF4G are decreased but then others such as EIF3 are increased. The net result of these 

changes are predicted activation of translation. This is the importance of undertaking IPA 

analysis, by processing the increases and decreases of proteins within the same pathway and 

joining these findings together to decipher the overall affected pathways. 
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Figure 5.14 The most significantly predicted canonical pathways to be affected by pre-

miR-30d transfection in human cardiac fibroblasts, when analysing all significantly 

modulated proteins. Ingenuity pathway analysis (IPA) was used to make predictions of 

modulated canonical pathways based on the fold change and direction of change of proteins 

in a TMT proteomics screen. The data that was entered was filtered by inputting all significantly 

changed proteins and then filtering the predictions by a -log(p-value) of >10 (A) or >15 (B).  
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Figure 5.15 The most significantly predicted canonical pathways to be affected by pre-

miR-30d transfection in human cardiac fibroblasts, when analysing all proteins based 

on fold change. Ingenuity pathway analysis (IPA) was used to make predictions of modulated 

canonical pathways based on the fold change and direction of change of proteins in a TMT 

proteomics screen. The data that was entered was filtered by inputting all significantly 

increased proteins (A) or decreased proteins (B) and then filtering the predictions by a -log(p-

value) of >5.  
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Figure 5.16 Proteins within the regulation of eIF4 and p70S6K signalling canonical 

pathway that are modulated by pre-miR-30d transfection. All proteins significantly 

modulated by pre-miR-30d were entered into ingenuity pathway analysis (IPA) and any 

proteins within the most significantly predicted modulated canonical pathway (regulation of 

eIF4 and p70S6K signalling) have been mapped to their location within the cytoplasm, their 

relationship with other proteins part of this pathway and indicated whether they are increased, 

decreased or unchanged by pre-miR-30d transfection. Key: pink = increased proteins, green 

= decreased proteins, blue = predicted inhibition, orange = predicted activation, white = no 

predicted effect.  
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5.4.5 Investigating the predicted effect of pre-miR-214 transfection on mitochondrial 

activity 

Mitochondrial dysfunction was the most significantly predicted pathway to be affected when 

looking at all statistically significantly changed proteins (Figure 5.11) and all decreased 

proteins (Figure 5.12) by miR-214. In Table 5.2, a range of important proteins for mitochondrial 

activity have been listed along with their LogFC after pre-miR-214 and -30d transfection. The 

enzyme citrate synthase can be used to measure mitochondrial function. The citrate synthase 

assay measures the enzymatic reaction between acetyl coenzyme A (acetyl CoA) and 

oxaloacetic acid to form citric acid and CoA. Citrate synthase is located within the 

mitochondrial matrix and therefore this assay measures mitochondrial inner membrane 

integrity and therefore, mitochondrial health. The results of this assay are displayed in Figure 

5.17. It was demonstrated that protein lysates obtained from pre-miR-214 transfected human 

CFs, showed significantly lower absorbance per minute per mg (absorbance/min/mg) of 

protein compared to protein lysates from pre-miR-NC transfection. This means that there was 

a decrease in the enzymatic reaction catalysed by citrate synthase and is used as a measure 

that mitochondrial activity is decreased in these cells. This absorbance and therefore citrate 

synthase activity, was 58.5% lower in pre-miR-214 compared to pre-miR-NC transfection. 

There was no difference in the absorbance observed between anti-miR-NC and anti-miR-214 

transfection. This suggests that increased levels of miR-214 leads to mitochondrial 

dysfunction, however, inhibiting basal and endogenous levels of miR-214 (and therefore a 

decrease in miR-214) does not have the converse affect meaning this induction of 

mitochondrial dysfunction is something caused by increased miR-214 only. 
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Table 5.2 Changes in mitochondrial protein expression mediated by miR-214 and miR-

30d. The LogFC of different, important mitochondrial proteins have been listed here, either 

after pre-miR-214 or -30d transfection. Group sizes; n=6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mitochondrial protein Pre-miR-214 LogFC Pre-miR-30d LogFC 

MFN2 -0.41 -0.06 (not significant) 

NDUFAF4 -0.38 0.02 (not significant) 

NDUFC2 -0.35 -0.04 (not significant) 

NDUFA4 -0.34 -0.05 (not significant) 

SDHA -0.19 -0.14 

SDHB -0.12 -0.07 (not significant) 

SDHC -0.19 -0.09 (not significant) 

SDHD -0.15 -0.15 
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Figure 5.17 Mitochondrial function measured following miR-214 overexpression or 

inhibition. A citrate synthase (CS) assay was performed to measure CS activity as an 

indicator of mitochondrial activity in human cardiac fibroblasts, 72 hours post-transfection with 

pre-miR-NC or pre-miR-214 (A) and anti-miR-NC or anti-miR-214 (B). Group sizes; n=4. One-

tailed, parametric t test performed. **P<0.01 and ns=not significant. 
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A major protein for mitochondrial integrity and health is the mitochondrial fusion protein, MFN2. 

The fusion and fission mechanics of mitochondria is a regulated process that has implications 

for mitochondrial activity and health of the organism. Fusion helps to combine the contents of 

partially damaged mitochondria so that they complement each other (Youle and van der Bliek, 

2012). The expression levels of (MFN2) (which showed a LogFC of -0.41, as displayed with 

other mitochondrial proteins in Table 5.2) was then further investigated by measuring mRNA 

and protein expression. Even though MFN2 downregulation has been shown at the protein 

level in the proteomics screen, it was important to measure the effect on the mRNA level as 

miRNAs act post-transcriptionally by binding to and either blocking or degrading mRNA. 

Therefore, this would confirm whether miR-214 is acting directly on MFN2 (post-transcriptional 

regulation) or indirectly by degrading regulators of MFN2 transcription. In the qRT-PCR 

analysis, pre-miR-214 transfected CFs showed significantly lower levels (43.3% lower) of 

MFN2 than pre-miR-NC transfected CFs (Figure 5.18). Anti-miR-214 transfected CFs 

meanwhile showed no difference in mRNA expression compared to anti-miR-NC transfection. 

Again, this could suggest that miR-214 mediates its effects on the mitochondria through 

overexpression only. Interestingly, the miRNA binding prediction database (miRdb.org) was 

used to investigate the presence of a miR-214 binding site in the 3’ UTR of the human MFN2 

gene, and MFN2 is ranked as the 11th strongest mRNA target for miR-214, with a prediction 

target score of 97/100. It was also found that there are three miR-214 seed binding sequences 

at locations 177, 622 and 1786 within the 3’ UTR of the human MFN2 gene, shown in Figure 

5.19. In subsequent Western Blot analysis, protein expression of MFN2 was also significantly 

reduced by pre-miR-214, but not by anti-miR-214 transfection (Figure 5.20). Therefore, 

overexpression by miR-214 decreases the mRNA expression levels and protein expression 

levels of MFN2, suggesting that there is direct regulation at the post-transcriptional level, that 

translates to the protein level. 
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Figure 5.18 The gene expression levels of Mitofusin 2 in pre-miR-214 or anti-miR-214 

transfected human cardiac fibroblasts. Human cardiac fibroblasts (CFs) were transfected 

with pre-miR-NC or pre-miR-214 (A) or anti-miR-NC or anti-miR-214 (B) and gene expression 

levels of Mitofusin 2 (MFN2) were measured at 48 hours post-transfection. Gene expression 

levels calculated by performing qRT-PCR and normalising levels relative to the housekeeping 

control, GAPDH. Horizontal bars indicate the mean value and error bars represent SEM. 

Group sizes; n=4. One-tailed, parametric t test performed. ***P<0.001. ns=not significant. 
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Figure 5.19 The seed sequences for miR-214 binding in the 3’ untranslated region of 

Mitofusin 2. The miRNA binding prediction database miRdb (miRdb.org) was used to identify 

3 miR-214 seed sequences in the 3’ UTR of the human MFN gene (marked in blue text). 
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Figure 5.20 Western Blots showing the effect of pre-miR-214 and anti-miR-214 

transfection on Mitofusin 2 protein expression in human cardiac fibroblasts. Protein 

lysates were extracted at 72 hours post-transfection and resolved by SDS-PAGE before 

blotting for Mitofusin 2 (MFN2) and beta-actin (β-actin) (A). The band intensities of MFN2 were 

plotted relative to the band intensities of β-actin, for each sample (B). Group sizes; n=4. One-

tailed t test performed on log transformed data (Y=Log(Y)). *P<0.05. ns=not significant.  
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5.4.6 Investigating the predicted effect of pre-miR-214 transfection on lysyl oxidase 

The LOX family of proteins are an important family of proteins that mediate collagen 

crosslinking. In doing so, they are important enzymes in the regulation of the ECM, which 

becomes dysregulated during cardiac fibrosis and cardiac remodelling. As the STRING 

analysis of the miR-214 proteomics dataset suggested that “ECM organisation”, “protein lysine 

6 oxidase activity” (also known as LOXL1) and “peptidyl lysine oxidation” would be modulated 

pathways (Figure 5.7), this family of proteins was examined in more detail in the proteomics 

dataset. It was discovered that LOX and all four members of the LOX-like family (LOXL1, 

LOXL2, LOXL3 and LOXL4) were significantly increased by miR-214 (Table 5.3).  

