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Abstract 

Cardiovascular diseases (CVDs) are the leading cause of hospital admission and mortality 

worldwide. Heart failure (HF) is one of the most common CVDs and is characterized by a 

reduced cardiac function and left ventricular dilatation resulting in the inability of the heart to 

supply sufficient blood-flow. Upon cardiac stress, for example by heart valve defects or 

pressure overload (PO) from aortic stenosis, growth of cardiomyocytes (CMs) occurs. This 

initial hypertrophic (HT) adaptation preserves cardiac performance. Persistent hemodynamic 

stress leads to decompensation of the heart resulting in HF. Progression to HF is accompanied 

by underlying molecular, cellular, and interstitial changes, termed cardiac remodeling. 

Treatment options concentrate on inhibition of neuroendocrine stimulation or deregulated 

signaling pathways, but this has only limited efficacy and the morbidity and mortality of HF 

patients remains high. Therefore, other therapeutic options need to be investigated. Aberrant 

gene expression, such as re-expression of the fetal gene program, is a key-event in HF 

progression. Recent research suggested that changes in gene expression are not only 

regulated by transcription factors, but also by epigenetic processes such as non-coding RNAs 

and histone or DNA modifications. For example, DNA methylation and histone modifications 

such as acetylation or methylation can influence transcription of cardio-specific gene 

programs. Another less studied epigenetic modification is RNA methylation. Similar to DNA, 

RNA can be post-transcriptionally modified. The most prevalent modification is methylation of 

the adenosine base, termed m6A methylation. This m6A methylation is a dynamic and 

reversible process, mediated by so-called ‘writer’ and ‘eraser’ proteins adding or removing 

methylation marks on RNA. m6A methylation has been found in all classes of RNA, including 

mRNA, rRNA, tRNA, snRNA, and miRNA. Recent research has suggested that RNA 

methylation can affect splicing, mRNA transport, translation, storage, or decay. These effects 

were shown to be either mediated directly by conformational changes of methylated RNA or 

by so called ‘reader’ proteins, which recognize methylation marks. This adds an additional 

layer of transcriptional and translational control.  

m6A RNA methylation was first discovered in the 1970s, but long thought to be of minor 

importance. Newly developed methods to detect and map m6A methylation in 2012 allowed 

for more thorough investigation of the modification and gave rise to the term ‘epitranscriptome’, 

describing the RNA methylation patterns which govern RNA regulation. The epitranscriptome 

has since been studied intensively in various diseases and fields of biology, including many 

forms of cancer, neurodegenerative diseases, and developmental biology. However, little is 

known about the role of m6A methylation in cardiac diseases such as HT and HF. Only recently 

have a few publications described RNA methylation in ischemic cardiac tissue and hypoxia, or 
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the deregulation of m6A methylation in response to hypertrophic stimuli in cell culture. Until 

now, the global epitranscriptome of the heart has never been described. 

In my doctoral work, I have analyzed and characterized the global epitranscriptome of healthy 

human and mouse heart tissue. My analysis demonstrated that a considerable number of 

detected transcripts carried m6A methylation marks. Furthermore, many of the identified 

methylated transcripts were found in both mouse and human tissue and were of cardiac 

specificity, underlining the importance of this RNA modification in cardiac tissues. To better 

understand the role of these modification in cardiac HT and HF, I analyzed m6A RNA 

methylation changes in a mouse model of PO as well as in cardiac tissue from human end-

stage HF patients. Interestingly, many more transcripts were changed at the methylation level 

than on the expression level. Furthermore, transcripts altered at the methylation level tend to 

code for proteins participating in metabolic, catabolic and signal transduction pathways, 

whereas transcripts with altered expression generally code for completely different pathways, 

such as those involved in cardiac plasticity and remodeling. Since many transcripts were only 

altered at the methylation level, polysomal profiling was applied to elucidate if m6A methylation 

impacts translation, which indeed was the case. From this analysis, I propose a new 

mechanism of transcription independent translation regulation by RNA methylation. I could 

validate that protein levels change in correlation with altered methylation while the expression 

level remains unchanged. Furthermore, I hypothesize a mechanism of fast-translation with 

fast-turnover mediated by m6A methylation which allows CMs to adapt to stressful conditions. 

Further, I investigated the effect of manipulation of the RNA demethylase FTO on hypertrophic 

responses in vitro and in -vivo. For in vitro studies, a human induced pluripotent stem cell 

(iPSC) model was used. iPSCs were differentiated to beating cardiomyocytes (iPSC-CMs), 

and hypertrophic growth was induced via Endothelin-1 (ET-1) treatment together with siRNA 

mediated silencing of FTO. I observed that cell growth was attenuated upon silencing of FTO 

and expression of the stress-marker ANP was reduced.  

To determine, how the demonstrated in-vitro effect presents in vivo, I bred and characterized 

a cardiomyocyte specific Fto knockout (KO) mouse and applied the PO model to investigate 

hypertrophy and heart failure in FTO-deficient mice. Intriguingly, KO mice show a maladaptive 

response to PO, with early onset of dilatation and significantly impaired cardiac function 

compared to control mice. Therefore, I hypothesize that the attenuated hypertrophy observed 

in vitro represents the inability of FTO-depleted CMs to undergo initial compensatory 

adaptation as seen in the in vivo model.  

Together, my findings underline the importance of m6A RNA methylation in cardiac 

hypertrophy and heart failure progression and provide insight into the manipulation of FTO as 

a potential therapy in pressure overloaded hearts. 
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1. Introduction 

1.1 Cardiovascular diseases 

Cardiovascular diseases (CVDs) are the most prevalent cause of death worldwide, with almost 

18 million yearly fatalities which represent almost 31% of all global deaths (World Health 

Organization 2017). CVDs are comprised of a group of diseases of the heart and circulatory 

system, the most common being coronary arterial diseases (triggered by myocardial 

infarction), high blood pressure, arrhythmias and atrial fibrillation, heart valve obstructions and 

congenital heart defects (Flora and Nayak 2019). Cardiac remodeling occurs as a response to 

stress caused to the heart (Hill and Olson 2008; Azevedo et al. 2016; Nakamura and 

Sadoshima 2018). 

1.1.1 Cardiac remodeling 

Cardiac remodeling describes the molecular, cellular, and interstitial changes of heart tissue 

which manifest as changes in shape, sizes, and function of the heart, and which result from 

events such as cardiac injury, infarction, pressure or volume overload and other 

cardiomyopathies (Azevedo et al. 2016).  

Typically, an increase in hemodynamic stress or load leads to hypertrophic changes of the 

heart. One type of hemodynamic stress is increased afterload, also called pressure overload 

(PO) (Norton et al. 2002; Toischer et al. 2010). In PO, the heart needs to work against a 

stronger force during the systole when ejecting blood and occurs typically due to aortic stenosis 

(Rockman et al. 1991; Toischer et al. 2010; Burchfield et al. 2013; Merino et al. 2018), wherein 

the left-ventricular exit to the aorta is narrowed (Rogers 2013). 

