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1 Introduction 

1.1 Heart failure 

1.1.1 Epidemiology 

For the past decade, cardiovascular diseases (CVDs) have been the main cause of 

death worldwide. They are responsible for 19% of global deaths under the age of 70 

years (Organization 2014). In 2013, the first three top causes of death in Germany 

were associated with cardiovascular disease, i.e. chronic ischemic heart disease 

(8.2%), acute myocardial infarction (5.8%) and heart failure on position three (5.1%) 

followed by hypertensive heart disease on position seven (2.8%) and stroke on position 

eight (2.1%) (Bundesamt 2014). It is expected that CVD will remain the main cause of 

death worldwide by increasing from 16.7 million in 2002 to 23.3 million deaths in 2030 

with ischemic heart disease as the main factor and hypertensive heart disease as an 

increasing reason for global mortality (Mathers and Loncar 2006). 

 

1.1.2 Clinical classification 

Chronic heart failure is the result of numerous pathologic mechanisms which cause a 

decreased pump function of the heart in the circulatory blood system. This leads to a 

lack of perfusion of downstream organs resulting subsequently in the decreased 

function or necrosis of the latter, commonly described as a forward failure (mainly 

symptomatic as a left ventricle failure). The New York Heart Association (NYHA) 

measures this effect as limited physical activity capacity to classify the heart failure 

(Little 1994). Moreover, the cardiac insufficiency as a backward failure, i.e., draining 

the venous system flowing into the ventricles, usually induces primarily symptoms, 

although those are less sensitive than diagnostic tools like echocardiography 

(Stevenson and Perloff 1989, Gopal and Karnath 2009).  

In case of the left ventricle, these may be symptoms of the pulmonary system like 

dyspnea. Typically, these symptoms get aggravated by lying flat and improve while 

sitting up, called orthopnea. The symptoms induced by the forward failure of the left 

ventricle are for instance cool extremities, premature fatigue, dizziness, confusion, in 

advanced stages cyanosis and fading.  
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Symptoms of a backward failure of the right ventricle are peripheral edema, usually in 

the lower extremities, ascites and nocturia (Stevenson and Perloff 1989, Mueller, 

Frana et al. 2005, Gopal and Karnath 2009). 

Beside the impaired pump function, heart failure changes the myocardial 

electrophysiological transmission, which may lead to arrhythmia (Hill and Olson 2008). 

 

Risk factors respectively inducing stimuli for heart failure are age, male sex, 

hypertension, myocardial infarction (MI), coronary artery disease, valvular insufficiency 

and stenosis, congenital malformations, diabetes, obesity, smoking, chronic kidney 

disease and dyslipidemia (McKee, Castelli et al. 1971, Kannel and Belanger 1991, 

Bleumink, Knetsch et al. 2004, Kenchaiah, Narula et al. 2004, Schocken, Benjamin et 

al. 2008, Mahmood and Wang 2013, Yancy, Jessup et al. 2013, Bhatt, Foster et al. 

2015).  

 

1.1.3 Cardiac hypertrophy 

The previously listed risk factors leading to heart failure emphasize the relevance of a 

chronic imbalance of supply and workload of the cardiac tissue (hypertension 

increases workload, ACS decreases the supply) which is usually evolving over time 

through the stages of cardiac hypertrophy.  

 

To better understand pathologic cardiac hypertrophy, it is helpful to contrast it with 

physiologic hypertrophy which is usually induced by pregnancy and physical activity 

and can be restored entirely in absence of the inducing stimulus (Figure 1). 
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Figure 1: “Conditions Leading to Remodeling of the Heart and Resulting in Atrophy or Hypertrophy.” (Hill 
and Olson 2008) 

 

Microscopically, both forms of hypertrophy lead to an increased cardiomyocyte cell 

volume and production of new sarcomeres. However the pathologic hypertrophy can 

be identified by an unorganized sarcomere production, an additional cell necrosis and 

apoptosis with increased reactive intercellular fibrosis, summarized as cardiac 

remodeling (Grossman, Jones et al. 1975, Krayenbuehl, Hess et al. 1983, Weber, 

Clark et al. 1987, Pluim, Zwinderman et al. 2000, Brower, Gardner et al. 2006, 

McMullen and Jennings 2007). 

 

Macroscopically, there are two forms of hypertrophy: concentric and eccentric 

hypertrophy. They are classified by the relation of the chamber volume to the wall 
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thickness. Both forms can describe pathologic and physiologic remodeling and should 

be understood as extreme examples with countless hybrid phenotypes in between. 

Pressure (over)load, induced by hypertension, aortic stenosis but also weight lifting 

can lead to concentric hypertrophy, characterized by a reduction of the ventricular 

volume-to-wall-thickness ratio.  

Eccentric hypertrophy in contrast is typically caused by volume (over)load due to 

excessive endurance training or pregnancy as well as valvular insufficiency or cardiac 

shunts. It is marked by an increase of the ventricular volume-to-wall-thickness ratio 

and an absolute increase in ventricular mass.  

If the wall thickness does not increase sufficiently according to the Laplace law, this 

leads to pathologic hypertrophy marked by cardiac dilation with increasing fibrosis, cell 

death and functional decompensation (Grossman, Jones et al. 1975, Krayenbuehl, 

Hess et al. 1983, Weber, Clark et al. 1987, Frohlich, Apstein et al. 1992, Hunter and 

Chien 1999, Pluim, Zwinderman et al. 2000, Brower, Gardner et al. 2006, McMullen 

and Jennings 2007, Hill and Olson 2008).  

 

Functionally, pathologic hypertrophy leads to an impaired oxygen supply, contractility 

and diastolic and systolic function, whereas the physiological hypertrophy is associated 

with a preserved or increased pump function. 

The pathological changes are mediated by intercellular communication and numerous 

neurohumoral factors. Furthermore, the tissue of a failing heart is marked by an altered 

genetic expression profile similar to the fetal heart. The exact regulation in the 

individual stages of cardiac hypertrophy and failure are yet to be understood more 

completely (Hunter and Chien 1999, Hill and Olson 2008, Dirkx, da Costa Martins et 

al. 2013). 

 

 

1.2 MicroRNAs 

MicroRNAs (in the following also referred to as miRs, miRNAs) are endogenous, 

genomically transcribed, short (20-23 nucleotides), non-coding, single-stranded RNA 

molecules which regulate gene expression in most animals post-transcriptionally 

(Bartel 2009). The crucial sequence for its functionality is found at the 5’ end from 
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nucleotide 2 to 7, called seed sequence, binding to the complementary sequence in 

the 3’UTR of its target mRNA (Brennecke, Stark et al. 2005, Bartel 2009, Pasquinelli 

2012). 

MiRBase (release 21, www.mirbase.org) has catalogued 2588 mature miRs in human 

(homo sapiens), 1915 in mouse (mus musculus), 765 in rat (rattus norvegicus) and 

411 in pig (sus scrofa). There are microRNAs in plants, too, which presumably evolved 

independently from the animal’s analogue, and are not to be discussed further in this 

study. 

 

1.2.1 Biogenesis 

Mammalian microRNA genes can be coded in several genomic contexts. In the 

following, the canonical pathway of microRNA biogenesis is described. Alongside this 

pathway, there are numerous variant mechanisms to be found, in their turn producing 

microRNAs (Yang and Lai 2011).  

Most miRs are part of introns of a coding or noncoding transcript but can also be found 

in exons (Lagos-Quintana, Rauhut et al. 2001, Lau, Lim et al. 2001, Lee and Ambros 

2001). Often their transcription is regulated together with the expression of their host 

genes, which can be related to their functional context. For instance, the myosin heavy 

chain gene Myh6 (α-MHC) cotranscribes miR-208a which controls the expression of 

other myosins (van Rooij, Quiat et al. 2009).  

RNA Polymerase II or III transcribes them, producing primary microRNA transcripts of 

up to multiple kilobases length containing a typical stem-loop structure with the mature 

miR sequence, surrounded by single-stranded RNA segments on both 5’ and 3’ sides 

(pri-microRNAs) (Figure 2) (Lee, Kim et al. 2004, Borchert, Lanier et al. 2006). After 

transcription, the pri-miR gets cleaved by a nuclear RNase III (class 2) called Drosha 

– forming with its cofactor DGCR8 a complex named microprocessor – to release a 

hairpin structure of ~65 nucleotides (pre-miR) (Lee, Ahn et al. 2003, Gregory, Yan et 

al. 2004). The pre-miR then usually is translocated from the nucleus to the cytoplasm 

by exportin 5 with the cofactor Ran-GTP (Yi, Qin et al. 2003, Lund, Guttinger et al. 

2004). 

In the cytoplasm, the RNase III (class 3) called Dicer and optional cofactors cleave the 

pre-miR at the terminal loop to set free a short RNA duplex. In human, after cleavage 
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an Argonaute (AGO) protein binds the duplex forming the pre-RISC supported by the 

RISC loading complex (RLC) (Kawamata and Tomari 2010). Next, the duplex unwinds, 

supported by one of several helicases, into the guide and the passenger strand of the 

mature miR (also called miRNA and miRNA star (*)) (Meister, Landthaler et al. 2005, 

Robb and Rana 2007). The passenger strand is mostly discarded from the formed 

miRNA-induced silencing complex (miRISC) and degraded by nucleases. Therefore, 

in sequencing experiments, the guide strand accounts for 96-99% of both strands. 

Depending on whether it is the 5’ or the 3’ end of the precursor miR, the strand is called 

miR-…-5p or miR-…-3p (Lagos-Quintana, Rauhut et al. 2001, Lau, Lim et al. 2001, 

Okamura, Phillips et al. 2008). 

 

 
Figure 2: “The ‘linear’ canonical pathway of microRNA processing.” (Winter, Jung et al. 2009) 

 

1.2.2 Mode of operation 

In cooperation with the miRISC, miRNAs can regulate target gene expression by 

cleavage, translational repression or mRNA deadenylation; which one of them occurs 
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depends on the AGO protein, which is part of the RISC, and on the level of fitting 

accuracy (Hutvagner and Zamore 2002, Yekta, Shih et al. 2004, Yu and Wang 2010). 

There are four different AGO proteins, AGO1 to 4. AGO2 is the only enzyme capable 

of cleaving RNA (Tolia and Joshua-Tor 2007). In addition to this regulation on the RNA 

level, there are reports that microRNAs can manipulate the DNA (Hwang, Wentzel et 

al. 2007, Benhamed, Herbig et al. 2012). 

The classical understanding of the microRNA’s mechanism of action considers the 

core seed region, i.e. nucleotide 2 to 7, as the complementary binding site for targets, 

leading to an inhibited target production by one of the three above mentioned 

mechanisms. In addition to the seed sequence, further complementarity of the 

microRNA seems to strengthen the binding effect to its target whereas perfect binding 

is not necessary for interaction between the mRNA and the microRNA, whether seed 

sequence or not. Such perfect or nearly perfect binding facilitates cleavage of the 

targeted mRNA. Translational repression, however, is achieved by less perfect target 

binding (Zeng and Cullen 2003).  

Deadenylation is initiated in cooperation with GW182 proteins which recruit the PAN2-

PAN3 and CCR4-CAF1-NOT deadenylase complexes (Braun, Huntzinger et al. 2011). 

The Cnot6l gene product Ccr4b is a subunit of the Ccr4-Not complex (Mittal, Aslam et 

al. 2011). 

MicroRNA binding sites on mRNAs are typically found in the 3’ untranslated region 

(UTR) (Lee, Feinbaum et al. 1993, Kuersten and Goodwin 2003).  