As miRNAs regulate activity through the negative regulation of their target mRNAs, and as the 

LOX proteins are increased, it was hypothesised that miR-214 regulates a negative regulator 

of the LOX family. To investigate this, the miRNA binding database (miRdb.org) was used to 

investigate the presence of a miR-214 binding site in the 3’ UTR of the LOXL1-antisense-1 

(LOXL1-AS1). Antisense molecules work by binding to the mRNA for their target mRNA and 

so the hypothesis was that miR-214 inhibited this negative regulation. LOXL1-AS1 was not 

predicted as a miR-214 target by miRdb but as the predictions are based upon existing 

research and other researchers identifying seed sequences, a manual approach was also 

taken. The freely available search tool on miRbase (miRbase.org; powered by RNAcentral) 

was used to search for miRNA seed sequences in the RNA transcript of LOXL1-AS1, however 

no miR-214 seed sequence was detected. Nonetheless, as miRNAs usually bind to the 3’ UTR 

of RNA transcripts, and as the entirety of an antisense is untranslated and does not become 

protein, LOXL1-AS1 was still investigated at the mRNA level. It was found, however, that 

rather than decreasing LOXL1-AS1 mRNA, miR-214 treatment actually increased the mRNA 

levels of LOXL1-AS1 by 43.5% (Figure 5.21). This finding indicated that any miR-214 

mediated increases in the LOX proteins was not via degradation of LOXL1-AS1.  

The levels of each member of the LOX family were then also investigated at the mRNA level. 

It was found that pre-miR-214 transfection resulted in significantly higher levels of LOX (40%), 

LOXL1 (43%), LOXL2 (43%), LOXL3 (37%) and LOXL4 (52%) (Figure 5.21). This could be 

suggestive that the activity of miR-214 degrades a negative regulator of the entire LOX family 

at the transcriptional level, other than LOXL1-AS1. 

The LOX family protein expression was then investigated by Western Blot, following pre-miR-

214 treatment, to further confirm the TMT proteomics data. The Western Blot used a pan-LOX 

antibody which stained for several isoforms of LOX and LOXL proteins. Interestingly, it was 

found that while pre-miR-214 transfection had no effect on the expression of the mature 32 

kDa LOX protein, it did influence both the glycosylated form of LOX (pro-LOX; 50 kDa) and 
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members of the LOXL family (Figure 5.22). Surprisingly, pre-miR-214 transfection led to 

significantly lower levels of pro-LOX however, it did result in significantly higher levels of LOXL. 

The effect of miR-214 on LOX expression therefore could perhaps be related to an effect on 

processing and glycosylation of the LOX protein. 
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Table 5.3 The effect of pre-miR-214 transfection on LOX family proteins in human 

cardiac fibroblasts. The LogFC measured in a TMT proteomics screen of each member of  

the LOX family of proteins, following pre-miR-214 transfection for 72 hours, were identified. 

Group sizes; n=6. 

 

 

 

 

 

LOX family protein Pre-miR-214 LogFC Pre-miR-214 FC 

LOX 0.80 -0.57 

LOXL1 1.03 -0.49 

LOXL2 1.15 -0.45 

LOXL3 0.48 -0.72 

LOXL4 1.04 -0.49 
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Figure 5.21 Gene expression levels of LOX, LOXL1-4 and LOXL1-AS1 following pre-

miR-214 transfection. Human cardiac fibroblasts (CFs) were transfected with pre-miR-NC or 

pre-miR-214 and gene expression levels of lysyl oxidase (LOX) (A), lysyl oxidase like family 

members 1-4 (LOXL-1-4 (B-E)) and lysyl oxidase like-1 antisense-1 (LOXL1-AS-1) (F) were 

measured at 48 hours post-transfection. Gene expression levels calculated by performing 

qRT-PCR and normalising levels relative to the housekeeping control, GAPDH. Horizontal 

bars indicate the mean value and error bars represent SEM. Group sizes; n=4. One-tailed 

parametric t test performed. **P<0.01 and *P<0.05. 

LOX (A) LOXL1 (B) 

LOXL2 (C) LOXL3 (D)

LOXL3 (E) LOXL1-AS1 (F) 
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Figure 5.22 Western Blot data of beta-actin and LOXL, Pro-LOX and mature LOX in pre-

miR-214 and anti-miR-214 transfected human cardiac fibroblasts. Protein lysates were 

extracted at 72 hours post-transfection and ran by SDS-PAGE gel electrophoresis by blotting 

for beta-actin (β-actin), lysyl oxidase-like proteins (LOXL), Pro-LOX and mature LOX (A). The 

band intensities of LOXL, Pro-LOX and mature LOX were plotted relative to the band 

intensities of β-actin, for each sample (B, C and D). Group sizes; n=4. One and two tailed 

parametric t tests performed. *P<0.05. ns=not significant. 
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5.4.7 Investigating the potential regulation of MFN2 on LOX expression 

The potential regulation of MFN2 on the expression of the LOX family was then investigated 

to see if a regulatory network exists based on existing literature. Firstly, LOX family members 

have been shown to catalyse protein deacetylation (Ma et al., 2017a). Secondly, MFN2 has 

been demonstrated to attenuate histone acetylation of collagen IV (Mi et al., 2016). As CFs 

are known to secrete collagen during ECM remodelling, the potential of MFN2 to regulate LOX 

and LOXL family expression was explored. CFs were transfected with silencing RNA specific 

for MFN2 (MFN2 siRNA) and then mRNA and protein levels for LOX family members were 

measured. Firstly, to validate that the siRNA transfection was successful, qRT-PCR analysis 

was performed for MFN2 mRNA in negative control siRNA (NC siRNA) compared to MFN2 

siRNA (Figure 5.23). It was identified that MFN2 siRNA successfully decreased the mRNA 

expression levels of MFN2 by 84.2% 48 hours after transfection.  

To ensure that MFN2 siRNA transfection successfully decreased the protein expression of 

MFN2, Western Blot analysis was performed 72 hours after transfection (Figure 5.24). 

Transfection to silence MFN2 mRNA did successfully lead to a 45% reduction in MFN2 protein 

expression compared to NC siRNA. This means that any effect of reduced MFN2 protein on 

LOX expression would be detectable.  

Experiments were then performed to investigate whether MFN2 knockdown could increase 

expression of the LOX family at the mRNA and protein levels. However, gene expression 

analysis found that MFN2 siRNA transfection resulted in significantly lower levels of mRNA for 

LOXL1 (25% decrease), LOXL2 (18.4% decrease), LOXL3 (34.1% decrease) and LOXL4 

(37.9% decrease) (Figure 5.25). Like the effect of miR-214 overexpression on LOX protein 

expression (Figure 5.22), the knockdown of MFN2 did not affect LOXL or mature LOX 

expression but it did significantly decrease the expression of pro-LOX (Figure 5.26). This 

change was contradictory to what was hypothesised about potential MFN2 regulation of LOX, 

however, the fact that both miR-214 overexpression and MFN2 knockdown decrease the 

levels of pro-LOX, means that MFN2 could play a role in post-translational regulation of LOX. 
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Figure 5.23 The effect of MFN2 siRNA on MFN2 mRNA levels in human cardiac 

fibroblasts. Human cardiac fibroblasts (CFs) were transfected with negative control siRNA 