As a response to PO, neuroendocrine stimulation stabilizes cardiac output by inducing 

vasoconstriction and by increasing contractility. On the cellular level, cardiomyocytes (CMs) 

undergo hypertrophy (HT), meaning a growth in size due to an increase in contractile units by 

incorporation of additional sarcomeres (Wilson et al. 2014). This leads to concentric 

hypertrophic growth resulting in increased left ventricular wall thickness, and the ventricular 

chamber diameter may decrease depending on the severity of the HT. In this adaptive, 

compensated state the cardiac function is largely preserved. However, persistent 

hemodynamic stress leads to a decompensation and ultimately to heart failure (HF) (Norton et 

al. 2002; Inamdar and Inamdar 2016). HF is a pathologic condition, in which the heart is no 

longer able to pump a sufficient amount of blood throughout the system. HF is the long-term 

outcome of a period of pathological remodeling (Figure 1.1). 
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Figure 1.1 Cardiac hypertrophy and progression to heart failure- schematic overview 
Pathological stimuli such as aortic stenosis increases the hemodynamic afterload in the left ventricle 
(LV). To adapt to and compensate for the stress, and to ensure sufficient blood flow, cardiomyocytes 
(CMs) grow in width by incorporation of additional sarcomeres as contractile units. This leads to 
thickening of the LV-wall and may be accompanied by decrease in LV-diameter resulting in 
pathological hypertrophy (HT). When stress persists, CMs become longitudinal in shape and dilatation 
of the LV occurs. This decompensation ultimately leads to heart failure (HF), as the heart is no longer 
able to sustain sufficient blood flow. Figure Adapted from Nakamura and Sadoshima (Nakamura and 
Sadoshima 2018)  

1.1.2 Molecular mechanisms of cardiac remodeling 

On the molecular level, cardiac remodeling is triggered by neuroendocrine hormones and 

mechanical forces. For example, angiotensin II (AT), endothelin-1 (ET-1) and catecholamines 

are secreted in response to cardiac stress like PO. By binding to their respective receptors, 

signaling cascades get activated influencing contractility and gene expression. 

Catecholamines induce protein kinase A (PKA), AT and ET-1 activate protein kinase Cα 

(PKCα) and calcium/calmodulin dependent-protein kinase type II (CamKII). PKA, PKCα and 

CamKII further regulate Ca2+ handling proteins like ryanodine receptor 2 (RYR2), 

phospholamban (PLN) or sarcoplasmic reticulum Ca2+ ATPase (SERCA), thereby increasing 

contractility (Zhang et al. 2003; van Berlo et al. 2013; Newton et al. 2016; Nakamura and 

Sadoshima 2018). Neuroendocrine hormones further activate G proteins in CMs which in turn 

induce mitogen-activated protein kinase (MAPK) signaling pathways leading to the expression 

of pro-hypertrophic genes via myocyte enhancer factor 2 (MEF2), GATA binding protein 4 

(GATA4) or nuclear factor of activated T-cells (NFAT) acting as transcription factors (Rose et 

al. 2010; Nakamura and Sadoshima 2018). These pro-hypertrophic genes, such as actin alpha 

1 (ACTA1) or myosin heavy chain 7 (MYH7) are usually not expressed in adult cardiac tissue 
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but are found in developing hearts. Therefore, it is called re-expression of the fetal gene 

program (Frey and Olson 2003; Hill and Olson 2008) and the translated proteins can serve as 

biomarkers for detection of cardiac remodeling. 

Furthermore, neuroendocrine hormonal stimulation leads to mitochondrial dysfunction which 

increases reactive oxygen species (ROS) level. This leads to reduced contractility caused by 

increased apoptosis of CMs, stiffening of the tissue by fibrosis and impaired Ca2+ handling 

accompanying the mitochondrial dysfunction (Hill and Olson 2008; Toischer et al. 2010; van 

Berlo et al. 2013; Nakamura and Sadoshima 2018). Also energy metabolism is impaired during 

progression to heart failure where a switch from fatty acid to glucose metabolism takes place 

(Azevedo et al. 2016).  

Upon stretch due to the pathologic hypertrophic growth, atrial natriuretic peptide (ANP, gene 

NPPA) and brain natriuretic peptide (BNP, gene NPPB) are released by CMs which activate 

protein kinases G (PKG) in an auto- or paracrine manner. PKGs inhibit further cell growth 

(Nakamura and Sadoshima 2018) and hence progression to HF with dilatation of the ventricle 

occurs marked by an increase in ventricular diameter. 

1.1.3 Therapeutic options for treatment of heart failure 

Available pharmacotherapies to treat heart failure mainly concentrate on targeting 

neurohormonal signaling pathways. For example, angiotensin-converting-enzyme (ACE) 

inhibitors block the conversion of angiotensin I to angiotensin II, which in turn prevents 

vasoconstriction, relaxing the vasculature and therefore reducing the hemodynamic load on 

the failing myocardium (Shah et al. 2017). Another common therapeutic strategy is the use of 

beta-adrenergic receptor blockers (ß-blockers), which inhibit the renin angiotensin system 

(RAAS) reducing cellular stress by adrenaline and therefore lowering blood pressure and heart 

rate which would otherwise accelerate pathological remodeling (Shah et al. 2017). However 

the efficacy of these therapeutic approaches is limited, as mortality remains high in heart failure 

patients (Benjamin et al. 2018). Some preclinical and clinical studies focus therefore on the 

inhibition and manipulation of other signaling pathways commonly deregulated in HF, such as 

MAPK- kinases or CaMKII (van Berlo et al. 2013). As these therapies concentrate mainly on 

single targets, these approaches have limited success given the complexity of the signal 

cascades deregulated in pathological remodeling. Some therapies may even be 

disadvantageous, as it has been shown that during the manipulation of complex signaling 

networks transcription factors such as NFAT, MEF2 or GATA4 may become activated, 

ultimately promoting pathologic gene expression (Hill and Olson 2008; van Berlo et al. 2013). 
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Pharmacotherapies mainly concentrate on targeting cell signaling pathways, but it was shown 

that in cardiac remodeling and progression to heart failure not only cellular signaling or the 

transcriptome is affected. The epitranscriptome is deregulated in heart failure progression as 

well (Anand et al. 2013; Gilsbach et al. 2018; Prasher et al. 2020), adding an additional layer 

of molecular regulation and therapeutic targeting potential. 

1.2 Epigenetics in heart failure 

Aberrant gene expression, such as re-expression of the fetal gene program, is a hallmark of 

the progression to HF (Frey and Olson 2003; Hill and Olson 2008). There is increasing 

evidence, that gene expression deregulation is orchestrated by transcription factors and 

epigenetic processes (Prasher et al. 2020). Epigenetic processes include DNA and histone 

modifications or the expression of non-coding RNAs. It has been shown, that DNA methylation 

may be important during maturation of the heart (Gilsbach et al. 2018) and that histone 

modifications influence the transcription of cardio-specific gene programs (McKinsey and 

Olson 2005; Anand et al. 2013; Haldar and McKinsey 2014; Gilsbach et al. 2018). However, 

utilizing these epigenetic processes for diagnosis of CVDs is limited (Soler-Botija et al. 2019) 

and therapeutic options are scarce due to lack of specific and selective inhibitors (Haldar and 

McKinsey 2014). Therefore, other potential strategies for treatment of heart failure need to be 

explored, like the less studied epigenetic process of RNA methylation. 

1.2.1 RNA methylation 

Not only DNA can be modified by epigenetic marks, but RNA can be modified epigenetically 

as well. Many RNA modifications have been identified and include for example methylation at 

different positions of nucleosides, such as 5-methylcytosine (m5C), 2-methyladenosine (m2A), 

or N6-methyladenosine (m6A) (Zaccara et al. 2019). The global distribution of these RNA 

modifications is called the epitranscriptome and has been intensively studied in various 

diseases (Engel et al. 2018; Widagdo and Anggono 2018; Chen et al. 2019; Han et al. 2020; 

Liu et al. 2020), as it adds a new layer of molecular signaling and control of cellular functions. 