Aside from its complementary binding efficacy, the abundance of a microRNA in a cell 

or cell compartment is crucial for the impact on its targets (Ameres and Zamore 2013). 
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Figure 3: RNA-target recognition (Huntzinger and Izaurralde 2011) 

 

 

1.3 MicroRNAs in the heart 

As the first formed, most important supplying organ of the embryo that pumps oxygen- 

and nutrient-saturated blood originating from the placenta, the heart is essentially 

shaped under the influence of microRNAs (Olson 2006). This fact became obvious for 

the first time by means of cardiac-specific deletions of the RNase III Dicer, leading to 

dilated cardiomyopathy (DCM) and postnatal lethality, or outflow tract alignment and 

chamber septation disorders. It is assumed that 18 of the most abundant microRNAs 

in the heart account for over 90% of the cardiac microRNA pool (Chen, Murchison et 

al. 2008, Saxena and Tabin 2010). 

 

After the embryologic development of the cardiovascular system, microRNAs play a 

vital role in the regulation to maintain the homeostasis in the cardiac tissue or to react 

on stimuli and change the genetic pattern, too. As noted above, miR-208a, 

cotranscribed with α-MHC, controls the expression of β-MHC, cotranscribing miR-

208b, and Myh7b, cotranscribing miR-499. The balance of these myosins affects the 

contractility and pathological remodeling under stress conditions (van Rooij, 

Sutherland et al. 2007, van Rooij, Quiat et al. 2009). Hypertrophy can also be directly 

controlled by regulating signaling pathways in diverse cells of the cardiac tissue, like 
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the ERK-MAP kinase pathway in fibroblasts by miR-21 (Thum, Gross et al. 2008) or in 

cardiomyocytes by miR-378 (Ganesan, Ramanujam et al. 2013). 

 

Recently there have been reports of microRNAs regulating cardiac rhythm on diverse 

levels (Kim 2013, Chiang, Zhang et al. 2015). MiR-1 has a proarrhythmogenic effect 

by targeting directly ion channel genes as KCNJ2 (a subunit the K+ channel Kir2.1) and 

the connexin gene GJA1. MiR-1 is overexpressed in patients with coronary artery 

disease (Yang, Lin et al. 2007). SCN5A, a part of the Nav1.5 sodium channel, is directly 

and indirectly regulated by numerous microRNAs. miR-219, the only miR increasing 

SCN5A expression, abolished flecainide effects in mice (Daimi, Lozano-Velasco et al. 

2015). The sodium-calcium exchanger 1 (NCX 1) is regulated by miR-135a, which is 

downregulated in mice with complete atrioventricular block (Duong, Xiao et al. 2017). 

MiR-106b and miR-93 (part of the miR-106b-25 Cluster) target the ryanodine receptor 

type II (a sarcoplasmic reticulum Ca2+ channel). Loss of this cluster and overexpression 

of this channel contribute to atrial fibrillation (Chiang, Kongchan et al. 2014). Another 

gap junction protein, connexin 43, is directly regulated by miR-130a. Loss of this 

transmembrane protein leads to diverse atrial and ventricular arrhythmias (Osbourne, 

Calway et al. 2014).   

 

Several microRNAs have been shown to regulate the different stages of reaction on 

acute myocardial infarction (Boon and Dimmeler 2015). For example inhibition of miR-

34a reduces cell death, fibrosis and improves myocardial contractility after infarction 

(Boon, Iekushi et al. 2013). Furthermore, it has been shown that numerous microRNAs 

regulate angiogenesis following myocardial infarction (Bonauer, Carmona et al. 2009, 

Hullinger, Montgomery et al. 2012, Iaconetti, Polimeni et al. 2012). 

 

More recent findings indicate that microRNAs also contribute to paracrine 

communications in the heart as regulators of secreted factors and as secreted 

“mircrines” themselves. Moreover, there are microRNAs circulating in the blood with a 

diagnostic and prognostic relevance for heart diseases like the acute coronary 

syndrome (ACS) (Widera, Gupta et al. 2011, Hergenreider, Heydt et al. 2012, Viereck, 

Bang et al. 2014). 
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1.4 miR-365 

The miR-365 family is conserved in several species. For instance, miR-365 has two 

genomic transcripts in human and mouse, and one transcript in rat. One of the 

transcripts, called miR-365a in human and miR-365-1 in mouse, is encoded on 

chromosome 16 in an intergenic context clustered with miR-193b (separated by 5236 

bp (base pairs) in human). The other transcript is called miR-365b in human or miR-

365-2 in mouse respectively and is encoded on chromosome 17 for human and 

chromosome 11 for mouse in an intergenic context. In human, it is transcribed in a 

cluster with miR-4725 separated by 53 bp. In the rat genome, miR-365 is encoded on 

chromosome 10. In all three species, the 5p strand is described as the star strand, so 

the 3p strand, which is included in the RISC, is considered as the strand of interest in 

this study (Figure 4). These strands all share the same sequence. In the heart, hsa-

miR-365a was ranked by abundance in a RNA sequencing study at position 133 of 815 

(b on position 160), mmu-miR-365-1 was at position 239 of 583 (2 on position 260) 

(Meunier, Lemoine et al. 2013). 

 

 
Figure 4: human pre-miR-365a. cleaved into its products, the guide strand (3p) and the passenger strand (5p/*); 
The underlined region of the 3p strand displays the seed region. 

 

Little is known about the effects of miR-365 in a healthy heart and in a heart under 

pathologic conditions. MiR-365 has been found to have a strong hypertrophic effect in 



Introduction 

 

 

16 

neonatal rat cardiac myocytes in a phenotype screening study (Jentzsch, Leierseder 

et al. 2012). Also, its expression seems to be strongly upregulated in the remote 

myocardium of a murine myocardial infarction (MI) model and human heart failure 

(Small, Frost et al. 2010). Recently it has been suggested that miR-365 regulates 

cardiac hypertrophy by inhibiting Skp2 expression, which promotes autophagy. The 

same study observed an upregulation of miR-365 in cardiac hypertrophy  (Wu, Wang 

et al. 2017). Another study found miR-365 to be downregulated in patients with 

coronary atherosclerosis (Lin, Feng et al. 2016). 

 

Until lately, MiR-365 has been investigated mostly in context of carcinogenesis as a 

tumor suppressor. It targets cyclin D1 and cdc25A in gastric cancer (Guo, Ye et al. 

2013), cyclin D1 and Bcl-2 in colon cancer (Nie, Liu et al. 2012), thyroid transcription 

factor 1 (TTF-1, also called NKX2-1) in lung cancer (Qi, Rice et al. 2012, Kang, Lee et 

al. 2013), the small GTPase Rasd1 in murine embryonic fibroblasts (Xiong, Jung et al. 

2015), interleukin 6 (IL-6) in breast cancer metastasis (Xu, Xiao et al. 2011, Hong, Li 

et al. 2015) and restored the p27/Myc/phosphor-Rb signature back to normal levels in 

breast and ovarian cancer cells (Seviour, Sehgal et al. 2015). 

Without any assumed or proven target gene, it has also been found that miR-365 

blocks cancer cell proliferation and migration in hepatocellular carcinoma (HCC) 

(Chen, Huang et al. 2015). MiR-365 promotes chondrocyte differentiation by targeting 

histone deacetylase 4 (HDAC4) (Guan, Yang et al. 2011). 

 

In opposition to these studies describing miR-365 as a tumor suppressing miRNA, 

there are studies which show a tumor promoting effect.  

MiR-365 inhibits NFIB in cutaneous squamous cell carcinoma (Zhou, Liu et al. 2013, 

Zhou, Zhou et al. 2014) and the pro apoptotic protein BAX and the adaptor protein 

SHC1 in pancreatic cancer cells (Hamada, Masamune et al. 2014). 

  

Another field of investigation is the effect of miR-365 in cell differentiation to brown 

adipose tissue. It has been shown that miR-365 can indeed promote this process in 

cooperation with other miRNAs, albeit not being vital to it (Feuermann, Kang et al. 

2013, Mori, Thomou et al. 2014). 
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1.5 miR-29 

The miR-29 family consists of four members organized in two bicistronic clusters in 

human. One cluster on chromosome 7 in human and mouse respectively chromosome 

4 in rat encodes miR-29a and miR-29b-1. The other cluster on chromosome 1 in 

human, mouse and rat encodes miR-29c (in rat called miR-29c-1) and miR-29b-2. 

In all species for all family members, the 3p-strand is considered as the guide strand. 

They all share the same seed sequence (Figure 5). In the heart, the miR-29 family is 

highly expressed. Hsa-miR-29c was ranked by abundance in a RNA sequencing study 

at position 30 of 815 (a on position 73), mmu-miR-29a was at position 19 of 583 (c on 

position 21) (Meunier, Lemoine et al. 2013). 

 

 

 
Figure 5: miR-29 family gene clusters. pre-miRs in hairpin structure; mature microRNAs; All family 
members share the same seed sequence (highlighted in red). 

 

In scientific literature, the miR-29 family is majorly associated with inhibition of fibrosis 

in diverse organs (Ramdas, McBride et al. 2013, Cushing, Kuang et al. 2014, 

Montgomery, Yu et al. 2014, Meng, Tang et al. 2015, Zanotti, Gibertini et al. 2015). 

This effect is thus concordantly described in the heart as well. Van Rooij found miR-29 

to be downregulated in the border zone of the infarcted area and the remote 

myocardium three days and 14 days after MI. Furthermore, the miR-29 family 

expression in cardiac myocytes is dependent on phenylephrine (PE). In cardiac 
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fibroblasts, it seemed to be 5- to 12-fold more expressed. It was shown that several 

extracellular matrix proteins, e.g. COL1A1, COL1A2, COL3A1 and fibrillin, are targets 

of miR-29 and accordingly more expressed in fibrotic remodeling. While a knockdown 

of miR-29b via an antagomiR increased collagen mRNA in vivo, an overexpression 

with a miR-29b mimic in fibroblast culture led to reduced collagen mRNA expression 

(van Rooij, Sutherland et al. 2008, Abonnenc, Nabeebaccus et al. 2013).  

Transforming growth factor β (TGFβ) repressed miR-29 via Smad3. MiR-29 reduced 

downstream Wnt pathway members and collagen expression in orbital fibroblasts 

(Tan, Tong et al. 2014). The assumed protective effect of miR-29b on fibrotic 

remodeling of the heart could recently be shown in a murine Angiotensin II induced 

hypertension model (Zhang, Huang et al. 2014). Another study showed an 

upregulation of miR-29c after triiodothyronine injection in an ischemia/reperfusion 

model leading to reduced remodeling (Nicolini, Forini et al. 2015). Interestingly, 

overexpression of the miR-29 family led to loss of myofibril bundles in diabetic rats 

through its target Mcl-1 (see below), showing a suppression mechanism by insulin 

(Arnold, Koppula et al. 2014). Consistent with following paragraph about neoplastic 

processes, miR-29a inhibits H9c2 (rat cardiac myoblasts) cell proliferation by targeting 

cyclin D2. Conversely, miR-29a inhibition leads to increased proliferation (Cao, Wang 

et al. 2013). However, a phenotypic screening of our research group showed the miR-

29 family as hypertrophic microRNAs in neonatal rat cardiac myocytes (Jentzsch, 

Leierseder et al. 2012). 