(NC siRNA) or Mitofusin 2 siRNA (MFN2 siRNA) and gene expression levels of MFN2 were 

measured at 48 hours post-transfection. Gene expression levels calculated by performing 

qRT-PCR and normalising levels relative to the housekeeping control, GAPDH. Horizontal 

bars indicate the mean value and error bars represent SEM. Group sizes; n=4. One-tailed, 

parametric paired t test performed on log transformed data (Y=Log(Y)). ****P<0.0001. 
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Figure 5.24 The effect of MFN2 siRNA on MFN2 protein levels in human cardiac 

fibroblasts. Protein lysates were extracted at 72 hours post-transfection and ran by SDS-

PAGE gel electrophoresis by blotting for beta-actin (β-actin) and Mitofusin 2 (MFN2) (A). The 

band intensities of MFN2 were plotted relative to the band intensities of β-actin, for each 

sample (B). Group sizes; n=3. One tailed, parametric, paired t test. *P<0.05. 
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Figure 5.25 Gene expression levels of LOX, LOXL1-4 and LOXL1-AS1 following MFN2 

knockdown Human cardiac fibroblasts (CFs) were transfected with NCsiRNA or MFN2siRNA 

and gene expression levels of lysyl oxidase (LOX) (A), lysyl oxidase like family members 1-4 

(LOXL-1-4 (B-E)) and lysyl oxidase like-1 antisense-1 (LOXL1-AS-1) (F) were measured at 48 

hours post-transfection. Gene expression levels calculated by performing qRT-PCR and 

normalising levels relative to the housekeeping control, GAPDH. Horizontal bars indicate the 

mean value and error bars represent SEM. Group sizes; n=4. One-tailed parametric t test 

performed. *P<0.05. ns=not significant. 
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Figure 5.26 Western Blot data of LOXL, Pro-LOX and mature LOX in MFN2-siRNA 

transfected human cardiac fibroblasts. Protein lysates were extracted at 72 hours post-

transfection and ran by SDS-PAGE gel electrophoresis by blotting for beta-actin (β-actin), lysyl 

oxidase-like proteins (LOXL), Pro-LOX and mature LOX (A). The band intensities of LOXL, 

Pro-LOX and mature LOX were plotted relative to the band intensities of β-actin, for each 

sample (B, C and D). Group sizes; n=3. Two tailed, parametric, paired t test. *P<0.05 and 

ns=not significant. 
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5.4.8 Investigating the effect of pre-miR-214 transfection on PIEZO1 expression and 

activity in human cardiac fibroblasts 

The final potential miR-214 target investigated was PIEZO1 which was selected as a miRNA 

target due to it being a protein of interest in ongoing studies on cardiac fibroblasts within our 

laboratory (Blythe et al 2019; Bartoli et al 2022) (see Section 5.1). PIEZO1 levels showed a 

LogFC decrease of 79% in human CFs when transfected with pre-miR-214 (Table 5.4). The 

effect of pre-miR-214 transfection on the mRNA expression levels of PIEZO1 was investigated 

to determine whether miR-214 regulates PIEZO1 directly by binding to the mRNA. Pre-miR-

214 transfection demonstrated significantly lower levels of PIEZO1 compared to pre-miR-NC 

transfection, with 40.3% lower expression (Figure 5.27A). Anti-miR-214 transfection did not 

show significantly different expression levels to anti-miR-NC transfection (Figure 5.27B). 

The effect of pre-miR-214 and anti-miR-214 transfection on the activity of PIEZO1 was also 

investigated. It was demonstrated that transfection of human CFs with pre-miR-214 resulted 

in a significant reduction in intracellular calcium measurements (when treated with the PIEZO1 

agonist, YODA), compared to pre-miR-NC, anti-miR-NC and anti-miR-214 transfection (Figure 

5.28A-C). Therefore, miR-214 overexpression reduced PIEZO1 protein expression (measured 

by TMT proteomics), reduced PIEZO1 mRNA levels (measured by qRT-PCR) and reduced 

PIEZO1 activity (measured by intracellular calcium) and so miR-214 appears to directly inhibit 

PIEZO1 translation and thus activity in human CFs. The effect of pre-miR-214 on intracellular 

calcium influx was determined to be an effect specifically on PIEZO1 (rather than a non-

specific effect due to altered cell viability or cell number for example) by confirming that ATP 

evoked intracellular calcium signalling in pre-miR-214 transfected cells that was not 

significantly different to the anti-miR or pre-miR-NC transfected CFs (Figure 5.28D). 
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Table 5.4 The LogFC in PIEZO1 protein expression following pre-miR-214 transfection. 

The LogFC of PIEZO1, identified following a TMT proteomics screen after transfection with 

pre-miR-214 for 72 hours. Group sizes; n=6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ion channel protein Pre-miR-214 Log2FC Pre-miR-214 FC 

PIEZO1 -0.68 -0.6242 
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Figure 5.27 Gene expression levels of PIEZO1 following pre-miR-214 or anti-miR-214 

transfection. Human cardiac fibroblasts were transfected with pre-miR-NC or pre-miR-214 

(A) and anti-miR-NC or anti-miR-214 (B) and gene expression levels of PIEZO1 were 

measured at 48 hours post-transfection. Gene expression levels calculated by performing 

qRT-PCR and normalising levels relative to the housekeeping control, GAPDH. Horizontal 

bars indicate the mean value and error bars represent SEM. Group sizes; n=6 for pre-miR 

transfection and n=4 for anti-miR transfection. Two-tailed parametric t test performed on log 

transformed data (Y=Log(Y)). ***P<0.001 and ns=not significant. 
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Figure 5.28 Yoda1-induced intracellular calcium measurements from human cardiac 

fibroblasts following pre-miR-214 or anti-miR-214 transfection. Representative calcium 

(Ca2+) traces were taken from human cardiac fibroblasts, 72 hours post-transfection with pre-

miR-NC or pre-miR-214 (A) and anti-miR-NC or anti-miR-214 (B), when treated with 5µM 

YODA or 0.1% DMSO (vehicle control). Intracellular Ca2+ measurements were taken from the 

first 200 seconds of YODA or DMSO treatment and compared for significance (C), as well as 

the remaining time, post-ATP injection (5µM at 300 seconds) (D). Group sizes; n=4. Two-way 

repeated measures ANOVA, with a Tukey multiple comparisons test. **P<0.01, *P<0.05 and 

ns=not significant. 
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5.5 Discussion 

The aim of this chapter was to investigate the effect of overexpressing miR-214-3p or miR-

30d-5p on protein expression in human cardiac fibroblasts and to pursue specific targets for 

downstream functional analyses, selected either as targets of interest in CVD or based on 

bioinformatics analyses. 

MiR-214 and miR-30d were selected for TMT proteomics screening, out of our original panel 

of four miRNAs (miR-21a, -214, -224 and -30d) because they were differentially expressed in 

our ISO infusion model (miR-214 increased and miR-30d decreased) and our LAD ligation 

model (miR-214 increased at 3 days and miR-30d decreased at 4 weeks) and they showed 

opposing effects on the expression of related genes such as MMP2. It was encouraging that 

the proteomics screen found opposing fold changes for proteins changed by each miRNA, 

with many of the most increased proteins by miR-214 being decreased by miR-30d and vice 

versa (Figure 5.3 and 5.4). It was also encouraging to find that markers of ECs (PECAM-1), 

CMs (MYH6) and SMCs (MYH11) could not be detected in any of our 6 populations of human 

CFs treated in this screen (Table 5.1). Conversely, we were able to detect expression of 

markers for MyoFbs (ACTA2) or fibroblasts (DDR2, PDGFRA, S100A4, THY1, COL1A1, 

COL1A2 and COL3A1) at high levels in all 6 of our populations. This result is important 

because it means that we know that any miRNA regulation of gene expression that we detect 

is happening within human CFs and not in any contaminating cell types. Interestingly, three 

proteins that miR-214 and miR-30d show opposing regulation of are the collagens: COL1A1, 

COL1A2 and COL3A1, with miR-214 decreasing expression by 51%, 18% and 29% and miR-

30d increasing expression 1.7-fold, 1.6-fold, and 1.2-fold respectively. The activity of each 

miRNA in regulating ECM related genes and proteins (such as collagen subtypes, MMP-2 

mRNA, and protein and TNC) suggests that these miRNAs exhibit opposing effects on ECM 

regulation. 