The most prevalent RNA modification is N6-methyladenosine (m6A) (Zaccara et al. 2019; 

Zhang et al. 2019), in which the 6th amine group of adenosine is methylated. This modification 

was first described in the 1970s (Desrosiers et al. 1974; Perry et al. 1975) in eukaryotic 

messenger RNA (mRNA), but long thought to be of minor relevance. Nowadays it is known, 

that m6A is present in all classes of RNA, such as mRNA (Rottman et al. 1974), ribosomal 

RNA (rRNA) (Dominissini et al. 2012), transfer RNA (tRNA) (Blanco et al. 2014), small nuclear 

RNA (snRNA) (Linder et al. 2015), micro RNA (miRNA) (Berulava et al. 2015a) and long non-
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coding RNA (lncRNA) (Fu et al. 2014; Patil et al. 2016). m6A RNA methylation is dynamic and 

reversible (Fu et al. 2014; Roundtree et al. 2017; Yang et al. 2018), and is mediated by RNA 

methylases ('writer') and RNA demethylases ('eraser') and can be recognized by 'reader'-

proteins (Figure 1.2). 

With the development of new techniques and methods to analyze RNA methylation such as 

methylated RNA immunoprecipitation sequencing (MeRIP-seq) (Dominissini et al. 2012; Meyer 

et al. 2012), the m6A epitranscriptome was mapped for the first time in 2012. It was observed 

that m6A methylation marks are enriched in specific mRNAs consistently throughout different 

cell lines and tissues (Schwartz et al. 2014; Linder et al. 2015). Further, the consensus motif 

DRACH (D = A, G or U; H = A, C or U) was identified as the main site of methylation 

(Dominissini et al. 2012; Meyer et al. 2012; Schwartz et al. 2014). While m6A peaks were found 

to be enrichment mainly in the 3’ untranslated region (3’ UTR) of transcripts and around stop 

codons (Dominissini et al. 2012; Meyer et al. 2012), methylation marks were also found 

throughout the whole mRNA transcript including the coding sequence (CDS) and the 5’ UTR 

(Meyer et al. 2015). Some mRNA transcripts carry only single m6A modifications, while others 

can carry more than 20 marks at different positions (Dominissini et al. 2012; Meyer et al. 2012; 

Linder et al. 2015), but on average one to three m6A marks are found in methylated transcripts 

(Zaccara et al. 2019) . To which extent transcripts carry m6A marks and how they are targeted 

for methylation is still poorly understood and the subject of ongoing research. First studies 

published about m6A modifications identified the presence of long exons, meaning exons 

which are significantly longer than the average of ~140bp, to be a strong inducer of m6A 

addition in transcripts (Dominissini et al. 2012; Batista et al. 2014; Ke et al. 2015). However, 

as transcripts lacking this feature are also methylated, exon length is not the only trait 

regulating RNA methylation (Dominissini et al. 2012; Batista et al. 2014; Ke et al. 2015). 

Mapping studies have found that stably expressed genes, such as housekeeping genes or 

ribosomal proteins, carry fewer m6A marks (Schwartz et al. 2014), whereas transcripts with 

enriched m6A methylation code for processes regulating development, proliferation and cell 

fate (Dominissini et al. 2012; Meyer et al. 2012; Geula et al. 2015).  

1.2.2 Reading and writing the m6A code – dynamic and reversible 

It was shown that m6A methylation changes in stress (Engel et al. 2018) and disease 

conditions in different tissues (Chen et al. 2019; Han et al. 2020). This dynamic nature of RNA 

methylation derives from the interplay of methyltransferases and demethylases, facilitating 

addition and removal of m6A marks on RNA. Due to this ability to either ‘write’ or ‘erase’ 

methylation marks, they are also referred to as ‘writer’ and ‘eraser’ proteins (Yang et al. 2018; 

Zaccara et al. 2019) (Figure 1.2).  
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The m6A modification is added to an adenosine by a writer complex consisting out of several 

subunits of different Methyltransferase Like Proteins (METTL). A METTL3-METTL14 

heterodimer writes m6A on mRNA and other RNA polymerase II-derived transcripts (Śledź and 

Jinek 2016; Wang P et al. 2016; Wang X et al. 2016). METTL3 is the enzymatic subunit 

catalyzing the methylation process and METTL14 acts as an allosteric activator binding the 

RNA. Wilms tumor associated protein (WTAP) joins the heterodimer and assists in anchoring 

the complex to RNA (Ping et al. 2014). This writer complex transfers a methyl group from the 

donor substrate S-adenosyl methionine (SAM) to the adenine base (Śledź and Jinek 2016). It 

is important to note that other writer complexes exist. A METTL5-TRMT112 complex, for 

example, methylates a single m6A site in 18S rRNA (van Tran et al. 2019). Another 

methyltransferase, ZCCHC4, transfers a single m6A to 28S rRNA (Ma et al. 2019; van Tran et 

al. 2019). snRNA is methylated by METTL16, which also methylates some other non-coding 

RNAs (Warda et al. 2017).  

Demethylases remove (‘erase’) the m6A methylation marks. Two RNA demethylases have 

been identified. The fat mass and obesity related protein (FTO) (Gerken et al. 2007), and AlkB 

Homolog 5 (ALKBH5) (Zheng et al. 2013) both remove m6A marks via oxidative demethylation. 

However, ALKBH5 was shown to be mainly enriched in testes and to have no effect on 

development or physiology except for defects in spermatogenesis (Zheng et al. 2013). 

FTO was long thought to be the main m6A RNA demethylase (Jia et al. 2011). FTO is 

homologous to other demethylases of the ALKB family, but has only weak activity towards 

methylated DNA (Gerken et al. 2007). Furthermore, it was shown that FTO exhibits specificity 

towards m6A methylated RNA (Jia et al. 2011), strongly suggesting that m6A was the main 

substrate catalyzed by FTO. 

Later studies proposed that m6A may not be the bona fide substrate of FTO as a conditional 

Fto-knockout (KO) in the mouse brain did not result in increased m6A methylation (Hess et al. 

2013). The independence of m6A levels from FTO was later described in other Fto-KO studies 

of murine embryos and cells (Mauer et al. 2017). Recent studies suggest that N6,2’-O-

dimethyladenosine (m6Am), another epigenetic RNA modification, may be the main substrate 

of FTO as indicated by a higher substrate specificity (Mauer et al. 2017; Mauer et al. 2019). 

However, the influence of FTO on m6A levels is still under debate, as other literature describes 

m6A level increase upon Fto-KO. For example, increased m6A levels were observed upon 

FTO depletion in leukemia (Li Z et al. 2017) and HeLa cells (Jia et al. 2011).  
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1.2.3 The various RNA methylation mediated effects – reading and interpreting 

the epitranscriptome 

m6A methylation is thought to have an influence on various cellular mechanisms (Yang et al. 

2018; Zaccara et al. 2019) such as splicing (Xiao et al. 2016; Zhou et al. 2019), nuclear export 

(Roundtree et al. 2017), mRNA stability (Du et al. 2016; Huang et al. 2018), miRNA-binding 

(Berulava et al. 2015a), translation (Li A et al. 2017), as well as RNA-protein interactions (Liu 

et al. 2017; Perez-Perri et al. 2018). 