 

Another field of study is the role of miR-29 in carcinogenesis. MiR-29 seems to possess 

to a large extent a tumor suppressing effect and is accordingly downregulated in 

neoplastic tissue. This effect is achieved by targeting DNA methyltransferases which 

secondarily inhibit tumor suppressors (Fabbri, Garzon et al. 2007). Moreover, miR-29 

has a pro-apoptotic effect by targeting Mcl-1, secondarily controlling Bcl-2, p85a and 

CDC42, which regulate p53 (Mott, Kobayashi et al. 2007, Park, Lee et al. 2009). It can 

lead to cell cycle arrest by targeting cyclin E (beside the mentioned cyclin D2 

regulation) (Ding, Chen et al. 2011). 

In terms of cell migration, there are reports which show an inhibiting or a reinforcing 

effect by miR-29 by regulating matrix metalloproteinases or inter alia collagens 

(Rothschild, Tschan et al. 2012, Wang, Gao et al. 2012). A migration and metastasis 
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promoting role of miR-29 is supported by the observation that miR-29 mediates 

epithelial-mesenchymal-transition (Gebeshuber, Zatloukal et al. 2009). 

 

 

1.6 Aim of the study 

Cardiovascular diseases are the main cause of death worldwide. In Germany, heart 

failure is the third most frequent cause of death following chronic ischemic heart 

disease and MI. In the past two decades, it has been become progressively evident 

that posttranscriptional gene regulation by microRNAs has a great impact on biological 

processes and diseases. Yet, understanding the pathologic mechanisms of heart 

failure requires more information on microRNAs orchestrating structural, hormonal and 

functional modifications to this disease.  

The miR-29 family has been shown to have several effects on diverse tissues and 

organs by targeting and regulating numerous genes and pathways. Some studies 

suggested an antifibrotic and an antiproliferative effect of miR-29 in the heart by 

targeting multiple collagens and cell cycle pathways. However, our group has 

previously identified miR-29 and miR-365 as one of the most potent hypertrophic 

microRNAs in isolated cardiac myocytes (Jentzsch, Leierseder et al. 2012). 

Subsequently, this study aimed to investigate the function and mechanism of action of 

both microRNAs in cardiac tissue. 
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2 Materials and methods 

2.1 Materials 

2.1.1 Chemicals 

Chemical Manufacturer 
5-bromodeoxyuridine (BrdU) Sigma-Aldrich (Deisenhofen) 
Agarose Peqlab (Erlangen) 
Chloroform Roth (Karlsruhe) 
Deoxynucleotide triphosphate (dNTP) Life Technologies (Carlsbad, USA) 
DNase/RNase free water Gibco (Karlsruhe) 
Dulbecco’s modified eagle medium (DMEM) Gibco (Karlsruhe) 
Dulbecco’s phosphate buffered saline (DPBS) Gibco (Karlsruhe) 
Ethanol J.T. Baker (Phillipsburg, USA) 
Ethidium bromide Sigma-Aldrich (Deisenhofen) 
Fetal bovine serum (FBS) = fetal calf serum 
(FCS)  

PAN (Aidenbach)/  
Gibco (Karlsruhe) 

Glycerol Merck (Darmstadt) 
HEPES Applichem (Darmstadt) 
Isopropanol Merck (Darmstadt) 
L-glutamine Life Technologies (Carlsbad, USA) 
Lipofectamine™ 2000 Life Technologies (Carlsbad, USA) 
Paraformaldehyde (PFA) Sigma-Aldrich (Deisenhofen) 
Penicillin/Streptomycin Gibco (Karlsruhe) 
PeqGOLD TrifastÔ Peqlab (Erlangen) 
Phenol/chloroform Roth (Karlsruhe) 
Phenylephrine (PE) Sigma-Aldrich (Deisenhofen) 
S.O.C. medium Life Technologies (Carlsbad, USA) 
Triton™ X-100 Sigma-Aldrich (Deisenhofen) 

 

 

2.1.2 Kits 

Kit Manufacturer 
EndoFree Plasmid Maxi Kit  Qiagen (Hilden) 
FastStart Universal SYBR Green Master (Rox) Roche (Basel) 
miRCURY LNA™ Universal RT microRNA PCR kit Exiqon, now Qiagen (Hilden) 
QIAquick Gel Extraction kit Qiagen (Hilden) 

 

2.1.3 Plasmids 

Plasmid Reference 
pENTR-1A-DF-reporter Stanislas Werfel (IPT, TUM, Munich) 
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2.1.4 Enzymes 

Enzyme Manufacturer 
Accuprime Pfx DNA Polymerase + 10X 
Accuprime Pfx Buffer 

Life Technologies (Carlsbad, USA) 
 

Benzonase Sigma-Aldrich (Deisenhofen) 
Collagenase II Worthington (Lakewood, USA) 
Proteinase K Fermentas (St. Leon-Rot) 
Restriction endonucleases + 
corresponding buffers 
 

New England Biolabs (Frankfurt am 
Main) 

SuperScript™ II RT + corresponding 
buffer 

Life Technologies (Carlsbad, USA) 

T4 DNA Ligase + 10x Ligase Buffer 
 

New England Biolabs (Frankfurt am 
Main) 

Taq DNA polymerase + corresponding 
buffer 

Fermentas (St. Leon-Rot) 

 

2.1.5 Bacterial strains 

bacterium Manufacturer 
E. coli DH10B (electrocompetent) Life Technologies (Carlsbad, USA) 

 

2.1.6 Buffers and media 

Buffer/medium Ingredients Amount 
BrdU stock BrdU 

ddH2O 
230 mg 
74.8 ml 

Buffer P1 Tris  
EDTA 
Rnase I 

50 nM  
10 nM 
100 mg 
pH adjusted to 8.0 

Buffer P2 NaOH  
SDS 

200 mM  
1% 

Buffer P3 Potassium acetate 3 M 
pH adjusted to 5.5 

Buffer TAE 
(50x) 

Tris 
Acetic acid  
EDTA disodium salt 
ddH2O 

242 g 
57.1 ml  
37.2 g  
to 1 l 

DNA lysis buffer Tris 
EDTA 
NaCl 

2.1 g 
1.87 g 
11.7 g 
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SDS 
ddH2O 

0.2 g  
to 1 l 

LB agar Peptone  
Yeast extract  
NaCl 
Agar 
NaOH (1 M)  
ddH2O 

10 g 
5 g 
5 g 
15 g 
1 ml 
to 1 l 

LB medium Peptone  
Yeast extract  
NaCl 
NaOH (1 M)  
ddH2O 

10 g 
5 g 
5 g 
1 ml 
to 1 l 

NRCM 
incomplete 
medium 
 

MEM 
NaHCO3 
vitamin B12 
ddH2O 

10.7 g 
0.35 g 
1 ml 
to 1 l 
pH adjusted to 7.3 and 
sterile filtered 

PBS (10x) NaCl 
KCl  
Na2HPO4.7H2O  
KH2PO4 
ddH2O 

80 g 
2 g 
11.5 g 
2 g 
to 1 l 

Primary cell 
media 

FBS 
Penicillin/Streptomycin 
BrdU stock 
NRCM incomplete medium 

ml ≙ % 
1 ml (if not noted otherwise) 
1 ml (for CM culture) 
to 100 ml 

 

2.1.7 Oligonucleotide primers 

a) Cloning primers 
All primers were manufactured by Sigma-Aldrich (Deisenhofen) in HPSF-purified 

lyophilized powder. The oligonucleotides were dissolved with double-distilled 

autoclaved water to a 1 mM concentration by keeping it for 10 min at 55°C and 700 

rpm. For the experiments 20 μM working solutions were used. 
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Gene Sequence (5’-3’) 
Cnot6l 3’UTR 
 

AAAAAAACCGGTGGCACTCTGTTGCAAGAAGG (forward) 
AAAAAACAATTGCCCAACACACCTCAGCTTCT (reverse) 

Glis2 3’UTR 
 

AAAAAAACCGGTCCCGACGAACAGAAACTC (forward) 
AAAAAACAATTGACTCTAAGGCCAGCAGTC (reverse) 

Hbp1 3’UTR 
 

AAAAAAACCGGTGGTGAGGATTGCTTTCTCCA (forward) 
AAAAAAGAATTCACATGAGGGTATGTGGCTGAGG (reverse) 

Ctnnbip1 3’UTR AAAAAAACCGGTGGTAGCAAACCACCGTCTTC (forward) 
AAAAAAGAATTCCCAAACCCTGTTTTCTGCTT (reverse) 

 

b) qPCR mRNA primers 

Gene Sequence (5’-3’) 
Cnot6l rno CGGGTGTTGCCTTATGAACT (forward) 

GGAAGCTGCTCTGGATGAAC (reverse) 
Glis2 rno CTATCAGGCTTGGGAAGCAG (forward) 

TGCTCCATGTCTAGGCCTCT (reverse) 
Hbp1 rno AAGGCTTTGGCTGAAGAACA (forward) 

AGCTTTTCCGTCCAGAGTCA (reverse) 
Ctnnbip1rno TCCGAGCTCTGGTGCTTTAT (forward) 

CCAAACCCTGTTTTCTGCAT (reverse) 
Gapdh rno ACAACTTTGGCATCGTGG (forward) 

AGTGGATGCAGGGATGATGT (reverse) 
 

c) qPCR microRNA primers 

All microRNA qPCR primers were manufactured by Exiqon as a miRCURY LNAÔ 

Universal RT microRNA PCR LNAÔ PCR primers set. All primers are compatible to 

homo sapiens, mus musculus and rattus norvegicus species. 

 

microRNA Sequence (5’-3’) 
hsa-miR-365-3p UAAUGCCCCUAAAAAUCCUUAU 
Control = U6 Product No.: 339306; Cat. No.: YP00203907 

 

 

2.1.8 microRNA precursors 

MicroRNA precursor molecules were manufactured by Ambionâ Life Technologies. All 

precursors are applicable for use in homo sapiens, mus musculus and rattus 

norvegicus species.  
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microRNA Sequence (5’-3’) 
hsa-miR-365-3p AGAGUGUUCAAGGACAGCAA 

GAAAAAUGAGGGACUUUCAG 
GGGCAGCUGUGUUUUCUGAC UCAGUCAUAAUGCCCUAAA 
AAUCCUUAUUGUUCUUGCAG UGUGCAUCGGG (stem loop) 

hsa-miR-29a-3p  AUGACUGAUUUCUUUUGGUG 
UUCAGAGUCAAUAUAAUUUU 
CUAGCACCAUCUGAAAUCGG UUAU (stem loop) 

hsa-miR-29b-3p  CUUCUGGAAGCUGGUUUCAC 
AUGGUGGCUUAGAUUUUUCC 
AUCUUUGUAUCUAGCACCAU 
UUGAAAUCAGUGUUUUAGGA G (stem loop) 

hsa-miR-29c-3p  AUCUCUUACACAGGCUGACC 
GAUUUCUCCUGGUGUUCAGA 
GUCUGUUUUUGUCUAGCACC 
AUUUGAAAUCGGUUAUGAUG UAGGGGGA (stem loop) 

Control (Pre-miR™ miRNA Precursor Negative Control #1 AM17110 
(Thermo Fisher Scientific)) 

 

 

2.1.9 antimiR molecules 

All antimiR molecules were manufactured by Exiqon as miRCURY LNAÔ microRNA 

inhibitors. 

microRNA Sequence (5’-3’) 
mmu-miR-365-3p (18mer, in vitro) TTACGGGGATTTTTAGGA 
mmu-miR-29-3p GATTTCAAATGGTGCT 
Negative control TCAGTATTAGCAGCT 

 

2.1.10 Antibodies 

Antibody Manufacturer 
4′,6-Diamidine-2′-phenylindole 
dihydrochloride (DAPI) 

Sigma-Aldrich (Deisenhofen, Germany) 

Alexa488 goat anti-mouse IgG Life Technologies (Carlsbad, USA) 
Monoclonal mouse a-actinin Sigma-Aldrich (Deisenhofen, Germany) 
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2.2 Methods 

2.2.1 In silico procedures 

The cloning process was planned with the software MacVector 12.0.6 (Cambridge, 

UK). All primers were designed with primer3plus (http://www.bioinformatics.nl/cgi-

bin/primer3plus/primer3plus.cgi) and the alignment was checked with BLAST 

(https://blast.ncbi.nlm.nih.gov/Blast.cgi). MicroRNA targets were searched via 

targetscan (Release 7.1, http://www.targetscan.org/). Sequences and templates were 

gathered from MiRBase (Release 21, http://www.mirbase.org/), ensemble 

(http://www.ensembl.org/index.html) and NCBI (https://www.ncbi.nlm.nih.gov/). 