We used the bioinformatics tools, STRING, and IPA to infer shared networks that exist 

between the proteins changed by each miRNA and to generate lists of pathways that consist 

of those proteins. IPA was a more powerful tool than STRING as it considers the degree of 

fold-change and the direction of that change when it infers predictions. STRING was still 

valuable however for making graphical representations of proteins that share networks with 

each other and this was especially useful in identifying proteins that were at the centre of 

networks and therefore any change in these would be particularly influential. The first miRNA 

analysed by bioinformatics was miR-214, which, by its overexpression, modulated 4,162 

proteins. We found that the proteins that shared the most connections with each other 

included: COL1A1, MMP-1, LOXL2, LOXL3, LOXL4, MAPK3, cyclin D1 (CCND1), tight 
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junction protein-1 (TJP1), catenin alpha-1 (CTNNA1), pyruvate dehydrogenase kinase 1 

(PDK1) and MAPK10. We already knew from our qRT-PCR analysis that miR-214 decreased 

expression of COL1A1 so it is not surprising to see protein expression of COL1A1 similarly 

decreased and Li et al. (2017) has previously shown that inhibition of miR-214 causes an 

increase in COL1A1. MMP-1 is upregulated by miR-214 and it is an interstitial collagenase 

that degrades collagen types 1 and 3. This is interesting because miR-214 is therefore 

inhibiting expression of collagen I and III and promoting expression of enzymes that degrade 

these collagens, demonstrating a very strong anti-fibrotic activity. The expression levels of 

MMP-1 have also been associated with different types of CVD, for example Lehrke et al. 

(2009) showed serum levels of MMP-1 are associated with total plaque burden in 

atherosclerosis and Picard et al. (2006) showed higher MMP1 expression in the 

endomyocardial biopsies of patients with dilated cardiomyopathy.  

We were also particularly interested by miR-214 increased expression of LOXL2, LOXL3 and 

LOXL4 and found that there were also increases in LOX and LOXL1, meaning the entire LOX 

family was upregulated. LOX enzymes act by oxidative deamination of collagen fibrils to form 

covalent cross-links and this leads to stiff collagen fibres that could underpin myocardial 

fibrosis (Kumari et al., 2017) (López et al., 2010). In fact, Adam et al. (2011) found that the left 

atrial myocardium of patients with AF is characterised by increased LOX expression and 

collagen cross-linking and that inhibition of LOX was found to prevent an Ang II induced 

increase in fibronectin, thus suggesting LOX as a therapeutic target in the prevention of 

myocardial fibrosis. Therefore, increased miR-214 in the acute phase of MI could be important 

for collagen cross-linking in scar formation, however, increases in HF models (such as our 

finding at 3 weeks post-ISO infusion) could be detrimental and promote long term fibrosis and 

remodelling. 

When the results of the miR-214 proteomics screen were investigated by IPA, different results 

were generated compared to STRING. The results of this analysis found that mitochondrial 

dysfunction was predicted to be the most significantly affected pathway by miR-214, along 

with other related pathways including oxidative phosphorylation, sirtuin signalling and 

Huntington’s disease signalling. The similarity between all these pathways was the significant 

dysregulation of mitochondrial proteins by miR-214 overexpression. In the case of oxidative 

phosphorylation specifically, there was decreased expression of a wide array of proteins 

across all four complexes of the ETC. Mitochondrial dysfunction has been identified as a driver 

in multiple types of CVD including ischemia-reperfusion injury, hypertension, and HF, and one 

of the principal components of this is the production of ROS which induce damage, necrosis 

and mutations (Poznyak et al., 2020). This damage ultimately leads to the release of DAMPs 

from necrotic cells or from phagocytes after engulfing said necrotic cells. Oxidative metabolism 
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by mitochondria is also the main energy source for the heart and the CMs, and dysfunction 

has been shown to reduce the contractile function of the heart as well as impairing calcium 

homeostasis (Zhou and Tian, 2018). The regulation of mitochondrial fusion and fission 

proteins is important for mitochondrial function, with fusion proteins mediating the 

convergence of impaired mitochondria, and fission proteins mediating the breakdown of 

mitochondria into smaller organelles. One of the major fusion proteins is MFN2, and miR-214 

was found to decrease the expression of MFN2 in the TMT proteomics screen. It was also 

discovered through the predictive miR binding database, miRdb, that MFN2 contains three 

different potential miR-214 binding seed sequences in its 3’ UTR. This regulation of MFN2 has 

been demonstrated to promote apoptosis in ischemic acute kidney injury where miR-214 

overexpression decreased MFN2 expression and resulted in mitochondrial dysfunction (Yan 

et al., 2020). Moreover, MFN2 has been validated as a direct target of miR-214 in an 

investigation that showed miR-214 overexpression decreased MFN2 expression in the fibrotic 

heart and CFs (Sun et al., 2015). The latter investigation found that miR-214 overexpression 

induced CF proliferation and collagen synthesis via inhibition of MFN2 and activation of 

ERK1/2 MAPK signalling, which results in cardiac fibrosis. 

Our next aim was to investigate whether miR-214 regulates LOX mRNA expression and we 

found that miR-214 overexpression increased the LOX family mRNA and decreased MFN2 

mRNA expression (Figure 5.18 and 5.21). This indicates that miR-214 regulates the LOX 

family indirectly to increase its expression. We hypothesised that miR-214 regulated the 

expression of the LOXL1 antisense RNA 1 (LOXL1-AS1) to alleviate repression of the LOX 

family transcription. Overexpression did not decrease LOXL1-AS1 expression however, and 

instead it was increased which confirmed that miR-214 is not increasing the LOX family via 

this mechanism (Figure 5.21). We then hypothesised that LOX expression could be regulated 

by miR-214’s effect on the mitochondria and on MFN2 specifically. Research shows that a 

decrease in expression of mitochondrial respiratory chain genes (as was observed in the 

present study with miR-214 overexpression at the protein level) is associated with an increase 

in collagen crosslinking and ECM stiffness and that ETC dysfunction can promote ECM 

integrity (Bubb et al., 2021). To test this, we transfected human CF with an MFN2 siRNA, but 

found that LOX mRNA expression was not increased and LOXL1, -2, -3 and -4 mRNA were 

all decreased. Similarly, MFN2 inhibition did not increase LOX protein expression in Western 

blot experiments. Interestingly, we did find that miR-214 overexpression increased the 

expression of the LOXL family, decreased expression of pro-LOX and did not change the 

expression of mature LOX, when analysing by Western Blot (Figure 5.22). Similarly, inhibition 

of MFN2 decreased the expression of pro-LOX. The pro-LOX is an inactive, glycosylated 

proenzyme that first requires processing in the ER before its release as the mature LOX 
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enzyme (Grimsby et al., 2010). The importance of MFN2 expression in ER-mitochondrial 

tethering has been demonstrated by Han et al. (2021) and overexpression increased tethering 

in mice and a loss of MFN2 promotes ER stress (Ngoh et al., 2012). It is hypothesised 

therefore that miR-214 inhibition of MFN2 results in a decrease in the glycosylated pro-LOX 

by inducing ER stress and proteolytic processing of the proenzyme. Further studies are 

required to investigate the functional effect of miR-214 overexpression on collagen 

crosslinking. 

We demonstrated for the first time that the overexpression of miR-214 induces mitochondrial 

dysfunction in CFs (Figure 5.17). The overexpression of miR-214 leading to mitochondrial 

dysfunction has been demonstrated in vivo by Bai et al. (2019) who also found that apoptosis 

was induced and disrupted oxidative phosphorylation. This regulation had not been explored 

in CFs until the current investigation. Mitochondrial dysfunction was one of the most significant 

pathways identified by IPA analysis because of the large number of mitochondrial proteins 

that were downregulated. These proteins included the NDUFs which are NADH 

dehydrogenases, (including NDUFAF4 (24% decrease), NDUFC2 (22% decrease) and 

NDUFA4 (21% decrease)) which catalyse the transfer of electrons from NADH to ubiquinone 

and are required for proper mitochondrial function. There were also decreases in all four of 

the succinate dehydrogenase proteins (SDHA, SDHB, SDHC and SDHD) that make up 

complex II and dysregulation of this complex is associated with the pathology of multiple types 

of cancer (Zhao et al., 2017b). The citrate synthase assay was performed as a measure of 

mitochondrial function as citrate synthase is localised to the inner mitochondrial membrane 

and the assay measures the integrity of the membrane (D'Souza and Srere, 1983). 

Mitochondrial dysfunction has been demonstrated as central to cardiac fibrosis and targeting 

this process has gained attention as a therapeutic modality. Dai et al. (2011) found that 

overexpression of the antioxidant enzyme, catalase, attenuated mitochondrial oxidative 

damage, cardiac fibrosis and hypertrophy that was induced by Ang II infusion in mice. 