The information encoded by m6A modifications is utilized and mediated by so-called ‘reader’ 

proteins. It can be discriminated between direct and indirect readers (Zaccara et al. 2019) 

(Figure 1.2). Direct readers are RNA binding proteins (RBPs) which specifically detect m6A 

marks, thus mediating methylation-induced processes. Indirect readers are influenced by m6A 

changes indirectly by for example tertiary structure changes induced by m6A marks, termed 

‘m6A-switch’. 

The YTH-domain-containing protein family has been identified as direct m6A readers, with 

their YTH domain binding to RNA (Zhu et al. 2014). The YTH family is comprised of many 

members that show cell compartment specificity. YTHDC1 (DC1), for example, is located in 

the nucleus (Hartmann et al. 1999), whereas YTHDC2 (DC2) is located in both the nucleus 

and cytosol (Wojtas et al. 2017), while YTHDF1, YTHDF2 and YTHDF3 (DF1-3) are found in 

the cytosol (Du et al. 2016; Shi H et al. 2017; Shi et al. 2018). These different readers all 

mediate specific modes of molecular regulation. 

The nuclear localized DC1 is thought to mainly influence splicing (Xiao et al. 2016), as it was 

shown to interact with splicing regulators (Hartmann et al. 1999) such as SAM68, SC35 or 

SRSF1 (Imai et al. 1998). As mRNA can already be m6A methylated in the nucleus (Bokar et 

al. 1997; Zheng et al. 2013; Meyer and Jaffrey 2017), this enables binding of DC1, mediating 

splicing. DC2, found in both the nucleus and cytosol, is expressed primarily in the testes (Bailey 

et al. 2017; Hsu et al. 2017). It has been shown to contain a helicase like domain and to 

regulate translation (Wojtas et al. 2017; Jain et al. 2018).  

The reader proteins DF1-3 are paralogues of each other (Patil et al. 2018). These proteins lack 

typical protein domains, but rather contain low-complexity regions (LCR) (Patil et al. 2018), 

which are protein regions with an unusually high number or overrepresentation of specific 

amino acids (Kumari et al. 2015). This LCRs enable them to participate in a mechanism termed 

liquid-liquid phase separation (LLPS) (Ries et al. 2019). LLPS is the condensation of RNA and 

proteins into dense phases resembling liquid droplets, forming structures such as stress 

granules, P-bodies, or RNA granules. The role of these membraneless cellular compartments 

is largely unknown, but it is hypothesized that mRNA can be stored in these droplets, protected 



Introduction 

 

8 
 

from degradation, stabilized for transport, or secluded from ribosomes, thereby affecting 

translation (Brengues et al. 2005; Bhattacharyya et al. 2006). Conversely, an opposite role has 

been hypothesized suggesting instead that these droplets may mediate mRNA decay (Buchan 

and Parker 2009; Protter and Parker 2016). The property of m6A-reader proteins DF1-3 to 

undergo phase-separation due to their low-complexity domain is especially interesting in 

epitranscriptomic regulation, as it has been shown, that binding of DF1-3 to methylated RNA 

enhanced  LLPS significantly (Ries et al. 2019). As m6A-RNA has been shown to be recruited 

to DF1-3 to a higher extent than unmethylated RNA, hence inducing phase separation, this 

mechanism can regulate manifold processes such as RNA transport, storage, or decay in an 

m6A-regulated manner. 

In contrast to the direct readers of the YTH family, indirect readers do not recognize methylated 

RNA, but methylation-dependent conformational changes of transcripts. Methylated adenosine 

can pair with Uracil bases in a manner, similar to A-U base pairing in RNA but to a weaker 

extent (Roost et al. 2015), lowering the melting temperature by ~5°C. Thus, m6A reduces the 

stability of RNA tertiary structures near m6A consensus motifs leading to unfolding and 

linearization, a process termed the ‘m6A switch’ (Liu et al. 2015). This allows for better access 

of RBPs to the single stranded RNA, as has been observed with the RBP HNRNPC (Liu et al. 

2015). HNRNPC is responsible for the processing of pre-mRNA and participates in splicing. 

Due to the m6A-induced change in structure, the function of this protein is indirectly regulated 

by the methylation, thereby acting as an indirect reader. This m6A-switch potentially affects all 

RBPs with consensus motifs near m6A marks, and indeed some studies have shown weaker 

binding affinity of i.e. HNRNPG (Liu et al. 2017), affecting splicing, or HNRPA2B1 (Wu et al. 

2018), affecting miRNA processing. Until now it is not known, if this effect is mediated by a 

direct m6A-protein interaction or solely by the m6A-switch (Alarcón et al. 2015; Wu et al. 2018). 

A third potential role of m6A methylation may be mediated by ‘anti-readers’, RBPs which are 

repelled by m6A marks. The ‘anti-readers’ may include proteins such as 63BP1, partaking in 

stress granule formation and FMR1, functioning as a translational repressor (Edupuganti et al. 

2017) or LIN28A, participating in miRNA processing (Sun et al. 2019). Furthermore, it has been 

shown, that ribosomes stall at m6A marks in bacteria (Choi et al. 2016) preventing translation 

elongation. Yet, it remains unknown if such an effect is also present in eukaryotic cells, even 

if first evidence by ribosomal profiling suggest this possibility (Choi et al. 2016). 
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Figure 1.2 Dynamic and reversible m6A RNA methylation 
RNA can be m6A methylated dynamically and reversibly, mainly at the DRACH consensus motif. The 
‘writer’ complex METTL3-METTL14, assisted by WTAP, adds the m6A-mark to RNA. METTL3 is the 
catalytic subunit and acts as a methyltransferase, while METTL14 acts as an allosteric activator, 
binding to the RNA and assisting METTL3. WTAP stabilizes the heterodimer. FTO and ALKBH5 
remove the m6A-mark by oxidative demethylation, acting as ‘erasers’. m6A methylation marks can 
be identified by ‘reader’ proteins of the YTH-family affecting nuclear export, splicing, RNA stability or 
translation. m6A RNA methylation can alter the tertiary structure of RNA (‘m6A-switch’) influencing 
access and binding of RBPs. 
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1.2.4 RNA methylation in the heart 

Although it has been studied extensively in cancer and neurological diseases, little is known 

about the role of RNA methylation in cardiac diseases. Recently, first results were reported on 

m6A methylation in the heart. m6A methylation in cardiac ischemia was found increased in 

hypoxic, ischemic regions, whereas m6A was absent in the peri-infarction zone (Mathiyalagan 

et al. 2019). Mathiyalagan and colleagues described that FTO selectively demethylated 

transcripts coding for cardiac contractile proteins and hypothesized that this would prevent 

degradation of transcripts and hence improve protein expression under hypoxic conditions as 

found in ischemia. Another study described an increase of m6A in response to hypertrophic 

stimuli in primary cell cultures, and methylated transcripts were found to be coding for kinases 

and signaling pathway proteins (Dorn et al. 2019). A comparable study (Kmietczyk et al. 2019) 

also found that mainly signal transduction and transcription regulation pathways were affected 

by RNA methylation in cardiac tissues. Dorn et al. further described that METTL3 

overexpression (OE) and therefore m6A increase stimulates hypertrophic responses and 

attenuates cardiac dysfunction in a PO mouse model, whereas a knockout (KO) of METTL3 

negatively influences cardiac homeostasis leading to maladaptive eccentric remodeling (Dorn 

et al. 2019). They hypothesize that m6A impacts the cell shape and geometry of CMs and 

conclude that m6A is necessary for cardiac hypertrophy to occur. Another study, focused on 