 

2.2.2 Generation of the double fluorescent reporter 

The double fluorescent reporter plasmid pENTR-1A-DF-Reporter scaffold was 

designed and provided by Stanislas Werfel (IPT, TUM, Munich; Figure 6). The 6229bp 

long plasmid contains two antidromically arranged CMV promoters. Behind each, there 

is either the sequence of EGFP or tdTomato. Downstream of EGFP, there are the 

restriction sites of AgeI, EcoRI and MfeI which were used for inserting the 3’UTR of 

interest. There is a Kanamycin resistance gene present, too, which is needed for 

positive selection (of bacterial clones which possess and transcribe this plasmid). 

 

Briefly explained, two products of this plasmid are transcribed: the tdTomato, a red 

fluorescent protein, and the EGFP, a green fluorescent protein. Attached to the end of 

the open reading frame of the EGFP, there is the 3’UTR which needs to be 

investigated. If the applied (and investigated) microRNA binds to this 3’UTR, this leads 

to a decreased translation of the EGFP mRNA, resulting in a reduced ratio of GFP to 

RFP. This effect is measurable via microscopy for each cell individually. 
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Figure 6: pENTR 1A-DF-Reporter. the 6229bp long plasmid contains two antidromically arranged CMV promoters. 
Behind each, there is either the transcription of EGFP or tdTomato. Downstream of EGFP, there are the restriction 
sites of AgeI and EcoRI (picture created using MacVector). 

 

a) 3’UTR insert amplification via PCR 
To create the 3’UTR insert for the reporter scaffold, primers were designed to duplicate 

a region containing all potential binding sites of the investigated microRNA plus a 

minimum border zone of 200bp length. The primers contained either AgeI for the 

forward primers and EcoRI or MfeI restriction sites for the reverse primers. To ensure 

an efficient digestion, 4-8bp were added in front of the restriction sites at the 5’ end. 

As a template for the inserts served the genomic DNA of tail ends of male C57BL/6N 

mice (Charles River Laboratories). 

 

The following reagents were used for amplification via PCR: 
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Reagent Amount 
10X Accuprime Pfx Buffer 
Forward primer 
Reverse primer 
Template DNA 
Accuprime Pfx DNA Polymerase 
DNase/RNase free water 

5 μl 
20 pmol 
20 pmol 
100 - 200 ng 
2.5 units 
to 50 μl 

 

The thermal cycling program below was used: 

 

Stage Step Duration Temperature Cycles 
1 Polymerase 

Activation 
2 min 95° C 1 

2 Denaturation 15 s 95° C 35 
Annealing/Extension 30 s 55-65° C 
Extension 1 min per kb 68° C 

3 Final extension 5 min 68° C 1 

 

b) Gel electrophoresis 
The PCR products were afterwards assorted by electrophoresis in 1% agarose gel and 

visualized with ethidium bromide under ultraviolet light to excise the gel region 

containing the correct PCR product. Ethidium bromide intercalates into DNA. As a 

fluorescent molecule, it helps visualizing these molecules under UV light with a 

wavelength of 312 nm. 

The first step was to prepare the gel with 1g of agarose in 100 ml of 1X TAE buffer. 

Afterwards, the mixture was heated in a microwave oven for 2 minutes. Then, after 

cooling the mix to 50°C, 10 ml ethidium bromide were added to 100 ml of the solution 

(0.1 μg/μl). The fluid was thus poured into the gel tray with the fitting comb (Peqlab). 

5x DNA loading buffer was added to the PCR products in the correct amount and 

injected the mix into the wells. 100 bp and 1 kb DNA ladders (New England Biolabs 

(Frankfurt am Main)) were applied as a reference. The gel trays were placed into the 

chambers filled with 1x TAE buffer and a voltage of 70 – 140 V was applied for 20-40 

min. Lastly, the gel was placed under UV light (DeVision, Decon Science Tec DBOX, 

Hohengandern) to visualize the band structures and the gel region of interest was 

excised. 
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c) Gel extraction of the DNA 
The procedure was to use a QIAquick Gel Extraction Kit (Qiagen, Hilden) to extract the 

DNA from the gel. First, three volumes of Buffer QG was added to one volume of gel 

and incubated the tube containing both at 50° C for 10 minutes to dissolve the gel. 

Second, one gel volume of isopropanol was added to the sample and mixed. The mix 

was then transferred to a QIAquick spin column and centrifuged for 1 minute at 13.000 

rpm. The column membrane was washed with 0.5 ml Buffer QG and 0.75 ml Buffer PE 

subsequently by 1 minute centrifugation steps at 13.000 rpm followed by another 

centrifugation step with the same parameters to dry the membrane. All flow-through of 

these steps was duly discarded. The DNA was then eluted with 50 μl DNase/RNase 

free water by a last centrifugation step (same parameters as above). 

 

d) Restriction digestion 
Next, both the vector and the insert were digested with the according restriction 

enzymes using the following reagents for 1 hour at 37° C. 

 

Reagent Amount 
Insert 
or 
Plasmid scaffold 
 
AgeI-HF 
EcoRI-HF or MfeI-HF 
10x CutSmartÔ Buffer 
DNase/RNase free water 

30 μl 
 
2 μg 
 
20 U 
20 U 
4 μl 
to 40 μl 

 

The digested products were again assorted by electrophoresis in 1,5% agarose gel 

and visualized under ultraviolet light to excise the gel region containing the correct 

products. The DNA was extracted from the gel as described before (in 2.2.2 c). 

 

e) Ligation 
The digested insert and plasmid were then ligated using the following reagents 

overnight at 16° C. The insert mass was estimated by applying the following formula: 
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Insert	Mass	[ng]	=
5x	plasmid	mass	[ng]	*	insert	length	[bp]

plasmid	length	[bp]	  

 

Reagent Amount 
Insert 
Plasmid scaffold 
T4 DNA Ligase 
10x Ligase Buffer 
DNase/RNase free water 

5-250 ng 
50 ng 
1 μl 
1 μl 
to 10 μl 

 

f) Transformation 
The ligation reaction mixture was then transformed into electrocompetent E. coli 

DH10B bacteria. For this, 1 μl of the reaction mix was transferred between the 

electrode plates of a Gene Pulser 0.1 cm cuvette (Bio-rad), 50 μl of the thawed bacteria 

suspension were added and the micropulser (Bio-rad) applied a 1.8 kV 

electromagnetic impulse. Immediately after electroporation, 250 μl of S.O.C. medium 

were added and the suspension incubated in a tube for 1 hour at 37° C and 350 rpm 

in a thermomixer (Eppendorf). A 50 – 150 μl suspension was plated on LB Kanamycin 

plates (33 μg/μl) and incubated overnight. 

 

g) Mini culture and DNA purification 
From the LB Kanamycin plate, clones were picked and inoculated in 6 ml of LB 

Kanamycin medium. They were then incubated for 8 - 12 hours at 37° C and 180 rpm. 

2 ml of the cultures were separated in a new tube and centrifuged for 5 min at 13.000 

rpm. The supernatant was discarded, the sediment resuspended in 250 μl buffer P1, 

250 μl buffer P2 added and the reaction incubated for 5 min at room temperature. After 

supplementation of 300 μl buffer P3, the suspension was centrifuged for 10 min at 

13.000 rpm and 4° C. The supernatant was transferred into new reaction tubes, 750 μl 

isopropanol added and the mix centrifuged again for 10 min at 13.000 rpm and 4° C. 

After having discarded the supernatant, 750 μl Ethanol 75% were added, centrifugation 

was repeated, and the supernatant was discarded again. The pellet containing the 

DNA was air-dried for 10 min and dissolved in 20 μl nuclease free water. 2 μg of the 

DNA was then sent for sequencing in a volume of 20 μl to MWG Eurofins Operon 

(Ebersberg). 
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h) Maxi culture and DNA purification 
Appropriate clones identified by sequencing results were cultivated by inoculation of 

100 μl in 200 ml of LB Kanamycin medium and incubation for 12-16 hours at 37° C and 

180 rpm. DNA purification was performed using the EndoFree Plasmid Maxi Kit 

(Qiagen, Hilden) according to the attached manufacturer’s instructions. 

 

2.2.3 RNA isolation 

For RNA extraction, the agent PeqGOLD TrifastÔ was used. The latter is a solution of 

phenol and guanidine isothiocyanate which separates RNA, DNA and proteins into 

three phases after chloroform addition. 

As standard procedure, cells were lysed in their dishes with 1 ml of peqGOLD TrifastÔ 

for 3.5 cm dishes by mixing the cell suspension with a pipette. After dispersion, the 

reaction was incubated for 5 minutes at room temperature. After adding 200 μl 

chloroform, the containing tube was mixed with a vortex (Labinco L46) for 1 minute 

and incubated for 10 minutes at room temperature. The next step was a centrifugation 

for 10 minutes at 12.000 rpm and 4° C. The upper aqueous phase was transferred into 

a new tube and 500 μl isopropanol were added. The samples were incubated for 10 

minutes on ice to allow precipitation of the RNA and centrifuged again for 10 minutes 

at 12.000 rpm and 4° C. The supernatant was discarded. The pellet was then dissolved 

and washed two times with 1 ml of 75% ethanol by mixing with a vortex for 10 seconds 

and centrifugation for 10 minutes at 12.000 rpm and 4° C. After discarding the 

supernatant and 10 minutes of air drying, the pellets were dissolved in 20 μl nuclease 

free water and frozen at -80° C. The RNA concentration was measured using a 

Nanodrop® ND-1000 spectrophotometer (peqLab, Erlangen). 

 

2.2.4 Reverse transcription of mRNA 

For better protection of the samples and reagents, both were thawed on ice. The 

following reagents were incubated in a new reaction tube for 10 minutes at 70° C for 

poly-A tail annealing of the oligo-dT primers: 
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Reagent Amount 
RNA 
Oligo-dT  
DNase/RNase free water 

1 μg 
2 μl 
to 11 μl 

 

A master mix was created with the following ingredients: 

 

Reagent Amount 
5X first-strand buffer 
0.1 M DTT  
dNTP (10mM) 
RNase Inhibitor 
SuperScript™ II RT 
DNase/RNase free water 

4 μl 
2 µl  
1 µl 
0.1 µl 
1 µl 
0.9 μl 

 

9 μl of this master mix were added to the RNA reagent mix. Next, the reagents were 

incubated for 1 hour at 42° C, for 10 minutes at 70° C and finally stored on ice. The 

cDNA concentration was adjusted to 10 ng/μl by diluting it with nuclease free water. 