Furthermore, Goh et al. (2019) found that Mitoquinone, a mitochondrial targeted antioxidant, 

inhibited fibrosis in an ascending aortic constriction pressure overload model by targeting 

ROS-mediated signalling of TGF-β1. Particularly relevant to CF behaviour, mitochondrial 

dysfunction and ROS signalling have been shown to increase transcription of MMPs, activate 

MMPs, decrease TIMP levels and decrease collagen synthesis (Siwik and Colucci, 2004), 

interestingly regulation that we have identified through our own investigation. 

The current investigation is the first to demonstrate that miR-214 regulates the expression and 

function of the mechanosensitive ion channel, PIEZO1, in CFs. Indeed, this is the first time 

miR-214 has been shown to regulate PIEZO1 in any cells, and miRNA targeting has only been 

described once before by Huang et al. (2016) who found miR-103a targeted PIEZO1 in 
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endothelial cells to inhibit capillary tube formation. PIEZO1 was selected as a candidate target 

as it has been increasingly demonstrated as important in CVD at the level of the CF. Blythe et 

al. (2019) originally demonstrated that chronic PIEZO1 activation increased the expression 

and release of the pleiotropic cytokine, IL-6 in human and mouse CFs, via p38α MAPK 

activation. Subsequently, Bartoli et al. (2022) reported that a global gain-of-function mutation 

in PIEZO1 resulted in both cardiac hypertrophy and increased cardiac fibrosis (with increased 

expression of pro-fibrotic genes such as Col3a1) and up-regulation of PIEZO1 responses in 

CF. Although PIEZO1 expression was clearly decreased by miR-214 overexpression in the 

TMT proteomics screen, it was important to identify whether this was due to regulation at the 

mRNA level. miR-214 was found to decrease mRNA expression of PIEZO1, demonstrating 

that miR-214 may directly regulate PIEZO1 (Figure 5.27). Next, to confirm functional impact, 

the effect of miR-214 overexpression on the activity of PIEZO1 was established by measuring 

intracellular calcium in the presence of the PIEZO1 agonist, Yoda1 (Figure 5.28). Importantly, 

it was confirmed that the decreases in PIEZO1 mRNA and protein expression induced by miR-

214 translated to a functional effect whereby Yoda1-induced intracellular calcium signalling 

was decreased significantly. Reassuringly, intracellular calcium signalling was not affected by 

miR-214 when CFs were stimulated with ATP only, demonstrating that miR-214 mediated this 

affect by decreasing expression of PIEZO1 specifically. Future investigations should establish 

what effect this inhibition has on the levels of fibrosis and hypertrophy in vivo through 

fibroblast-specific overexpression of miR-214. 

Bioinformatics analysis was also performed on the proteomics screen following miR-30d 

overexpression. Firstly, STRING analysis revealed that the most shared pathways existed 

between the proteins; COL5A1, COL1A1, COL1A2, cyclin D1 (CCND1), STAT3, bone 

morphogenetic protein 6 (BMP6), caspase 1 (CASP1) and protein transport protein Sec24A 

(SEC24A). The most central protein to these shared networks was STAT3 and this signalling 

pathway has multiple roles, including promotion of cell proliferation, survival and migration and 

interesting it plays a key role in the IL-6 signalling pathway, downstream of IL-6R (Yu et al., 

2009). STAT3 expression is increased by miR-30d (2.2-fold increase) and the activation of 

STAT3 integrates profibrotic pathways to activate fibroblasts. Hence, the inhibition of STAT3 

has been suggested as a therapeutic option by inhibiting TGFβ activation of MyoFbs 

(Chakraborty et al., 2017). Interestingly, we also found that miR-30d increased the expression 

of COL1A1 mRNA and in Chapter 4, we found that inhibition of miR-30d decreased the 

expression of ACTA2 mRNA (encoding α-SMA) which suggests that miR-30d regulates the 

expression of genes and proteins that would promote differentiation to a MyoFb phenotype. 

This is in opposition to the findings of Li et al. (2021) who found that miR-30d overexpression 

decreased ACTA2 expression. However, Han et al. (2018) made findings that support our 
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work by showing miR-30d increased STAT3 activation to induce epithelial to mesenchymal 

transition (EMT), migration and invasion by increasing the expression of Krüppel-like 

transcription factor 11 (KLF11) in breast cancer. Interestingly, increased expression of KLF-

11 protected against hypertrophy and fibrosis in a TAC mouse model and KLF-11 activators 

have been proposed as a candidate drug in HF patients which adds to the cardioprotective 

role suggested for miR-30d (Zheng et al., 2014).  

IPA analysis predicted that miR-30d overexpression significantly affects the eIF4 and p70S6K 

signalling pathway and the second most significant pathway was eIF2 signalling, 

demonstrating a strong role between miR-30d and eukaryotic initiation factors (eIF). 

Translation initiation requires at least nine eIFs (Jackson et al., 2010). MiR-30d has been 

predicted to modulate eIF2 and eIF4. Firstly, eIF2 is responsible for the ribosomal recruitment 

of the initiator of translation, methionyl-tRNA, and miR-30d increases the expression of all 3 

eIF2 subunits (eIF2S1, eIF2S2 and eIF2S3). The overall effect of miR-30d on eIF4 and 

p70S6K signalling was predicted as activation of translation through the inhibition of EIF4A2 

and EIF4G2. This pathway is highly regulated with a wide array of initiation factor proteins that 

regulate the different steps of translation. MiR-30d upregulates and downregulates these 

proteins in a pattern that promotes overall protein translation. EIF signalling has been 

implicated in CVD as part of the mammalian target of rapamycin (mTOR) pathway where 

mTORC1 signalling initiates protein translation in response to growth factors and inhibits 

translation in response to stress (Sciarretta et al., 2014). Interestingly, miR-30d is implicated 

in an mTOR signalling pathway, where cerebral ischemia-reperfusion injury leads to inhibition 

of miR-30d to prevent its negative regulation of DNA damage-inducible transcript 4 (DDIT4), 

which is in itself a negative regulator of mTOR (Xu et al., 2021). The overall effect is that 

inhibition of miR-30d prevents protein translation and promotes autophagy and apoptosis 

induced by cerebral ischemia-reperfusion injury. 

In summary, analysis of proteomics data by bioinformatics analysis has allowed the translation 

of miRNA effects on protein expression into effects on pathways and protein networks. This 

analysis has contextualised the activity of miR-214 and miR-30d to reveal what the overall 

effect of the miRNAs are in human CFs, rather than simply focusing on specific genes or 

proteins. The bioinformatics analysis followed by targeted downstream experiments revealed 

that miR-214 overexpression results in mitochondrial dysfunction. Protein targets across the 

entire ETC were decreased by miR-214 and this translated to mitochondrial dysfunction when 

assessed by a citrate synthase assay for mitochondrial integrity. We also found that miR-214 

upregulated all members of the LOX family and, combined with our findings in Chapter 4, this 

demonstrates that miR-214 significantly affects expression of various ECM proteins including 

the LOX family, COL1A1, TNC and MMP-2. Finally, we found through candidate target 
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selection, that miR-214 decreases the expression of the mechanosensitive ion channel, 

PIEZO1 and that this decrease resulted in PIEZO1 specific dysregulation of calcium entry. 