METTL3 manipulation by KO or OE, also concludes that changes in m6A upon METTL3 

manipulation influence mRNA stability and translation thereby regulating growth control of CMs 

in response to stress (Kmietczyk et al. 2019). 
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1.3 Objectives 

The field of epigenetics is studied extensively in various cell types and diseases, as it adds 

new layers of molecular regulation beyond post-translational modifications and post-

transcriptional control. Especially the role of DNA and histone modifications were studied in 

the heart in the past years (Backs and Olson 2006; Gilsbach et al. 2014; Haldar and McKinsey 

2014; Gilsbach et al. 2018). However, the effect and impact of RNA methylation, especially of 

the m6A RNA modification in cardiovascular diseases, is less studied. Only recently have a 

few studies been published (Dorn et al. 2019; Kmietczyk et al. 2019; Mathiyalagan et al. 2019) 

which prove the spark of interest to investigate this additional level of molecular regulation. 

When this study began, almost nothing was known about RNA methylation in the heart. The 

epitranscriptome of the heart had never been described on a global level and published studies 

focused on RNA methylation in ischemic and hypoxic conditions (Mathiyalagan et al. 2019) or 

on manipulation of the m6A writer METTL3 (Dorn et al. 2019; Kmietczyk et al. 2019).  

The aim of my doctoral studies was to investigate the effect of m6A methylation in cardiac 

hypertrophy and heart failure. Furthermore, I tried to elucidate the role of FTO and provide 

insight into the effect of manipulation of the RNA-methylation machinery by FTO depletion in 

cardiac hypertrophy and heart failure. Therefore, the aims of my thesis were to: 

1. Describe the epitranscriptome in mouse and human heart tissue. 

I analyzed the global epitranscriptome of mouse and human heart tissue by NGS and MeRIP-

seq to provide insight into m6A methylation in the heart. 

2. Analyze methylation changes in cardiac tissues in response to hypertrophy and in the heart 

failure state in human and mice. 

I used a transverse aortic constriction (TAC) model in mice to induce hypertrophy and heart 

failure as well as tissue from failing human hearts to elucidate RNA methylation changes in 

response to the disease condition via NGS and MeRIP-seq analysis. 

3. Establish a hypertrophy cell culture model.  

I differentiated human induced pluripotent stem-cells (iPSCs) into beating cardiomyocytes 

(iPSC-CMs), which were further treated with ET-1 to induce hypertrophic growth. 

4. Establish a knockdown of the demethylase FTO in iPSC-CMs to provide first insight into 

potentially altered hypertrophic response. 

I analyzed a potential effect of siRNA mediated knockdown of the m6A demethylase FTO in 

the iPSC-CMs on cell growth by immunofluorescence microscopy as well as by immunoblotting 

of the typical hypertrophic marker ANP. 
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5. Generate and characterize a cardiomyocyte specific knockout (KO) in mice. 

To test the potentially altered growth response obtained in vitro by cell culture in vivo, I 

generated a cardiomyocyte specific FTOcKO mouse by cre-mediated excision of exon 3 of Fto 

and validated the successful KO on all molecular levels by legacy PCR, RT-qPCR and Western 

blotting. Furthermore, I described the basal phenotype by monitoring survival and 

echocardiographic analysis. 

6. Evaluate the response of the newly generated mice to TAC-induced pressure overload and 

subsequent hypertrophy and heart failure.  

To analyze altered responses of FtocKO mice hearts to TAC induced PO, I assessed the cardiac 

performance and dimension of the mouse hearts by echocardiography. 
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2. Methods 

2.1 Human tissue sampling 

All experiments on human tissue were approved by the institute’s ethical committee and 

followed the principles outlined in the Declaration of Helsinki. Patients provided written 

informed consent for the use of cardiac tissue samples in research.  

LV tissue was sampled from freshly explanted hearts from end-stage HF patients during 

cardiac transplantation as a result from ischemic or dilated cardiomyopathies (ICM and DCM, 

respectively). In ICM samples, the tissue was taken from the non-ischemic, peri-infarction area 

to omit hypoxic scar tissue, so the tissue sections are comparable to DCM samples all being 

of end-stage heart failure condition (HF). Detailed patient information is given in the Appendix 

Table 5.2. Healthy human hearts from donor patient with no preexisting cardiac disease or non-

cardiac related reasons of death served as non-failing (NF) control tissue. Those hearts were 

initially planned for transplantation but were rejected by the surgeon due to for example organ 

mismatch, local hypokinesia or elevated C-reactive protein levels. Information for healthy 

control patients are given in the Appendix Table 5.1. 

2.2 Animal studies 

All animal experiments in this project were approved and conducted following institutional and 

governmental regulations and in accordance with the ethical standards laid down in the 

Declaration of Helsinki 1964 and conforms to the Guide for the Care and Use of Laboratory 

Animals (Institute of Laboratory Animal Resources and National Research Council 1996). 

Animals were maintained under standard husbandry with regulated 12 hours light/dark cycle 

and access to food and water ad libitum. FVB/N mice were delivered by Charles River, all other 

mouse strains were bred in-house. 

2.2.1 Generation of mouse strains 

A cardiomyocyte specific knockout (cKO) mouse strain was bred for this study. In this strain, 

the Fto-gene expression was depleted via cre-recombinase mediated excision of exon 3 of the 

gene flanked by loxP sites.  

To first create Fto-flox mice, the B6Dnk;B6Brd;B6N-Tyrc-Brd Ftotm1a(EUCOMM)Wtsi/WtsiCnbc strain 

(Wellcome Trust Sanger Institute) was crossed with the C57BL/6N-Tg(CAG-

Flpo)1Afst/Mmucd strain (Kranz et al. 2010) strain, to remove the lacZ reporter cassette. The 
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remaining Flpo allele was outcrossed by back-crossing the obtained mice with C57BL6/N wt-

mice resulting in Flox-mice where exon 3 of Fto is flanked by loxP sites (Ftofl/fl). 

To generate the cKO, male Ftofl/fl mice were mated with αMHC-Cre females (αMHC-Cre, 

Jackson no. 011038, C57BL/6N and C57BL/6J mixed background) (Agah et al. 1997) bearing 

a cardiomyocyte specific cre-recombinase under the αMHC- promotor. The resulting 

heterozygous αMHC-Cre+; Ftofl/+ mice (cre+ fl/+) were further backcrossed with Ftofl/fl mice to 

generate a homozygous Fto knock-out (cre+ fl/fl). These animals were used for experiments 

and are further called FtocKO. 

αMHC-Cre+ mice (cre+ +/+) served as wildtype control and are further named CreControl. Instead 

of using mice from the already existing αMHC-Cre+ parental strain, a new strain was bred by 

backcrossing αMHC-Cre+; Ftofl/fl mice (cre+ fl/fl) with αMHC-Cre- mice (cre- +/+) until a 

homozygous αMHC-Cre+ mice (cre+ +/+) strain was generated. This was done in order to rule 

out possible flox-site derived effects on the phenotype which may exist even if the loxP-sites 

were outcrossed. αMHC-Cre-; Ftofl/fl mice (cre- fl/fl) mice, littermates of the αMHC-Cre+; Ftofl/fl 

(cre+ fl/fl) mice served as another wildtype control to check for cre- recombinase derived 

effects and are further called FloxControl. 