 

2.2.5 Quantitative real time PCR of reversely transcribed mRNA 

For quantification of the reversely transcribed mRNA we used quantitative real time 

PCR with the FastStart Universal SYBR Green Master (Rox) and a StepOne Plus 

instrument (Applied Biosystems, New Jersey). SYBR green intercalates into double-

stranded DNA, hence emitting light as a fluorescent dye. Progressing duplication 

during PCR and light emission is detected by the instrument, which records an intensity 

curve over the reaction and normalizes this to the included reference fluorophore. By 

analyzing this curve, the instrument identifies the begin of exponential growth, which 

marks the cycle-threshold-value (Ct), informing about the initial quantity of the 

investigated mRNA. Triplicates of each sample were applied for Ct value calculation.  

This value is normalized to a reference mRNA in the cell, usually a housekeeping gene, 

in order to take into account different RNA extraction and cell qualities (DD-Ct method). 

For this purpose, GAPDH mRNA were used. A RNA-free triplicate and a Taq 

polymerase-free triplicate served as controls. 

 

All reagents were thawed and kept on ice during preparation of a master mix. The 

following reagents were mixed: 



Materials and methods 

 

 

32 

 

Reagent Amount 
FastStart Universal SYBR Green Master (Rox) 
Forward primer (20 pmol/μl) 
Reverse primer (20 pmol/μl) 
cDNA 
DNase/RNase free water 

6.25 μl 
0.25 µl  
0.25 µl  
10 ng  
to 12.5 μl 

 

The following thermal cycling program was used:  

 

Stage Step Duration Temperature Cycles 
1 Polymerase 

Activation 
10 min 95° C 1 

2 Denaturation 15 s 95° C 40 
Annealing 30 s 58° C 
Extension 15 s 65° C 

3 Holding stage 1 min 65° C 1 
4 Melting Curve 

(primer specificity 
testing) 

117 min 60-95° C;  
0.3°C increase/min 

1 

 

2.2.6 Reverse transcription of microRNA 

For reverse transcription and quantitative real time PCR of microRNA, the miRCURY 

LNA™ Universal RT microRNA PCR kit was used. All reagents were gently thawed on 

ice. The isolated RNA was adjusted to a concentration of 5 ng/μl using nuclease free 

water. 

A master mix was created with the following ingredients: 

 

Reagent Amount 
5x Reaction buffer 
DNase/RNase free water 
Enzyme mix  

2 μl 
5 µl  
1 µl  

 

8 μl of this master mix were placed in new tubes and 2 µl of the RNA samples were 

added. Then the reagents were incubated for 1 hour at 42° C, for 5 minutes at 95° C 

and cooled down to 4° C. 
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2.2.7 Quantitative real time PCR of microRNA 

The cDNA was diluted on a 1:80 basis in nuclease free water. A master mix was 

created with the following ingredients: 

 

Reagent Amount 
FastStart Universal SYBR Green Master (Rox)  
PCR primer set 

5 μl 
1 µl  

 

6 μl of this master mix were placed in qPCR plate wells and 4 μl of the diluted cDNA 

were added, the plate sealed with an optical sealing and placed in the PCR instrument. 

 

The following thermal cycling program was used:  

 

Stage Step Duration Temperature Cycles 
1 Polymerase 

Activation/Denaturation 
10 min 95° C 1 

2 Denaturation 15 s 95° C 40 
Annealing/Extension 60 s 60° C 

 

2.2.8 Culture of HEK293 cells 

HEK293 cells were applied for the double fluorescent reporter studies. For this, 

HEK293 cells were cultured in a medium containing: 

- Dulbecco's Modified Eagle Medium (DMEM) 

- 10% fetal bovine serum (FBS) 

- 1% L-glutamine 

- 1% Penicillin (10000U/ml)/Streptomycin (100mg/ml) 

They were incubated at 37° C in a 5% CO2 humid atmosphere. Cells were split every 

third to fourth day to maintain monolayer cultures. Splitting was carried out via one 

washing step with Dulbecco’s phosphate buffered saline (DPBS), treatment with 

trypsin-EDTA to degrade adhesion proteins and dilution in new medium and dishes. 

 

2.2.9 Isolation of neonatal primary cells 

The following cell preparation was performed by qualified technical assistants. 

Newborn Sprague-Dawley rats (1-2 days postnatal) were separated. Whole hearts 
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were excised after euthanasia and immediately incubated in Hank’s balanced salt 

solution (HBSS, HEPES-buffered, Ca2+ and bicarbonate-free). The atria were removed 

and the rest of the cardiac tissue was minced and incubated in a digestion solution 

containing trypsin and DNase which was constantly and slowly stirred. After dissolution 

of tissue connections, the cells were transferred into fetal bovine serum and filtered 

through a 40 μm cell strainer. The flow-through was incubated for 1 hour at 37° C in 

an atmosphere containing 1% CO2 in uncoated dishes to split the faster adhering 

fibroblasts from the cardiomyocytes, which remain in the supernatant. This supernatant 

was added to a medium containing DMEM, 1% FBS, vitamin B12, BrdU and NaHCO3. 

The resulting cell suspension containing the cardiac myocytes was used for further 

experiments and culturing. Cell density was counted by adding 50 μl of Trypan blue to 

50 μl of the cell suspension and measuring the cell number in 10 μl of this mix with a 

Countess cell counter (Thermo Fisher Scientific, Waltham, USA). The aforementioned 

attached cardiac fibroblasts were washed once with DPBS. They were cultured in a 

medium containing DMEM, 1% FCS, vitamin B12 and NaHCO3. 

 

2.2.10 NRCM hypertrophy assay 

a) Culture & transfection 
The NRCM suspension of 2.2.9 were seeded in a 96-well IBIDI plate in a density of 

50.000 cells/well in a 1% NRCM medium. Cells were incubated for 24 hours at 37° C 

and 1% CO2.  

The transfection of microRNAs was conducted with Lipofectamine™ 2000. 

For this, 2 master mixes named A and B with the following ingredients per well were 

created: 

 

Reagent Amount 
Mix A: 

- Lipofectamine™ 2000 
- Opti-MEM 

 
0.25 μl 
24.75 µl  

Mix B: 
- microRNA/antimiR 
- Opti-MEM 

 
0.25 µl (50 nM) 
to 25 µl 
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For the mock control group, mix B consists of 25 µl Opti-MEM without 

microRNA/antimiR. Both mixes were incubated for 5 min at room temperature. After 

mixing A with B the resulting mix was incubated for another 20 min at room 

temperature. During the incubation time, the NRCM 96-well plate was washed with 1% 

NRCM medium without antibiotics and 50 µl of this medium were added. 50 µl of the 

transfection mix were added to each well to achieve a final concentration of 50 nM as 

recommended. The cells were incubated with this 100 µl transfection solution for 6 

hours at 37° C in an atmosphere containing 1% CO2. The medium was changed to 200 

µl of 0.1% NRCM medium with antibiotics and incubated for 24 hours at the same 

conditions afterwards.  

 

Cells were stimulated over 48 hours with a 50 µM Phenylephrine in a 0.1% NRCM 

medium. Cells receiving no PE stimulation were incubated in 200 µl of 0.1% NRCM 

medium. 

 

b) Staining & Microscopy 
Cells were fixed by incubation with 100 µl 4% Paraformaldehyde for 5 minutes. They 

were washed thrice with 200 µl PBS and permeabilized with 100 µl of 0.2% Triton™ 

X-100. The cells were then incubated with the first antibody against a-actinin (1:1000 

in 100 µl PBS) for 30 min at 37° C. After a washing step, the cells were incubated with 

a secondary antibody, a Alexa488-conjugated goat anti-mouse IgG (1:200), and DAPI 

(1:100) in 100 µl of PBS. Again, the plate was washed three times, 150 µl of 50% 

glycerol were added and the plate sealed with an aluminum seal. Until automated 

microscopy, the plates were stored at 4° C in darkness.  

 

The automated microscopy was able to identify cardiac myocytes by capturing cell 

nuclei stained with DAPI surrounded by a-actinin, thus providing information about the 

cell size by measuring the fluorescent area (Jentzsch, Leierseder et al. 2012). 

The equipment consisted of a microscope with a 10x objective, an AxioObserver.Z1 

(Zeiss, Jena, Germany), a motorized scanning stage (130 × 85; Märzhäuser, Wetzlar, 

Germany), a Lumen200 fluorescence illumination system (Prior, Cambridge, UK) and 

a Retiga-4000DC CCD camera (QImaging, Surrey, Canada).  
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The software MetaMorph Basic journals/macro functions were programmed by the 

colleagues listed in the publication of Jentzsch, Leierseder et al. They programmed 

one master journal built upon three sub journals. The first sub journal regulated the 

mechanical operations, e.g. positioning, focusing, taking four photos per well in two 

different fluorescence channels. The second sub journal merged the different 

fluorescence channel photos to one overlay image. The third sub journal used multiple 

Metamorph plugins to analyze the acquired images and create a table containing all 

necessary values. 

 

c) siRNA rescue hypertrophy assay 
As a variant of the hypertrophy assay described above, a siRNA rescue hypertrophy 

assay was carried out. As this assay is far more challenging for the damageable 

NRCMs, the seeded cell number was 50000-80000/well, depending on the viability. 

Seeding and culture were performed identically. On the first day after seeding, siRNA 

was transfected instead of microRNA/antimiR. The antimiR was transfected 24 hours 

later. Another 48 hours later, the cells were stimulated with phenylephrine as described 

above (2.2.10 a) and 48 hours later the cells were fixed. 

 

2.2.11 DF-reporter assay 

For the double fluorescent reporter assay, which was constructed in 2.2.2, the freshly 

split HEK293 cells of 2.2.8 were cultured. 30.000 cells/well were seeded on a 96-well 

IBIDI plate. 24 hours later, the transfection of 200 ng of the reporter and 50nM of 

microRNA was conducted following the protocol described above (2.2.10a).  

48 hours later, the cells were fixed by incubation with 100 µl of 4% Paraformaldehyde 

for 5 minutes. They were washed thrice with 200 µl PBS, 150 µl of 50% glycerol were 

added and the plates sealed with an aluminum seal. They were stored at 4° C in 

darkness until automated microscopy.  

The automated microscopy captured the green fluorescence and the red fluorescence 

emitted by the proteins transcribed of the reporter with the same hardware as 

described in 2.2.10b. Due to this fact, it was not only possible to identify the presence 

of fluorescence and define cells and their borders, but also to measure the intensity of 

both emissions of every single cell. This information was processed to quantify the ratio 
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of both fluorescence emissions in each cell and show the connection to transfection 

efficiency of the reporter and microRNA. 

 

2.2.12 Statistics 

All statistical analysis in this study was performed with the software Graph Pad Prism 

(5.0b). Two groups were compared using the unpaired student’s t-test. If the sample 

number did not suffice to test for normality, a non-parametric test (Mann-Whitney U-

test) was used. Differences were called significant if p < 0.05, and were represented 

by an asterisk (*). If p < 0.01, the representation was **. If p < 0.01, it was ***.  
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3 Results 

3.1 miR-365 expression in vitro 

To characterize the endogenous level and role of miR-365 in the cardiac cells under 

hypertrophic conditions, the expression level of miR-365 in vitro was measured. In 

neonatal rat cardiac myocytes (NRCM), a slight but not significant increase of miR-365 

expression was detected under phenylephrine (PE) stimulation. In neonatal cardiac 

fibroblasts (NRCF), the expression of miR-365 was upregulated after both PE and 

Angiotensin II (AngII) treatment (Figure 7). This suggests a regulation of expression 

under hypertrophic conditions in cardiac myocytes and in particular in cardiac 

fibroblasts. 