Our analysis of miR-30d overexpression found that miR-30d significantly increases the 

expression of the master regulator, STAT3, which has been shown to promote proliferation, 

migration, and invasion, via miR-30d activity. We also found that miR-30d is predicted to 

activate protein translation and that miR-30d has been found to be inhibited in cardiac 

dysfunction models such as cerebral ischemia-reperfusion injury, leading to autophagy and 

apoptosis, and that miR-30d activity may inhibit apoptotic signals in response to stress. To 

establish the importance of these miRNAs in CVD, future work should involve overexpression 

or inhibition of each miRNA in animal models of disease to assess the effect of each on 

processes such as hypertrophy and fibrosis, the hallmarks of cardiac remodelling. 
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Chapter 6 Final discussion, future directions, and conclusion 

6.1 Summary of results 

Using whole heart RNA from in vivo cardiac dysfunction models in mice and patient derived, 

primary human cardiac fibroblasts cultured in vitro, it has been demonstrated that: 

Chapter 3 

• Cultured murine cardiac fibroblasts express miR-21a, -214, -224 and -30d 

• MiR-21a, -214 and -224 were enriched in murine cardiac fibroblasts compared with 

other freshly isolated cardiac cell types 

• Cultured human cardiac fibroblasts express miR-21a, -214, -224 and -30d 

• Chronic isoproterenol infusion induced increases in miR-21a, -214 and -224 and 

decreased miR-30d expression at 3 weeks in whole heart murine RNA 

• Fibroblast-specific p38α MAPK deletion reversed isoproterenol-induced expression 

changes in miR-21a, -214, -224 and -30d 

• Experimental MI (permanent LAD ligation) increased miR-21a and -214 expression at 

3 days and decreased miR-30d expression at 4 weeks in whole heart murine RNA 

• Chronic angiotensin II infusion decreased miR-30d expression at 4 weeks in whole 

heart murine RNA 

• TNFα treatment decreased miR-21a expression in cultured human CF 

• Pharmacological inhibition of p38 MAPK decreased miR-224 expression in cultured 

human CF 

Chapter 4 

In cultured human CF: 

• MiR-21a overexpression decreased mRNA expression of IL6 and IL6R and increased 

expression of IL11, whereas miR-21a inhibition increased expression of EDN1 

• MiR-214 overexpression decreased mRNA expression of IL6 and COL1A1 and 

increased expression of TNC, whereas miR-214 inhibition increased expression of 

AGTR1 

• MiR-224 overexpression decreased mRNA expression of IL6 and MMP3, and 

increased expression of ITGA5 

• MiR-30d overexpression decreased mRNA expression of MMP2 and ITGA5, and 

inhibition of miR-30d decreased expression of ACTA2 

• MiR-214 overexpression increased the secretion of MMP-2 protein 
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Chapter 5 

Following TMT proteomics analysis of cultured human CF transfected with pre-miR-214 or 

pre-miR-30d: 

• STRING analysis predicted miR-214 regulation of ECM regulation 

• IPA analysis predicted miR-214 regulation of mitochondrial dysfunction and oxidative 

phosphorylation 

• MiR-214 overexpression increased lysyl oxidase (LOX), LOXL1, LOXL2, LOXL3 and 

LOXL4 mRNA and protein expression 

• MiR-214 overexpression decreased mitofusin2 mRNA and protein expression 

• MiR-214 overexpression decreased mitochondrial function 

• MiR-214 decreased PIEZO1 mRNA and protein expression in human cardiac 

fibroblasts 

• MiR-214 decreased intracellular calcium signalling in human CF following treatment 

with the PIEZO1 agonist, Yoda1 

• STRING analysis predicted miR-30d regulation of STAT3 

• IPA analysis predicted miR-30d regulation of protein translation by targeting eIF4 and 

p70s6k signalling and eIF2 signalling 

 

6.2 Final discussion 

This investigation found that the expression of miR-21a, -214, -224 and -30d are dysregulated 

in in vivo mouse models of CVD and that the modulation of their expression following ISO 

infusion is dependent upon p38α MAPK expression in fibroblasts. The increase of miR-21a, -

214 and -224 and decrease in -30d have been identified in in vivo models of cardiac 

dysfunction but their roles in regulating human CF behaviour are not fully understood (Thum 

et al., 2008) (Duan et al., 2015) (Zheng et al., 2021) (Roca-Alonso et al., 2015). The inhibition 

of p38 MAPK with the drug losmapimod however did not reduce the risk of major ischemic 

cardiovascular events in a multi-centre randomised clinical trial (O'Donoghue et al., 2016). 

The regulation of and the regulatory activities of miR-21a, -214, -224 and -30d were therefore 

investigated in human CFs as miRNAs and their downstream activity represent potential novel 

therapeutic targets (Nouraee and Mowla, 2015). 

This study found that miR-21a overexpression decreased the mRNA expression of IL6 and 

IL6R and increased the expression of IL11. This finding is supported by Liu et al. (2021) who 

found that miR-21a expression negatively correlated with IL6 mRNA and that miR-21a mimic 

treatment was able to reverse an increase in IL6 caused by lipopolysaccharide (LPS). 
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Moreover, Yang et al. (2018) found that miR-21a mimics decreased IL6 in response to the 

DAMPs, high mobility group protein B1 (HMGB1) and heat shock protein 60 (HSP60) that 

were released in an MI model. The direct targeting of IL6R by miR-21a was identified by 

Wang et al. (2018b) through a luciferase reporter assay and they demonstrated this 

degradation suppresses proliferation, migration and invasion. Our investigation is the first to 

discover that miR-21a increases the expression of IL11 mRNA and it was found that miR-

21a can increase the expression of AP-1 for which there are two binding sites in the 

promoter of IL11, demonstrating a potential miR-21a/AP-1/IL-11 signalling axis (Zhou et al., 

2011) (Cook and Schafer, 2020). 

 

MiR-224 expression was decreased by pharmacological inhibition of p38 (SB203580) which 

is supported by previous work from our group that saw miR-224 expression was decreased 

in an ISO infusion model by fibroblast specific p38α MAPK KO (Bageghni et al., 2018). MiR-

224 overexpression was found to decrease the mRNA expression of IL6 and MMP3 and 

increase expression of ITGA5. This is the first time that miR-224 overexpression has been 

found to decrease IL6, however An et al. (2021) demonstrated that IL-6 can induce miR-224 

expression and miR-224 directly targets and decreases expression of SMAD4 which is 

interesting because inhibition of SMAD4 by siRNA reduced IL-6 expression (Yamada et al., 

2013). SMAD4 has been validated as a target of miR-224 by several studies and so a 

potential regulatory axis could exist whereby miR-224 regulates IL6 through a negative 

feedback loop (Yao et al., 2010) (Zhang et al., 2013) (Ma et al., 2018). 

 

MiR-214 and miR-30d were selected for further investigation due to their differential 

expression in our in vivo cardiac dysfunction models, differential regulation of cardiac 

remodelling genes and proteins, and a lack of understanding or consensus in the literature. 

MiR-214 overexpression decreased the mRNA expression of IL6 and COL1A1, increased the 

expression of TNC and increased the secretion of MMP-2. TMT proteomic screening of miR-

214 overexpression in human CFs found increases in the LOX family and qRT-PCR analysis 

confirmed miR-214 increased expression of the LOX family at the mRNA level. These miR-

214-induced increases in ECM proteins were predicted by STRING analysis which predicted 

ECM regulation as a miR-214 impacted pathway. IPA analysis predicted miR-214 regulation 

of mitochondrial dysfunction, and this was confirmed by finding mitochondrial function was 

decreased by miR-214 in a citrate synthase assay and qRT-PCR, TMT proteomics and 

Western Blot demonstrated the decrease of MFN2 by miR-214. Finally, PIEZO1 was selected 

as a candidate target based on its implication in CVD and expression in human CFs (Blythe 
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et al., 2019, Bartoli et al., 2022) and it was found that miR-214 decreased PIEZO1 mRNA and 

protein expression and decreased intracellular calcium signalling specific to PIEZO1 activity.  

Finally, miR-30d was the only miRNA to be decreased in our cardiac dysfunction models, with 

decreased expression 3 weeks following ISO infusion, at 4 weeks post-LAD ligation and at 4 

weeks post-Ang II infusion. MiR-30d overexpression decreased the mRNA expression of 

MMP2 and ITGA5, which was expected as Li et al. (2021) demonstrated miR-30d decreased 

expression of ITGA5 in human CFs to decrease myocardial fibrosis. In the proteomics screen, 

miR-30d was found to increase the expression of STAT3 which has been shown to promote 

proliferation, migration, and invasion in the context of breast cancer but not yet in CVD (Han 

et al., 2018). Bioinformatics analysis of this proteomics dataset predicted that miR-30d would 

activate protein translation through modulation of eIF4 and eIF2 signalling pathways and 

similarly, this has been demonstrated in response to cerebral ischemic reperfusion injury (Xu 

et al., 2021). 

In summary, this study has assessed the effects of miRNAs on human CF gene expression, 

protein expression and predicted modulation of pathways relevant to cardiac remodelling. To 

fully understood the effect of these miRNAs in regulating CF behaviour, it will be necessary to 

perform fibroblast- and CF-specific miRNA overexpression and inhibition in in vivo models of 

cardiac dysfunction. 