2.2.2 Genotyping 

Mice were genotyped using primers for FTO and cre-recombinase (Table 2.1) with the 

MangoTaq™ Polymerase (Bioline; #BIO-21078). Genomic DNA (gDNA) was isolated from tail 

biopsies by digestion in 200 µl DirectPCR-Tail lysis buffer (Viagen Biotech; #102-T) supplied 

with 200 µg/ml Proteinase K on a heating block at 55°C and 400 rpm overnight. Prior to the 

PCR run, Proteinase K was inactivated for 45 min at 85°C. Detailed PCR-mix and Amplification 

Protocol are given in Table 2.2 and Table 2.3. 

Afterwards, the PCR reactions were separated by agarose gel electrophoresis in a 2% TBE 

(45 mM Tris-borate, 1M EDTA) buffered agarose gel supplemented with Midori Green Advance 

(Nippon Genetics; #MG04) (5 µl pro 100 ml gel) for 45 min at 120 V constant. PCR product 

bands stained by the Midori Green were visualized on a UV-light table and band sizes were 

determined from comparison with the 100 bp DNA ladder (Thermo Fischer; #SM1153).  
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Table 2.1 Genotyping Primer  

Primer Name Sequece 5’-3’ 

FTO_genFOR GACTTGGGGCAGGTTTTCAG 

FTO_genREV CCACTTCTCCCCTCCTTCAA 

FTO_recombination_R CAAAGGACTTAGCACTCTCGG 

Myh6Cre_TG_F ATGACAGACAGATCCCTCCTATCTCC 

Myh6Cre_TG_R CTCATCACTCGTTGCATCATCGAC 

Myh6Cre_+Ctrl_F CAAATGTTGCTTGTCTGGTG 

Myh6Cre_+Ctrl_R GTCAGTCGAGTGCACAGTTT 

 

Table 2.2 Genotyping reaction mix 

Reagent Volume [µl] 

MangoTaq Buffer 5X 5 

MgCl2 (50 mM) 1.5 

dNTPs (100 mM) 0.5 

Forward Primer (10 pmol/µl) 1 

Reverse Primer (10 pmol/µl) 1 

MangoTag Polymerase 0.2 

H2O 14.8 

gDNA 1 

Total 25 

 

Table 2.3 Genotyping protocol 

Step Temperature [°C] Time 

Denaturation 94 5 min 

Amplification (x35 cycles) 94 30 sec 

59 30 sec 

72 45 sec 

Elongation 72 5 min 

Hold 8 As needed 
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2.2.3 Transverse aortic constriction 

In transverse aortic constriction (TAC), the aortic diameter is reduced via a knot tied around 

the aortic branch. This narrowed aorta leads to a pressure gradient against which the heart 

needs to pump blood, which induces pressure overload (PO) leading to cardiac hypertrophy 

(HT) and heart failure (HF) with progressing time. This intervention is a model for aortic 

stenosis (deAlmeida et al. 2010). For this study, 8-10 weeks old mice were randomly selected 

for either Sham or TAC surgery, with an average distribution between males and females in 

all groups. 

In order to operate mice, animals were anaesthetized by injecting 75-100 µl 0.9% sodium 

chloride (NaCl) solution containing Medetomidin (0.5 mg/kg), Midazolam (5 mg/kg) and 

Fentanyl (0.05 mg/kg) intraperitoneal. The actual surgery was performed using a minimally 

invasive approach. The mouse heart was opened via a 1-1.5 cm long suprasternal incision and 

the aortic arch was exposed and prepped carefully free from the thymus and fat tissue. A 5-0 

Polyviolene (non-absorbable) suture was placed between the first and second arch and two 

loose knots tied. For comparable and standardized constriction, either a 27-gauge needle or 

26-gauge needle, depending on the experimental setup, was tied against the aorta, the knots 

fastened, and the needle removed. Sham animals underwent the same procedure except for 

banding of the aorta. The mouse was then closed using a 6-0 prolene suture. After the surgery, 

antagonization was achieved via subcutaneous injection of 50 µl Atipamezol (2.5 mg/kg) and 

Flumazenil (0.1 mg/kg) dissolved in 0.9% NaCl solution. Buprenorphin served for analgesia 

after the intervention and was applied subcutaneously in the common dose of 0.05-0.1 mg/kg. 

Mice could recover in a heat cabinet for at least 24 hours. Further post-operative care included 

application of carprofen (5 mg/kg) subcutaneously as analgesia for two consecutive days as 

well as daily monitoring and weighting the mice. One to three days after the surgery, the 

pressure gradient along the aorta was measured applying Doppler echocardiography (Section 

2.2.4). Further echocardiographical measurements were taken 1, 4 and 8 weeks post-TAC 

and, depending on the experimental setup, hearts were isolated in the end for further molecular 

and histological analyses. 

TAC-surgery was performed by Alessya Kretzschmar (Clinic for Cardiology and Pneumology), 

Sabrina Koszewa (Clinic for Cardiology and Pneumology) and Sarah Zafar (Clinic for 

Pharmacology and Toxicology). 

2.2.4 Echocardiography 

To assess the cardiac phenotype via heart function and remodeling changes of Sham and TAC 

operated animals, mice were examined with transthoracic echocardiography using the Vevo 
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2100 system (Visualsonics). In order to employ ultrasound, mice were anaesthetized using 

1.5% isoflurane applied through a respiratory mask and the thorax was depilated with hair 

removal cream. During echocardiographic measurements, the vital functions of mice such as 

heart rate, respiratory rate and body temperature were monitored to stay in the standard range.  

2D guided M-mode images were recorded in the long-axis, as well as short axis view at a left 

mid-ventricular level, with the help of an MS-400 30 Mhz transducer (Visualsonics) (Pistner et 

al. 2010). To examine the initial success of the TAC surgery, the pressure gradient across the 

transverse aorta was measured by applying Doppler echocardiography using a MS250 20 Mhz 

transducer, to calculate the fractional flow reserve.  Echocardiographic imaging was performed 

by the SFB1002 service unit team Roland Blume and Marcel Zoremba (Clinic for 

Pharmacology and Toxicology, Clinic for Cardiology and Pneumology) and Sabrina Koszewa 

(Clinic for Cardiology and Pneumology. 

Recorded images were analyzed using the LV-trace function of the VevoLab software (Version 

3.1.0, Visualsonics) in M-mode images. Cardiac performance, assessed by measuring heart 

dimensions, was analyzed determining the Anterior wall thickness (AwTh) and the left 

ventricular interdimensional diameter (LVID) in both the systole and diastole (;s, ;d). From 

these values the ejection fraction (EF) could be calculated automatically by the software. These 

parameters can be used to determine hypertrophic changes. The examination of the 

echocardiographic images was done in a blinded manner toward group assignment (Sham, 

TAC, cKO or Control). Statistical analysis of the echocardiographic data was performed in the 

GraphPad Prism Software (v. 8.4.2). Unpaired t-test was used for analysis of two groups 

(Sham vs. TAC) and two-way ANOVA for multiple comparison analysis (Sham/TAC and 

cKO/Control). 