 

 
Figure 7: Expression of miR-365 in NRCM and NRCF. Expression of miR-365. Expression of miR-365 in NRCM 
and NRCF under basal conditions and under stimulation with PE or Ang II (n=3); an unpaired student’s t-test was 
used to calculate the statistical differences denoted; *P<0.05, ***P<0.001 

 

3.2 microRNA-365 hypertrophic effect in vitro 

In order to confirm the reported prohypertrophic effect of miR-365 in vitro, the effect of 

miR-365 in cultured NRCM under basal conditions and under adrenergic stimulation 

with PE was investigated.  

Transfection of miR-365 resulted in a significant increase in CM cell size under basal 

conditions compared to cells transfected with the control microRNA. Reciprocally, the 

increase of cell size by PE stimulation was significantly reduced by transfection of 
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antimiR-365 compared to the cells transfected with the control anti-microRNA (Figure 

8). These results confirm the strong prohypertrophic effect of miR-365, which exceeds 

the effect of single PE stimulation. Reversely, antimiR-365 blocked the prohypertrophic 

stimulus of PE treatment. 

 

 
Figure 8: miR-365 has a hypertrophic effect on NRCM. (A) Comparison of cell size of NRCM in vitro under basal 
conditions and after stimulation; Cells were transfected with the following solutions: mock, miR-365 antimiR-365 
and their respective controls (n=3). (B) Representative microscopy images of NRCM transfected with either miR-
365, antimiR-365 or their respective controls in the presence or absence of PE; Scale bar: 50 μm; an unpaired 
student’s t-test was used to calculate the statistical differences denoted; *P<0.05, ***P<0.001 
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3.3 miR-365 target evaluation 

After confirmation of the prohypertrophic effect of miR-365, investigation of the 

mechanistic background and potentially regulated target genes responsible for this 

effect was started. Consequently, a miR-365 target screening was performed. 

Validated targets of miR-365 in human skeletal muscle by a collaborative group 

(Dmitriev, Stankevicins et al. 2013) were analyzed for highly conserved binding sites 

for miR-365 in human, mouse and rat and a sufficient mRNA target abundance in 

cardiac myocytes. 5 genes met these criteria. These potential targets were selected if 

there was a reported relation to cardiac hypertrophy regulation. Finally, the remaining 

4 genes were tested for mRNA expression regulation by miR-365. As a result of this 

screening, one of the most promising target candidates of miR-365, Cnot6l, was 

selected. 

 

 
Figure 9: miR-365 target screening. 25 validated targets of miR-365 in human skeletal muscle were analyzed 
with bioinformatics under multiple criteria and tested for a sufficient mRNA expression regulation. 
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Cnot6l is a highly conserved gene as a subunit of the CCR4-NOT complex. The latter 

is abundant in diverse organisms and cells from yeast to human. It exhibits two binding 

sites for miR-365 in its 3’UTR (and another in its open reading frame (ORF)) that are 

conserved over numerous species including human, mouse, rat and pig (Figure 10). 

 

 
Figure 10: binding sites for miR-365 in Cnot6l mRNA are highly conserved. Alignment of mouse 
(NM_001285511.1), rat (NM_001108355.1) and human (NM_001286790.1) mRNA binding sites for the miR-365 
seed sequence. 

 

3.3.1 miR-365 Cnot6l regulation 

In order to find confirmation for the regulation of Cnot6l by miR-365, first a quantitative 

real time PCR (qPCR) on RNA extracted from NRCM transfected with either miR-365 

mimics or an antimiR-365 was conducted. 

In NRCM, miR-365 overexpression induced a significant reduction of Cnot6l mRNA 

level, reciprocally Cnot6l mRNA levels were significantly increased after miR-365 

inhibition (Figure 11). 

 

 
Figure 11: Cnot6l mRNA expression after transfection of miR-365 or antimiR-365. (A) Cnot6l mRNA 
expression in NRCM after transfection of miR-365; (B) Cnot6l mRNA expression in NRCM after transfection of 
antimiR-365 (n=7-8); an unpaired student’s t-test was used to calculate the statistical differences denoted; **P<0.01, 
***P<0.001 
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To show the direct interaction between Cnot6l mRNA and miR-365, a double 

fluorescent reporter assay on HEK cells with DF-Cnot6l and miR-365 mimics was 

performed. 

Briefly summarized, the DF-Cnot6l reporter contains a red and a green fluorescent 

protein gene. While the RFP is used for normalization purposes, the region of the 

Cnot6l 3’-UTR, which exhibits the two binding sites for miR-365, is attached to the GFP 

gene. MiR-365 binds to this 3’ insert of the GFP mRNA by targeting these binding sites 

and prevents its translation. As a result, an increased miR-365 level leads to a reduced 

GFP to RFP emission-ratio (Figure 12B). 

In HEK cells, the GFP to RFP emission-ratio was significantly reduced after 

transfection of miR-365 mimics compared to miR control, which visualizes the direct 

interaction of miR-365 with the 3’ insert (Figure 12C).  

 

 

 



Results 

 

 

43 

 
Figure 12: miR-365 directly regulates Cnot6l. (A) Scheme of Cnot6l 3’UTR and broadly conserved microRNA 
binding sites in vertebrates including the location of binding sites for miR-365; (B) Illustration of the double 
fluorescent reporter including the insert with the binding sites for miR-365; (C) Representative microscopy images 
of HEK293 cells transfected with either miR-365 or control; scale bar: 50 μm; (D) GFP to RFP ratio of DF- Cnot6l 
reporter in HEK cells after transfection of miR-365 or control (n=4); an unpaired student’s t-test was used to calculate 
the statistical differences denoted. ***P<0.001 
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Taken together, these results indicate the direct regulation of Cnot6l by miR-365 

leading to a significant change of its mRNA level by degradation in cardiac myocytes. 

 

3.3.2 miR-365 Cnot6l siRNA rescue 

In summary, MiR-365 has a prohypertrophic effect on cardiac myocytes and antimiR-

365 blocks hypertrophic reactions (e.g. to PE). It is shown above that Cnot6l is a direct 

target of miR-365. As reported by a variety of studies, other subunits of the CCR4-NOT 

complex regulate cardiac hypertrophy (Neely, Kuba et al. 2010, Zhou, Liu et al. 2017). 

Therefore, it was assumed that this hypertrophic effect is achieved by suppression of 

this target, so the antihypertrophic effect of antimiR-365 is reached by a derepression 

of Cnot6l.  

As a consequence of that, transfection of a siRNA targeting Cnot6l should have a 

similar effect as miR-365 and should reverse the antimiR-365 anti- hypertrophic effect 

(Figure 13B). These effects are visualized in the siRNA rescue trial below. 

Figure 13C shows tendencies of these effects. Mean cell sizes of NRCM transfected 

with siCnot6l are increased in all groups, even though the differences achieved by this 

rescue were not significant. 
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Figure 13: siRNA rescue hypertrophy assay. (A) Time table of siRNA rescue hypertrophy assay; (B) Scheme 
illustrating the mechanism of siRNA rescue; (C) Graph of the siRNA rescue study: antimiR-365 blocked the 
hypertrophic stimulus of PE, simultaneous siCnot6l transfection tended to a reduction of this blockade (n=4). 

 

3.4 miR-29 target evaluation 

After confirming the observed hypertrophic effect of miR-29 which was seen in the 

phenotypic screening, the regulated targets of the miR-29 family which led to the 
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observed cell changes were identified. A bioinformatic approach was used to find high 

potential targets and observed an enrichment of Wnt pathway members.  

As miR-29 is described to manipulate Wnt signaling in other tissues and Wnt signaling 

is activated in pathologic cardiac conditions, it was verified that miR-29 directly 

regulates Wnt signaling in cardiac cells, too.  

In this study, the regulation of Hbp1, Glis2 and Ctnnbip1 by miR-29 was investigated. 

 

3.4.1 miR-29 Ctnnbip1 regulation 

The catenin beta interacting protein 1 (Ctnnbip1), also referred to as inhibitor of beta-

catenin and Tcf-4 (ICAT), exhibits a conserved binding site in its 3’UTR (Figure 14A 

and B). 

First,  qPCR on NRCM after transfection of miR-29a to investigate mRNA expression 

changes of Ctnnbip1 was performed. A significant reduction of expression after 

transfection of miR-29 was found (Figure 14D). 

Second, miR-29a or a control microRNA and a double fluorescent reporter with the 

Ctnnbip1 3’UTR region exhibiting the miR-29 binding site into HEK-293 cells were 

transfected. A significant reduction of the green to red fluorescence emission-ratio after 

transfection of miR-29a, showing a direct interaction of miR-29a with the said insert 

was observed (Figure 14C and E). 
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Figure 14: miR-29 directly regulates Ctnnbip1. (A) Scheme of Ctnnbip1 3’UTR and broadly conserved microRNA 
binding sites in vertebrates including the location of the binding site for miR-29; (B) Ctnnbip1 3’UTR binding site 
alignment of mouse (NM_023465.4), rat (NM_001173388.1) and human (NM_001012329.1) to miR-29a; (C) 
Illustration of the double fluorescent reporter including the insert with the binding site for miR-29; (D) Target mRNA 
expression in NRCM after transfection of miR-29a compared to their controls (n=3); (E) GFP to RFP emission-ratio 
after transfection of miR-29 or its control and double fluorescent reporter in HEK293 cells (n³3); an unpaired 
student’s t-test was used to calculate the statistical differences denoted; **P<0.01 

 

3.4.2 miR-29 Glis2 regulation 

The Kruppel-Like Zinc Finger Protein GLIS2 also comprises one miR-29 binding site 

in its 3’UTR (Figure 15A and B).   

The mRNA expression changes of Glis2 in NRCM after transfection of miR-29a were 

measured, which showed a significant reduction of expression (Figure 15D). 
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In addition for this potential target, a double fluorescent reporter with the Glis2 3’UTR 

region exhibiting the miR-29 binding site and miR-29a or a control microRNA was 

transfected into HEK-293 cells. A significant reduction of the green to red fluorescence 

emission-ratio after transfection of miR-29a was measured, demonstrating a direct 

interaction of miR-29a with the insert (Figure 15C and E). 
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Figure 15: miR-29 directly regulates Glis2. (A) Scheme of Glis2 3’UTR and broadly conserved microRNA binding 
sites in vertebrates including the location of the binding site for miR-29; (B) Glis2 3’UTR binding site alignment of 
mouse (NM_031184.3), rat (NM_001106978.1) and human (NM_001318918.1) to miR-29a; (C) Illustration of the 
double fluorescent reporter including the insert with the binding site for miR-29; (D) Target mRNA expression in 
NRCM after transfection of miR-29a or antimiR-29 compared to their controls (n=3); (E) GFP to RFP emission-ratio 
after transfection of miR-29 or control and the double fluorescent reporter in HEK293 cells (n³3); an unpaired 
student’s t-test was used to calculate the statistical differences denoted; *P<0.05, **P<0.01 

 

3.4.3 miR-29 Hbp1 regulation 

The HMG-box transcription factor 1 (HBP1) 3’UTR possesses two conserved miR-29 

binding sites (Figure 16A and B). 