 

6.3 Clinical relevance 

CVD is the leading cause of mortality worldwide, with 17.9 million deaths per annum (Kim, 

2021). In the UK, 168,000 people die each year from CVD (ONS, 2021), and the disease costs 

the UK economy £9 billion each year. According to the World Health Organization (2022), 

there were 58,332 clinical trials in CVD between 1999 and 2021, accounting for 10.4% of all 

clinical trials globally for this time period, yet CVD remains the world’s biggest killer and the 

number of cases and deaths increase each year. As previously mentioned, large multi-centre, 

randomised clinical trials have failed to meet primary endpoints, such as in the trial of p38 

MAPK inhibitors (O'Donoghue et al., 2016). The potential of RNA modulation, either as targets 

or as modalities has been realised recently and medicine is said to be in the midst of an RNA 

therapeutic “revolution” (Damase et al., 2021). The importance of RNA therapeutics has been 

born partly out of a lack of protein targets, given that only ~12% of proteins have active binding 

sites that can be targeted by small molecules (Hopkins and Groom, 2002). 

RNA therapeutics can be divided into two different approaches; RNA interference (RNAi) 

where antisense oligonucleotides (ASOs) are synthesised to bind with complementarity to 
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endogenous RNA and inhibit their translation (Rinaldi and Wood, 2018), or mRNA where 

mRNAs are delivered with the purpose of transient expression of protein which has been 

demonstrated in vaccine technology for the expression of viral proteins (Baden et al., 2021). 

There are currently 15 ASO therapeutics approved by the Food and Drug Administration (FDA) 

(Igarashi et al., 2022) and the disease Duchenne Muscular Dystrophy (DMD) has received 

particular attention for the use of ASOs such as Eteplirsen (Sarepta therapeutics) to interfere 

with pre-mRNA splicing (Lim et al., 2017) and Revenko et al. (2022) (AstraZeneca and Ionis) 

demonstrated that ASO directed targeting of the previously thought “undruggable target”, 

FOXP3, in T-regulatory cells resulted in anti-tumour immunity. 

Of course, endogenous inhibitors of mRNA translation exist in the form of microRNAs. As has 

been demonstrated in the current investigation, the overexpression of miRNAs and the 

inhibition of miRNAs each modulate gene expression and therefore increases, and decreases 

could equally be exploited as therapeutic options. To date, there are currently no clinically 

approved miRNA therapeutics, however there are many in clinical trials. One such therapeutic 

is anti-miR-17 oligonucleotide RGLS4326 (Regulus Therapeutics) where inhibition of miR-17 

was found to attenuate cyst growth in autosomal dominant polycystic kidney disease 

(ADPKD). There is mixed success however, as a phase II clinical trial of the miR-21 inhibitor 

Lademirsen was terminated by Sanofi after meaningful improvement in kidney function was 

not achieved in kidney disease (Trials.gov, 2022). 

In the field of CVD, the most recent drug discovery company to develop miRNA-based 

therapeutics is Cardior. This company possesses a drug pipeline with five programmes 

focused on either interaction with noncoding-RNA (ncRNA) or modulation of ncRNA. At least 

one of these is an ASO anti-miR directed against miR-132 (called CDR132L). This compound 

exemplifies how research on miRNA activity in disease can lead to the development of a 

compound for treatment of said disease. MiR-132 activation was found to induce cardiac 

hypertrophy and autophagy in CMs and hypertrophic stimuli increased its expression, and 

injection with antagomir reduced both cardiac hypertrophy and HF in mice (Ucar et al., 2012). 

Following this, improved cardiac function and reversed cardiac remodelling as well as 

tolerability and safety was demonstrated in pig models (Batkai et al., 2020) and more recently, 

this compound passed a phase 1b randomised, double-blind, placebo-controlled study in 

human patients and is currently in phase 2 clinical trials (Täubel et al., 2021). 

Regarding the delivery of miRNA mimics to overexpress miRNAs, there are currently no such 

compounds in clinical trials. One compound that failed phase 1 clinical trials was MRX34, 

which was a liposomal miR-34a, intended for the treatment of patients with primary liver cancer 

(Christopher et al., 2016). This trial involved intravenous delivery of a liposomal miR-34 mimic 
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however the trial was terminated early due to major immune mediated adverse events and the 

deaths of four patients (Hong et al., 2020). This result demonstrates that, as with all types of 

drugs, there are safety concerns attached with the delivery of increased levels of miRNAs into 

the human body. 

Of course, an important clinical application of miRNAs that could be much more easily 

achieved is the validation and clinical approval of miRNAs as biomarkers in human disease. 

To date there are no clinically approved miRNA biomarkers despite numerous publications 

demonstrating their differential expression in patient samples. MiRNAs hold promise as 

successful biomarkers as they are found circulating, they are present in liquid biopsies that 

can be easily taken from patients (urine, saliva, plasma etc.), they are biologically stable and 

their expression has been shown to correlate with extent of pathology (tumour burden, level 

of fibrosis etc.) (Gayosso-Gómez and Ortiz-Quintero, 2021). In CVD, Watson et al. (2015) 

demonstrated that the expression of miR-30c, −146a, −221, −328, and −375 could be used to 

differentiate HFrEF from HFpEF and that any of these miRNAs could be used in combination 

with detection of BNP to improve diagnosis compared to BNP alone. Similarly, miRNAs have 

been demonstrated as biomarkers in acute MI, including; miR-21 (Liu et al., 2015), miR-29b 

(Grabmaier et al., 2017) and miR-208b (Lv et al., 2014). One of the miRNAs from our 

investigation that holds promise as a biomarker that is decreased in CVD is miR-30d. We 

found that miR-30d was decreased at 3-weeks post-ISO infusion, 4-weeks post-LAD ligation 

and 4-weeks post-Ang II infusion, meaning it has been decreased in a HF model, an MI model 

and a hypertensive model and Xiao et al. (2017) found serum miR-30d expression was 

significantly lower in acute HF patients who did not survive the 1-year follow up.  

6.4 Limitations 

One limitation of this study is that most of the experiments were performed in cultured human 

CFs which differ from in vivo experiments due to the impact of culture conditions and a lack of 

cellular heterogeneity, for example there are no CMs or ECs impacting CFs or engaging in 

crosstalk. However, human CFs were used in vitro to simplify the system and to look at the 

mechanics of these miRNAs in CFs. A strength of this is that human CFs were used as 

opposed to animal CFs but importantly it was shown that the expression profile of cultured 

human CFs was like murine CFs for these miRNAs. Proteomics analysis confirmed the 

cultures of human CFs were pure and free from contamination by other cardiac cell types. 

One of the limitations of the investigation was the scope of the TMT proteomics screen. The 

study began with analysing the role of all four miRNAs, miR-21a, -214, -224 and -30d but only 

miR-214 and -30d were selected for proteomics analysis due to financial and time constraints. 

Analysis of all four miRNAs would have been of great interest. Similarly, our screen could have 
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been more reflective of the directional changes seen in cardiac dysfunction had we inhibited 

miR-30d by transfecting with anti-miRs for proteomics analysis, rather than overexpressing it. 

This is because as explained previously, miR-30d was decreased in all the in vivo mouse 

models of cardiac dysfunction. Nevertheless, our proteomics study provided important novel 

information on the regulation of the cellular proteome by these miRNAs. 

Another limitation however is that our proteomics screen only looked at cellular and ECM 

proteins whereas there are many important proteins synthesised by CFs that are present in 

the secretome. This could be investigated in future studies, however. 

One other limitation to be considered is that pre-miR transfection resulted in increases of 

miRNA expression by hundreds or thousands of folds, depending on the miRNA. As has been 

explained previously, this does not reflect the increases detected in murine models of 

dysfunction, where increases are <10-fold compared to controls. This is something that should 

be considered when designing any potential mouse models of miRNA overexpression. 

Another consideration is that Khan et al. (2009) found that miRNA targets actually increase in 

expression following transfection and they hypothesise that pre-miRs could actually compete 

with endogenous miRNAs for RISC machinery and prevent binding to target mRNA. 