2.2.5 Murine LV isolation 

For isolation of hearts and other tissues, mice were anesthetized with isoflurane and sacrificed 

by cervical dislocation. The thorax was opened, and the heart exposed. The heart was then 

cut out above the aorta and washed in petri-dish containing sterile NaCl solution by gently 

squeezing to eject remaining blood from the ventricles. The heart was then flushed with sterile 

NaCl by inserting a 21-gauge blunt needle into the aorta allowing for retrograde perfusion. The 

heart was weighted, the atria and right ventricle removed and the LV snap frozen in liquid 

nitrogen, either in whole or cut into smaller pieces, depending on the further experimental setup 

and methods to be applied. Furthermore, the tibia was isolated from fur and muscle tissue and 

its length measured, to later calculate heart weight/tibia length ratio to further assess 

hypertrophic changes. 



Methods 

 

18 
 

2.2.6 Langendorff perfused heart cardiomyocyte isolation 

To separate cardiomyocytes from non-myocytes like fibrocytes and endothelial cells that make 

up heart tissue, hearts were Langendorff perfused and myocytes isolated as described by 

Toischer et al. (Toischer et al. 2017). For this, mouse hearts were isolated similar as described 

above (Murine LV isolation), but the heart was transferred immediately to a petri dish 

containing ice cold Ca-free Tyrode (Table 2.4) instead of sterile saline. A 20-gauge needle was 

inserted into the aorta and mounted to a Langendorff setup to be retrogradely perfused with 

Tyrode at a flowrate of 3.5 ml/min for 3 min at 37°C. In the next step, the heart was digested 

by perfusing 7 min with digestion buffer (Tyrode supplemented with Liberase TM (Sigma, 

#LIBTM-RO), trypsin 10X, 2.5% and 10 mM CaCl2). When the heart became soft, the atria 

were excised, and the LVs were crushed in 2.5 ml digestion buffer for further 30 seconds. The 

digestion reaction was stopped by adding 2.5 ml Tyrode supplemented with BCS and CaCl2 

(Stop Solution) and the cell suspension was homogenized by gently aspiration and pushout in 

a 1 ml syringe without a needle. After 10 min of sedimentation of the cells, the resulting pellet 

was washed twice with Tyrode and finally snap-frozen in liquid nitrogen for later RNA or protein 

isolation. 

Table 2.4 Tyrode Solution 

Reagents Concentration [mmol/L] 

NaCl 113 

KCl 4.7 

KH2PO4 0.6 

Na2HPO4 x 2 H2O 0.6 

MgSO4 x 7 H2O 1.2 

NaHCO3 12 

KHCO3 10 

HEPES 10 

Taurine 30 

2,3-butanedione monoxime (BDM) 10 

Glucose 5.5 

Phenol red 0.032 
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2.3 iPS-cell culture 

For in vitro studies of FTO and m6A mediated effects, human induced pluripotent stem cells 

(iPSCs) were used. Cell lines were a kind gift from Dr. Katrin Streckfuß-Bömeke (Clinic for 

Cardiology and Pneumology, University Medical Center Göttingen). Those cell lines were 

already reprogrammed and characterized by her group and published (Streckfuss-Bömeke et 

al. 2013; Borchert et al. 2017). Two different cell lines were used, one reprogrammed with a 

single cassette reprogramming vector termed STEMCCA (Sommer et al. 2012; Streckfuss-

Bömeke et al. 2013), one with episomal plasmids expressing transiently the reprogramming 

factors (Yu et al. 2011; Borchert et al. 2017). As the STEMCCA method makes use of a viral 

vector, an integration of vector-parts in the genome of the cells is possible, whereas the 

episomal plasmid method is a non-viral, integration-free method. Therefore, by using these 

two independent cell lines, potential effects seen in the experiments can be independently 

verified, allowing stronger statements on observations as cell line specific effects can be ruled 

out.       

The two cell lines used were namely WT-D2-1U (WTD2) [STEMCCA method] and pCTRL1.1 

(pCTRL) [episomal plasmid method]. All investigations follow the Institutes ethical and 

regulatory guidelines and were approved by the ethics committee. Cell donors have given 

written consent for the use of cells in scientific studies. Cell culture experiments were assisted 

by Nelly Wery von Limont and Alessa Pommeranz as part of their Medical Dissertation Project 

under my supervision. 

2.3.1 Standard culturing 

iPS- cells were cultured in 6-well plates. The wells were coated with Geltrex Matrix (Thermo 

Fisher; A1413302) for better cell adhesion. Cells were cultured in Essential8™ Medium (Gibco; 

#A1517001) (E8) at 37°C and 5% CO2 in a humid environment. Medium was changed daily, 

and cells passaged every 3-4 days when they reached ~80% confluency. For this, E8 medium 

was removed, cells washed once with 1 ml Versene solution (Gibco; #15040066), Versene 

was directly removed and cells incubated with 1 ml fresh Versene at 37°C for 3-5 min. 

Afterwards, Versene was aspirated, and the cells washed of the plate with 1 ml E8 medium 

supplemented with 2 µM Thiazovivin (TZV) (Millipore; #420220). Cells were then transferred 

to new Geltrex coated wells in 2 ml fresh E8 medium supplemented with 2 µM TZV, with a 

splitting ration of 1:8 (125 µl cell suspension) or 1:10 (100 µl cell suspension). 
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2.3.2 Differentiation to cardiomyocytes 

Differentiation was performed in 12-well plates. Initially, cells were transferred during the 

passaging step in a 1:12 to 1:16 splitting ratio, depending on planned start of the differentiation. 

When cells reached ~80% confluency, differentiation was initiated (Day 0) by a medium 

change from E8 to Cardiac differentiation medium (C.Diff) (an overview of growth media is 

given in Table 2.6) supplemented with 4 µM CHIR99021 (Merck; #361559), to induce WNT-

pathway activation. After 48 hours (Day 2), medium was changed to C.Diff medium containing 

2.5 µM IWP2 (Merck; #681671), a WNT inhibitor. This signaling manipulation induces 

differentiation of the cells into the cardiac lineage. 48 hours later (Day 4), medium was changed 

to C.Diff medium only, containing no supplements. Medium was changed with fresh C.Diff 

every second to third day until Day 15. A successful differentiation was indicated by 

spontaneous beatings of the cells around Day 10. Only wells with beating cells were further 

cultured. At Day 15 cells were re-plated in a lower density in Geltrex coated T-25 flask. Briefly, 

cells were washed with 0.5 ml 0,25%Trypsin-EDTA (Gibco; # 2520056), Trypsin quickly 

removed, and cells incubated with 1 ml/well fresh Trypsin at 37°C for 5 min. The trypsin digest 

was stopped afterwards by transferring detached, digested cells into two volumes of Digestion 

Medium (refer to Table 2.6). The cell suspension was centrifuged at 200 x g for 5 minutes, 

supernatant removed, and cells resuspended in an appropriate volume Digestion Medium, 

usually 3 ml for 12 wells with beating cells. 1 ml suspension was then transferred to T-25 flasks 

containing 4 ml Digestion Medium. Cells were left for 2-3 days to recover. After successful 

recovery, indicated by an attached, beating cell layer, cardiomyocyte selection took place. For 

that, Digestion medium was changed to Cardio Selection Medium (refer to Table 2.6), 4 ml/T-

25 flask. As Selection medium contains lactic acid as a single energy source, non-

cardiomyocytes die, and only cardiomyocytes survive due to their ability to metabolize lactic 

acid. Selection took place for 4-5 days with medium change after two days. After selection, 