To show mRNA alterations in expression of HBP1, a qPCR on NRCM after transfection 

of miR-29a was conducted, which showed a significant reduction of expression after 

transfection (Figure 16D). 

To prove the direct interaction between miR-29 and the two binding sites, miR-29a or 

a control microRNA and a double fluorescent reporter with the Hbp1 3’UTR region, 

exhibiting the miR-29 binding sites into HEK-293 cells, were transfected, which a 

significant reduction of the green to red fluorescence emission-ratio after transfection 

of miR-29a (Figure 16C and E). 
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Figure 16: Hbp1 is directly regulated by miR-29. (A) Scheme of Hbp1 3’UTR and broadly conserved microRNA 
binding sites in vertebrates including the location of the binding sites for miR-29; (B) Hbp1 3’UTR binding sites 
alignment of mouse (NM_153198.2), rat (NM_013221.2) and human (NM_012257.3) to miR-29a; (C) Illustration of 
the double fluorescent reporter including the insert with the binding sites for miR-29; (D) target mRNA expression 
in NRCM after transfection of miR-29a (n=3); (E) GFP to RFP emission-ratio after transfection of miR-29 or control 
and the double fluorescent reporter in HEK293 cells (n³3); an unpaired student’s t-test was used to calculate the 
statistical differences denoted; **P<0.01, ***P<0.001 
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4 Discussion 
 

Since their first description in 1993, microRNAs have developed from a rarity observed 

in nematodes to a large category of RNA crucial for gene expression in animals as well 

as plants, in numerous cell types for embryology, differentiation, maintenance, health 

and disease. 

Contributing to this process of research, this study investigates two different 

microRNAs and their regulation of cardiac remodeling.  

 

4.1 miR-365, Cnot6l and cardiac hypertrophy 

4.1.1 miR-365 in cardiac hypertrophy 

First, the prohypertrophic effect of miR-365 reported in a phenotypic screening 

(Jentzsch, Leierseder et al. 2012) was confirmed in an in vitro hypertrophy assay. 

Having executed these, a more than two-fold increase in cell size outreaching the 

measured effect of cells treated with PE was observed. 

Another recently published study also reported on the prohypertrophic effect of miR-

365 (Wu, Wang et al. 2017). This study showed that miR-365 inhibits autophagy by 

targeting the S-phase kinase-associated protein 2 (Skp2), a cell cycle regulator. 

Moreover, miR-365 upregulations were found in vitro by Angiotensin II treatment and 

in vivo after TAC operation in murine cardiac myocytes. This is in line with the 

observations in vitro concerning miR-365 expression in NRCM and NRCF after 

stimulation of this study (Figure 7). 

Connecting these findings to this study, miR-365 seems to regulate the turnover of 

gene products on the RNA and on the protein level (see 4.1.2). These regulation 

mechanisms, both influencing cellular homeostasis, certainly could have an impact on 

neoplastic processes, that are constituting the main field of recent miR-365 research 

(see 1.4), too. Furthermore, both targets are reported to have oncogenic effects 

(Carrano and Pagano 2001, Bashir, Dorrello et al. 2004) that are to be discussed in 

further detail for CNOT6L in the next chapter. 
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4.1.2 Cnot6l, the CCR4-NOT complex and cardiac hypertrophy 

In this study, it is explained both that miR-365 regulates Cnot6l directly as well as that 

their manipulation can lead to cardiomyocyte hypertrophy.  

 

CNOT6L is part of the deadenylase subunits of the mammalian carbon catabolite 

repression 4 (CCR4)-negative on TATA-less (NOT) complex. It exhibits catalytic 

capacity and is a member of the exonuclease/endonuclease/phosphatase (EEP) 

family. Initially, the CCR4-NOT complex was investigated in yeast (Collart 2003). Later, 

it was found to be one of the most dominant enzyme complexes for cytoplasmatic 

degradation of RNA with poly(A) residues following the deadenylation initiation of 

PAN2-PAN3 (Yamashita, Chang et al. 2005, Wang, Morita et al. 2010). The 

deadenylase subunits are built of two parts containing CNOT6 or CNOT6L and CNOT7 

or CNOT8 (Figure 17A). 

 

 
Figure 17: The mammalian carbon catabolite repression 4 (CCR4) – negative on TATA-less (NOT) complex 
exerts deadenylase activities guided by RNA-binding proteins, miRISC and Tob (Shirai, Suzuki et al. 
2014). (A) Structure of the CCR4-NOT complex and its subunits. (B) The CCR4-NOT complex in context of 
recruiting molecules. 
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Synonyms for the mammalian CNOT6 and CNOT6L are CCR4a and CCR4b.  

The CCR4-NOT complex can be recruited by the miRISC through GW182 if it contains 

CNOT7 and/or CNOT6L, depending on sequences and helper proteins, e.g. PABP 

(Figure 17B) (Fabian, Mathonnet et al. 2009, Braun, Huntzinger et al. 2011, Fabian, 

Cieplak et al. 2011). 

 

Compared to Cnot6l, which is ubiquitously expressed in murine organs, Cnot6 in 

contrast is expressed specifically and on lower levels in testis, ovary, thymus and 

spleen (Chen, Ito et al. 2011). In human colon adenocarcinoma CNOT6L undergoes a 

significant copy number loss (Tay, Kats et al. 2011). However, KO mice of both Cnot6 

and Cnot6l are viable and fertile (Shirai, Suzuki et al. 2014).  

 

Still, little is known about the function and impact of the CCR4-NOT complex and its 

components in the heart. Study results vary between showing a significant 

susceptibility to cardiac hypertrophy and failure of heterozygous Cnot3 knockout mice 

in a TAC model and Cnot3 as an enhancer of human embryonic cardiomyocyte 

proliferation (Neely, Kuba et al. 2010, Zhou, Liu et al. 2017).  

Beside heart specific research, findings in diverse cells reach from observing that 

knockdown by siRNA of CNOT6L leads to a reduced cell survival and proliferation in 

human MCF7 breast cancer cells by regulating insulin-like growth factor-binding 

protein 5 and the p53-dependent pathway, to pointing out that the same treatment 

leads to a significant cell proliferation increase in numerous cell lines (Morita, Suzuki 

et al. 2007, Mittal, Aslam et al. 2011, Tay, Kats et al. 2011). 

To summarize the state of knowledge it seems legitimate to conclude that there is no 

approved effect of CNOT6L on cell proliferation or growth in scientific literature so far.  

Since the target recognition of the CCR4-NOT complex works largely by recruitment 

of numerous microRNAs, the potential target list in different cells, states and reactions 

is obviously long and yet to considerable extents unknown, although speculations were 

drawn that it regulates specific sets of genes and conserved pathways like the 

recruiting microRNAs (Mittal, Aslam et al. 2011). 
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It has been previously published that Cnot6l is targeted by a microRNA. MiR-146a 

regulates epithelial-mesenchymal transition (EMT) by targeting Cnot6l (Zhou and 

Thiery 2013). As stated before, miR-365 is reported to target Skp2 which regulates 

protein turnover by autophagy (Wu, Wang et al. 2017). From that, it can be deduced 

that miR-365 inhibits the decoy of gene products at both the RNA and the protein level. 

It is of utter importance to note the meaning of this: by binding Cnot6l mRNA, 

microRNA targets its own pathway ‘instrument’ which is necessary for operation. This 

should accordingly reduce poly(A)-tail exonuclease-driven mRNA-decay guided by 

microRNA in general. It is possible that miR-365 regulating Cnot6l depicts a restriction 

of the CCR4-NOT complex miRISC recruitment as a negative feedback loop (Figure 

18). Further investigation to quantify the change of total mRNA degradation activity 

depending on miR-365 manipulation is necessary to clarify this issue.  

 

 
Figure 18: miR-365 CNOT6L negative feedback loop illustration. By targeting Cnot6l, miR-365 leads to 
degradation of the catalytic subunit of the complex it relies on for miRISC (depicted as a complex of miRNA and 
Ago) activity. MiR-365 supports cardiac hypertrophy by regulation of Cnot6l. 

 

4.2 miR-29 and cardiac hypertrophy 

4.2.1 Wnt signaling, Ctnnbip1, Glis2 and Hbp1 in the heart 

In this study, it is demonstrated that miR-29 directly targets Ctnnbip1, Glis2 and Hbp1. 

All three genes are signaling members of the Wnt signaling pathway. Wnt pathways 
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are – as the miR-29 family – evolutionary highly conserved parts in cell signaling. They 

can be classified in the canonical (or classical, i.e. β-catenin dependent) pathway and 

in two non-canonical, β-catenin independent pathways. For this study, the canonical 

pathway is the object of interest (Figure 19).  

In its inactivated state, β-catenin is bound in the cytoplasm by Axin which serves as a 

scaffold protein for a destruction complex, including additionally Glycogen synthase 

kinase 3 (GSK)-3β, casein kinase (CK)-1α and adenomatous polyposis coli (APC) 

protein. In this complex, first CK-1α and second GSK-3β phosphorylates β-catenin, 

facilitating the ubiquitinylation of β-catenin for proteasomal degradation (Amit, 

Hatzubai et al. 2002). In absence of β-catenin, the transcription factor T-cell 

factor/lymphoid enhancer factor (TCF/LEF) inhibits the transcription of cell specific 

Wnt-responsive genes, e.g. the cell cycle regulating genes c-myc and cyclin D. For this 

inhibition, numerous helper proteins like histone deacetylases (HDAC) and the protein 

Groucho are necessary.  

The canonical pathway is induced by binding of a Wnt ligand, typically WNT1, WNT3A 

and WNT8 depending on the receptor context, to a Frizzled-receptor (Fzd) (Mikels and 

Nusse 2006, Kikuchi, Yamamoto et al. 2011). When a Wnt ligand binds the Frizzled-

receptor and the low-density lipoprotein receptor-related protein (LRP)5/6, the 

cytoplasmatic protein Dishevelled-1 (Dvl-1) and Axin are bound to the cell membrane, 

preventing β-catenin from being phosphorylated (Gao and Chen 2010). β-catenin 

translocates into the cell nucleus to replace HDAC and Groucho, enabling transcription 

of the regulated genes (Daniels and Weis 2005).  

 

The β-catenin interacting protein 1 (ICAT, inhibitor of β-catenin and TCF-4, 

CTNNBIP1), present in the cytoplasm and nucleus, is – independently from the 

destruction complex – capable of binding β-catenin. The latter is thus unable to 

displace HDAC and Groucho (Tago, Nakamura et al. 2000, Gottardi and Gumbiner 

2004). This leads to its tumor suppressor function as it has been stated by multiple 

studies. CTNNBIP1 is targeted by several microRNAs (Tong, Liu et al. 2015, Wu, Liu 

et al. 2015). Recently, it has been shown that miR-29b regulates murine neurogenesis 

by targeting Ctnnbip1 and dysregulation leads to defects in corticogenesis (Shin, Shin 

et al. 2014).  
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GLIS2, a Kruppel-Like Zinc Finger Protein, seems to have a similar function; by 

decoying β-catenin primarily in the nucleus, it inhibits Wnt signaling. GLIS2 is highest 

expressed in the kidney, followed by the heart (Zhang, Nakanishi et al. 2002, Kim, 

Kang et al. 2007). It participates in different fusion genes in context of acute 

megakaryoblastic leukemia (Hara, Shiba et al. 2017). The human Glis2 gene is also 

called NPH7 since its loss of function causes nephronophthisis by increased apoptosis 

and fibrosis (Attanasio, Uhlenhaut et al. 2007). Progressively, there are reports about 

the GLIS family regulating cell reprogramming and differentiation for iPSC production 

(Scoville, Kang et al. 2017). 