6.5 Future directions 

6.5.1 Do miR-21a, -214, -224 or -30d regulate human cardiac fibroblast migration? 

Our investigation sought to determine what role miR-21a, -214, -224 and -30d play in the 

regulation of human CF behaviours relevant to cardiac remodelling, with a focus on cell 

proliferation. However, another important behaviour of activated CFs and MyoFbs is cell 

migration, which is increased upon activation and differentiation. Mitchell et al. (2007) 

demonstrated that IL-1β stimulated a dose dependent increase in migration of rat CFs and 

Siddesha et al. (2013) showed that Ang II treatment led to increased migration of adult mouse 

CFs as well as activation of MMP-2, -14 and -9 via NF-κB and AP-1 activation. MiR-21 has 

been shown to promote CF to MyoFb transition but the effect on migration has not been 

investigated (Zhou et al., 2018). Similarly, miR-214, -224 and -30d have not shown regulation 

of CF migration although miR-214 inhibition was found to attenuate migration of a triple 

negative breast cancer cell line (Zhang et al., 2019). In other studies, miR-224 overexpression 

promoted migration by targeting PTEN (Peng et al., 2021), and miR-30d mimics increased 

migration and invasion in a breast cancer cell line (Han et al., 2018). Future investigations 

would involve transfection of human CFs with specific pre-miRs or anti-miRs and then 

measurement of migration using a Boyden chamber assay or scratch wound assay (Riches et 

al., 2009).  
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6.5.2 Are miR-21a, -214, -224 or -30d differentially expressed in patient clinical samples? 

One important investigation in the future would be to measure the expression levels of miR-

21a, -214, -224 and -30d in clinical samples taken from patients with different types of CVD, 

whether this be acute MI, hypertension, stroke, HFpEF or HFrEF. Samples should include 

both human tissue biopsies and liquid biopsies such as serum. The purpose of this would be 

to assess for any associations between the expression levels of these miRNAs and the type 

of disease, the extent of disease, diabetic status, sex and any future changes such as 

mortality. The extent of disease would include measurements such as degree of fibrosis or 

cardiac output. Importantly, if any associations are found, especially in liquid biopsies, then 

this could lead to the validation of any of these miRNAs as potential biomarkers for CVD. 

6.5.3 What is the effect of miRNA overexpression or inhibition on coculturing human 

cardiac fibroblasts and cardiomyocytes? 

The heart is a dynamic organ, with regulation of ECM turnover and any dysregulation can 

result in disease, but another dynamic process that occurs here that has not been mentioned 

is crosstalk between CFs and CMs. This has been described by Bageghni et al. (2018) where 

CFs release IL-6 to induce cardiac hypertrophy in CMs by paracrine signalling and the 

expression of receptors such as integrins allow CFs to sense changes in the ECM such as 

mechanical transduction and MMP and TIMP balance and then communicate these changes 

to CMs and vice versa (Civitarese et al., 2017). Importantly, miRNAs can be released in 

extracellular vesicles (EVs) by cells and then act on mRNA expression in other cell types (Mills 

et al., 2019). Indeed, this has been demonstrated in CVD where Li et al. (2021) found that 

miR-30d is released by CMs in EVs and then acts on CFs to target and decrease the 

expression of ITGA5; supporting our finding that miR-30d expression was not enriched in 

murine CFs. A future direction would therefore involve; 1) modulating the expression of these 

miRNAs in human CFs and then co-culturing with CMs to investigate effect on CMs (including 

hypertrophy, contraction and calcium signalling), 2) culture CFs in conditioned media obtained 

from CMs to investigate influence on miRNA expression and 3) culture CMs in conditioned 

media obtained from CFs where miRNA expression has been modulated to investigate the 

influence on CM behaviour/gene and protein expression. 

6.5.4 Does miR-214 regulate LOX activity? 

We found that miR-214 overexpression increased the mRNA and protein expression of LOX, 

LOXL1, LOXL2, LOXL3 and LOXL4 but we do not yet know the effect on LOX activity. LOX 

enzymatic activity can be measured by a LOX activity assay where hydrogen peroxide is 

released by LOX catalysis of a LOX substrate and fluorescence is then measured. We 
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hypothesise that miR-214 overexpression would similarly lead to an increase in LOX activity 

and this assay would confirm this effect. 

6.5.5 Does miR-214 regulate collagen gel contraction? 

The key role of the LOX family of proteins is the deamination of specific lysine and 

hydroxylysine residues in collagen to form stable crosslinks between collagen fibres, which 

results in thicker collagen fibrils (Herchenhan et al., 2015). As well as the synthesis and 

release of collagen, CFs regulate contraction of collagen which is important for contraction of 

the scar produced in wound healing post-MI, and collagen gel contraction can be induced by 

mediators of cardiac dysfunction such as Ang II which induces contraction via integrins 

(Burgess et al., 1994). As we know that miR-214 increases LOX expression, and LOX acts by 

forming collagen cross-linking, it would be interesting to know what the effect is on collagen 

gel contraction and therefore learn what role miR-214 may play in wound healing post-MI. 

Collagen gel contraction assays could be performed as described previously (van 

Nieuwenhoven et al., 2013). 

6.5.6 Does miR-214 directly target PIEZO1? 

The present study provided evidence of the first time that miR-214 decreases the expression 

of PIEZO1 mRNA and protein and decreased intracellular calcium signalling after treatment 

with the PIEZO1 specific agonist, Yoda1. However, we have not confirmed yet whether miR-

214 directly binds to the 3’ UTR of PIEZO1 or whether it indirectly inhibits its expression by 

binding to an upstream regulator of PIEZO1. This would be identified by performing a 

luciferase reporter assay to see whether luciferase activity is affected and determine whether 

miR-214 binds to PIEZO1 mRNA. 

6.5.7 What is the effect of miRNA transgenic inhibition or mimic delivery of miR-214 or 

miR-30d in mouse models of cardiac dysfunction? 

Finally, the most important consideration on the effect of these miRNAs in CFs is how this 

translates to an in vivo model. This is essential because, as we have described, there are a 

multitude of factors that influence cell behaviour in the heart, whether this be communication 

with the ECM, paracrine signalling with other cells, responding to stress and DAMPs and even 

intracellular signalling. There are different methods by which miRNA activity can be modulated 

in vivo, for example transgenic mouse models for inhibition in specific cell types (Park et al., 

2010) and overexpression (Fornari et al., 2019). One important mouse model to investigate 

would be the effect of miR-214 on cardiac dysfunction in mice, specifically focusing on its role 

in decreasing the expression of PIEZO1. The current investigation found that miR-214 

expression was increased at 3 weeks post-ISO infusion and at 3 days post-LAD ligation and 
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it would be interesting to determine what effect this increase has on PIEZO1 expression at 

these time points. Similarly, an investigation could look at the effect of overexpression of miR-

214 in mice at later time points such as 4 weeks post-LAD ligation and 4 weeks post-Ang II 

infusion when miR-214 levels are unchanged. This is relevant because Bartoli et al. (2022) 

showed that a global PIEZO1 gain of function mutation caused fibrosis and hypertrophy in 

mice, with hyperactivation of PIEZO1 evident in CF, and so it would be particularly interesting 

to investigate what effect miR-214 overexpression specifically in fibroblasts would have on 

hypertrophy and fibrosis. 

6.6 Conclusion 

MiRNAs have been implicated in human health and disease and importantly play pathological 

and cardioprotective roles in cardiovascular disease. The overall aim of this study was to gain 

an understanding of the roles of miR-21a-5p, -214-3p, -224-5p and -30d-5p in human CF. 

Investigation revealed expression of each miRNA in mouse and human CF and that in vivo 

models of cardiac dysfunction affected their expression levels. Overexpression of miR-21a 

regulated mRNA expression of the proinflammatory IL6 family, by decreasing IL6 and IL6R 

expression and increasing IL11 expression. MiR-214 overexpression decreased mRNA 

expression of IL6 and COL1A1 and increased expression of TNC and secretion of MMP-2. 

Overexpression of miR-224 decreased gene expression of IL6 and MMP3 and increased 

expression of ITGA5. MiR-30d overexpression decreased mRNA expression of MMP2 and 

ITGA5. MiR-214 and -30d were selected for further analysis by performing proteomics analysis 

following their overexpression. MiR-30d was predicted to significantly modulate eIF2 and eIF4 

signalling pathways and protein translation as well as increase STAT3 expression. MiR-214 

led to significant mitochondrial dysfunction and targeted the mitochondrial fission protein, 

MFN2. MiR-214 was found to regulate expression of various ECM proteins and upregulated 

expression of the LOX family. Finally, miR-214 decreased mRNA and protein expression of 

PIEZO1 and functional analysis demonstrated miR-214 mediated PIEZO1-specific 

downregulation in intracellular calcium signalling. These novel findings provide more 

understanding of the role that these miRNAs play in the regulation of human cardiac 

fibroblasts, relevant to cardiac remodelling, and pave the way for future therapeutic and 

biomarker studies focused on these miRNAs. 
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