Even closer to the end of the signal cascade, the HMG-Box transcription factor 1 

(HBP1) blocks the transcription of the responsive genes by binding TCF (Sampson, 

Haque et al. 2001). Recently, it has been observed that HBP1 is targeted by miR-19a 

in macrophages and promotes atherosclerosis (Chen, Li et al. 2017) 

There are no previous reports about CTNNBIP1, GLIS2 or HBP1 in cardiac 

hypertrophy beside the recent study of our group (Sassi, Avramopoulos et al. 2017).  

 

4.2.2 miR-29 and Wnt signaling in the heart 

Since the finding of its first signaling member in 1982, the Wnt pathway is progressively 

considered as a fundamental regulator of growth, development, differentiation and 

carcinogenesis. Almost every member of this pathway is described as playing a role in 

numerous kinds of neoplastic diseases, foremost the APC protein, whose hereditary 

monoallelic inactivation leads to familial adenomatous polyposis (FAP). In 80% of 

colorectal cancer the APC gene is mutated, showing the vast impact of this pathway 

on the cell cycle (Nusse and Varmus 1982, Giles, van Es et al. 2003, Nusse and 

Clevers 2017). 

 

As a growth and cell division regulating pathway, Wnt signaling is mostly silent in the 

healthy heart but becomes crucial in multiple pathological reactions, e.g. fibrosis, 

ventricular remodeling and post-infarction scarring. It has been found that numerous 

pathway members induce or abrogate these cardiac tissue changes. b-catenin seems 

to be necessary for cardiac hypertrophy after TAC operation in mice (Chen, Shevtsov 

et al. 2006, Baurand, Zelarayan et al. 2007, Akhmetshina, Palumbo et al. 2012, 
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Hermans and Blankesteijn 2015, Tao, Yang et al. 2016, Ma, Zou et al. 2017, 

Stylianidis, Hermans et al. 2017). Interestingly, the b-catenin conditional knockout 

display reduced cardiac contractility and function in both TAC and Angiotensin II 

infusion models. Furthermore, both studies of Chen and Hermans observed a 

reduction of fibrosis in the concerned animals. This is backed up by another study 

which observed an upregulation of Wnt signaling in human skin fibroblasts in fibrotic 

diseases and a reduction of fibrosis in animal models with transgenic overexpression 

of Dickkopf-1 (Baurand, Zelarayan et al. 2007, Akhmetshina, Palumbo et al. 2012). 

The described hypertrophic effect of Wnt signaling supports our observation of the 

hypertrophic effect of miR-29 and its mechanism leading to this effect as well as the 

concurrently described reduction of fibrosis by Wnt downregulation following the miR-

29 knockout in vivo. However, our group did not observe a significant increase of 

cardiac fibrosis (but increased hypertrophy) following miR-29 overexpression in vivo 

(Sassi, Avramopoulos et al. 2017). This could be due to moderately strong performed 

TAC operations, which resulted in a hypertrophic stimulus but not an end stage heart 

failure including pronounced fibrosis. In order to unmask other potentially regulated 

pathways by miR-29 besides Wnt signaling, further investigations are necessary. One 

way could be an overexpression of miR-29 in an animal model with a conditional 

knockout of b-catenin. 

 
Figure 19: miR-29 directly regulates multiple members of the canonical Wnt-pathway in cardiac myocytes. 
Illustration of the signal cascade and its pathway members; miR-29 targets CTNNBIP1, GLIS2 and HBP1, which 
inhibit cardiac hypertrophy via the Wnt pathway 
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4.2.3 miR-29 and cardiac hypertrophy and fibrosis 

The prohypertrophic effect of the miR-29 family was observed before in the screening 

study (Jentzsch, Leierseder et al. 2012). This effect could be reproduced and 

confirmed in our group in an in vivo setting later on (Sassi, Avramopoulos et al. 2017). 

Remarkably, this finding is new and contrary to the cardioprotective perspective on the 

miR-29 family. Up until now, most of the reports were on the regulation of collagen 

genes in fibroblasts – also in cardiac tissue – by miR-29 (van Rooij, Sutherland et al. 

2008, Abonnenc, Nabeebaccus et al. 2013).  

Our group assumes that in cardiomyocytes this prohypertrophic effect is primarily due 

to an upregulation of Wnt signaling by targeting multiple members of this pathway.  

In this study, it is shown that three pathway members (Glis2, Hbp1, Ctnnbip1) are 

directly regulated by the miR-29 family in cardiac myocytes. All three molecules inhibit 

the interaction of b-catenin with the TCF/LEF-responsive genes in different ways. 

These results were also confirmed by our group, showing that miR-29 directly regulates 

these three targets by using a double fluorescent reporter with mutated binding sites 

as control.  

Following these observations, our group implemented in vivo that genetic deletion of 

miR-29 leads to improved cardiac function, reduced cardiac hypertrophy and 

myocardial fibrosis in a mouse model of cardiac pressure overload. 

Furthermore, it is noted that GSK-3b, another key player of the Wnt pathway and NFAT 

signaling, is targeted by the miR-29 family. MiR-29 overexpression results in a 

significant reduction in GSK-3b mRNA levels, upregulation of Wnt and NFAT signaling. 

In vivo the mice suffered from increased cardiac hypertrophy and were prone to 

increased fibrosis. 

In the same publication, a massive increase of miR-29 levels in cardiac fibroblasts after 

cultivation over one week compared to freshly prepared NRCF was documented. With 

this being an artificial state, culturing the fibroblasts led to an overestimation of the 

regulatory effect of the miR-29 family compared to effects in other cell types in previous 

studies. Moreover, our group comes to the conclusion that the Wnt-stimulated 

cardiomyocytes communicate via paracrine factors with the surrounding cardiac 

fibroblasts which leads to the profibrotic phenotype – in contrast to the common 

perspective. 
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It remains unsettled why one study observed in vivo a fibrotic response in cardiac 

tissue in response to antagomiR-29b after transverse aortic constriction (TAC) 

operation, even though this phenotype was not objectively quantified (Abonnenc, 

Nabeebaccus et al. 2013).  

If the assumption – also drawn by Abonnenc and van Rooij – of paracrine 

communication as a main factor for cardiac remodeling (including fibrosis) is correct, it 

is vital to study the effect of the miR-29 family in a correct cellular context facilitating 

this paracrine communication. The mentioned proposed bias of miR-29 expression by 

culturing fibroblasts serves as a good reason for this.  

As our study and Abonnenc focused on the pressure overload model by TAC 

operation, further investigation will be necessary to assess the effect of the miR-29 

members on fibrosis and hypertrophy in cardiac tissue in different models (like the 

ischemia-reperfusion model for myocardial infarction performed by van Rooij, 

Sutherland et al., 2008).  

In summary, this highlights the consequence that one single microRNA can lead to 

diverse and even oppositional effects depending on the cell type, the cellular and 

situational context and the microRNA expression level. 

In this context, this study laid the basis for a better understanding of the mechanism of 

action of miR-29 in cardiac tissue. 

 

4.3 Conclusion 

Both microRNAs 365 and 29 were found to have a prohypertrophic effect in cardiac 

myocytes during a phenotypic screening. 

This study confirmed the pro-hypertrophic effect of miR-365 in vitro, showed the 

inhibition of the hypertrophic stimuli by the application of antimiR-365 and started a 

target evaluation. Cnot6l as a direct target of miR-365, leading to the observed 

hypertrophic effect, was identified. 

Following the results of the phenotypic screening of our group, several members of the 

Wnt pathway, i.e. Ctnnbip1, Glis2 and Hbp1, were found to be directly targeted by miR-

29, contributing to the observed phenotype. 
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Taken together, these results suggest miR-365 and miR-29 as two important 

regulators of gene expression in cardiac hypertrophy, which reveals options for future 

research and new therapeutic starting points.   
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5 Summary 
 

MicroRNAs are endogenously expressed short RNA molecules (»22 nucleotides), 

which modulate gene expression posttranscriptionally by binding mRNA. 

Heart failure is a result of continuous excessive stress in cardiac tissue, i.e., mismatch 

of workload and oxygen supply, triggered by diverse factors. It results in progressive 

pathologic hypertrophy, marked by unorganized cellular structures as well as 

increasing fibrosis and declining cardiac function. 

Based on an earlier phenotypic screening study, this study shows that two distinct 

microRNAs exert a strong hypertrophic effect on cardiac myocytes. It is demonstrated 

that an in vitro overexpression of microRNA-365 led to a pro-hypertrophic response in 

cardiac myocytes. Additionally, a knockdown of miR-365 blocks the response to a 

hypertrophic stimulus. Moreover, Cnot6l as a directly regulated target of miR-365 was 

identified. Manipulation of both miR-365 and Cnot6l regulates hypertrophy. 

Furthermore, the results point out that the miR-29 family directly regulates several 

members of the Wnt signaling pathway, which leads to cardiac myocyte hypertrophy. 

Here the direct regulation of Glis2, Hbp1 and Ctnnbip1 by miR-29 is shown. 

Both microRNAs are strongly hypertrophic molecules in cardiac myocytes. MiR-365 

directly targets Cnot6l, which contributes to this effect. Targeting these microRNAs 

could serve as a novel therapeutic strategy in cardiac disease. 
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6 Zusammenfassung 
 

MicroRNAs sind endogen exprimierte, kurze RNA Moleküle (»22 Nukleotide), die 

Genexpression durch posttranskriptionelle Bindung der mRNA regulieren. 

Herzinsuffizienz resultiert aus einer längerfristigen und kontinuierlichen Überlastung 

von Herzgewebe, der ein Missverhältnis von Arbeitsbelastung und 

Sauerstoffversorgung zugrunde liegt. Dies führt zu progressiver, pathologischer, 

kardialer Hypertrophie, gekennzeichnet durch unorganisierte Zellverbandstrukturen, 

Fibrose und eine Abnahme der Herzleistung. 

Basierend auf einer früheren Screening-Untersuchung zeigt diese Studie, dass zwei 

verschiedene MicroRNAs stark hypertrophe Effekte auf das Herzmuskelzellen haben. 

Es wird gezeigt, dass eine Überexpression von miR-365 in vitro eine hypertrophe 

Reaktion in Herzmuskelzellen zur Folge hat. Ein Knock-down dieser MicroRNA 

blockierte hingegen hypertrophe Stimuli. Es wurde Cnot6l als ein direkt von miR-365 

reguliertes Gen identifiziert. Sowohl Manipulation von miR-365 als auch Cnot6l 

regulierte kardiale Hypertrophie in vitro. Es wurde außerdem gezeigt, dass die miR-29 

Familie zahlreiche Mitglieder des Wnt-Signalwegs direkt reguliert. In dieser Arbeit wird 

gezeigt, dass Glis2, Hbp1 und Ctnnbip1 direkt durch miR-29 gesteuert werden. 

Es lässt sich aus den Ergebnissen ableiten, dass beide microRNAs einen stark 

hypertrophen Effekt in Herzmuskelzellen haben. MiR-365 reguliert direkt Cnot6l, was 

zu diesem Effekt beiträgt.  

Diese microRNAs könnten einen neuen Angriffspunkt für die Therapie von 

Herzinsuffizienz darstellen. 
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