Medium was changed to Cardio Culture Medium (refer to Table 2.6) (4 ml/T-25 flask). Cells 

were then cultured for maturation to an age of at least 60 days (Day 60), with a Medium change 

every 3-4 days. Cells were then subsequently used in experiments (Section 2.3.6-2.3.11) or 

frozen (Section 2.3.3) 

2.3.3 Freezing of iPSC-CMs 

To avoid too much aging of the CMs, cells were frozen for later use. For cryo-conservation, 

cells were washed twice in DPBS and trypsinated for 5 minutes at 37°C. Trypsination was 

stopped by transferring the detached cells into an equal volume of FBS (Gibco; #;10270106) 

and subsequent centrifugation at 100 x g for 10 min. After centrifugation, supernatant was 



Methods 

 

21 
 

discarded, and the cell pellet resuspended in FBS. The cell number was determined with the 

Casy Cell Counter (Innovatis). 5-10 mio. cells were frozen in Cryotubes in FBS supplemented 

with 10% DMSO and 1% TZV using an automated Kryo 560 freezer (Planer) (Freezing Protocol 

provided in Table 2.5) 

Table 2.5 Freezing Protocol 

Step Start Temperature 

[°C] 

End Temperature [°C] Rate [°C/min] 

1 -1 -4 -1 

2 -4 -40 -25 

3 -40 -12 +10 

4 -12 -40 -1 

5 -40 -90 -10 

6 -90 -90 Hold/Program end 

2.3.4 Re-plating cells for experiments 

Further experiments were performed in 6-well plates. For this, the differentiated, iPSC derived 

Cardiomyocytes (iPSC-CM) were re-plated from T-25 flask to 6-well plates. Cells were 

digested as described before. In brief, iPSC-CMs in T-25 flasks were digested with 3 ml 

Trypsin, digestion stopped in digestion medium and cells centrifuged at 200 x g for 5 min. Cells 

were then resuspended in an appropriate volume of digestion medium and counted with a 

Neubauer counting chamber. 600.000 cells per well of a 6-well plate were seeded and left for 

recovery for at least 3 days. 

2.3.5 Recovery of cryo-conserved iPSC-CMs  

Alternately to re-plating matured cells for experiments, cells were also recovered from cryo-

conservation if needed. For thawing of cells, cryotubes were placed in a water bath at 37°C 

until thawn and cells directly transferred carefully dropwise into 10 ml prewarmed Cardio Digest 

Medium in a 15 ml Falcon tube. Cells were then centrifuged for 10 min at 100 x g, supernatant 

aspired and the cells pellet resuspended in an appropriate amount of Cardio Digest Medium 

and plated on T-25 flasks as described before. Recovered cells were again digested, counted 

and re-plated on 6-well plates with 600.000 cells/Well for further experiments.  



Methods 

 

22 
 

Table 2.6 Cell Culture Media 

Component Amount 

  

Cardio Differentiation Medium (C.Diff.)    

RPMI 1640 /w HEPES /w GlutaMax (Gibco; #72400021) 500ml 

Albumin, human recombinant 250mg 

L-Ascobic Acid 2-Phosphate 100mg 

filter to sterilize  

  

Cardio Culture Medium   

Cardio Differentiation Medium (C.Diff.)  500ml 

B27 Supplement (Gibco; #A17504044) 10ml 

  

Cardio Digestion Medium   

Cardio Culture Medium 80ml 

FBS 20ml 

TZV 100µl 

  

Cardio Selection Medium   

RPMI 1640 Ø HEPES  Ø GlutaMax (Gibco; #11879020) 500ml 

Albumin, human recombinant 250mg 

L-Ascobic Acid 2-Phosphate 100mg 

Lactate/HEPES 2ml 

filter to sterilize  

2.3.6 ET-1 treatment 

For induction of stress and hypertrophic responses, iPSC-CMs were treated with Endothelin-

1 (ET-1) (Sigma; #E7764) (Archer et al. 2017). A concentration of 3 nM ET-1 was determined 

to be effective (Section 3.2.2) and used subsequently. ET-1 Stock with a 10 µM concentration 

(Stock 1) was prepared by dissolving powdered ET-1 in water. For application in cell culture, 

Stock 1 was further diluted to 1 µM (Stock 2) with water. Stock 2 was diluted in Cardio Culture 

Medium, with 3 µl ET-1/ml Medium giving rise to a final 3 nM concentration which was then 

applied to the cells (2 ml/well) and incubated for 48 hours. Afterwards, cells were harvested 

for further molecular analysis. For cell harvesting, cells were washed twice with ice-cold DPBS 

and scraped off the plate with a cell scraper in 1 ml ice-cold DPBS and centrifuged for 1 min 

at 13.000 x g. Supernatant was discarded and the cell pellet snap-frozen in liquid nitrogen or 

used directly. 
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2.3.7 siRNA transfection 

A small interfering RNA (siRNA) mediated approach was used in vitro to induce a knockdown 

of FTO. siRNAs are 20-25 nt long double-stranded RNA molecules, that mediate effects via 

the RNA interference (RNAi) pathway. They can interfere with gene expression by binding to 

complementary mRNAs, inhibiting their translation into protein (Carthew and Sontheimer 2009; 

Zhang 2013). For this method, predesigned siRNAs complementary to sequences of the 

human FTO transcript were obtained from Qiagen. Five different siRNAs (Hs_FTO_5-8) were 

tested for their effectivity towards silencing of FTO and the best performing one, Hs_FTO_5 

(Appendix Figure 5.3) was used in subsequent experiments. As negative control, scrambled 

siRNA with no RNA target was used. More information of the respective siRNAs is given in 

Table 2.7. 

Table 2.7 siRNA for FTO-KD in iPSC-CMs 

Name of siRNA Target Sequence Catalog No. 

Hs_FTO_5 CAGGTCAGCGGTGGCAGTGTA SI04177530 

Hs_FTO_6 CTCCGAGAAGCCAGCAGTGTA SI04180652 

Hs_FTO_7 TAAGAGCAGAGCAGCATACAA SI04293625 

Hs_FTO_8 CAGGACGCTGAGAGAACTACA SI04337039 

AllStars Negative 

Control siRNA 

unknown 1027280 

 

siRNA was transfected with two different approaches. The first experiments for determination 

of suitable siRNA were performed using Lipofectamine Stem Transfection Reagent (Thermo 

Fisher; #STEM00001). In brief, two reaction mixes were prepared (Table 2.8) and afterwards 

thoroughly mixed and incubated at RT for 10 min. The final combined 150 µl Reaction Mix was 

then added dropwise to the wells prepared with 1.5 ml Opti-Mem medium (Gibco; #31985062) 

and the cells incubated for 24 hours. After 24 hours, the transfection medium was changed to 

fresh Cardio Culture medium and cells harvested 24 hours after this medium change. 

Table 2.8 Lipoefectamine Transfection Mix 

Component Mix 1 [µl] Mix 2 [µl] 

Opti-Mem Medium 75 75 

Lipofectamine 6 - 

siRNA (10µM stock - 3 

 

As the general performance of the Lipfectamine Reagent was unsatisfactory, in further 

approaches the HiPerFect® Transfection Reagent (Qiagen; #301705), specifically designed 
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for the siRNAs was used. siRNAs were used at a concentration of 5 nM in 100 µl/Well mix 

(Detailed information of the Mix is given in Table 2.9).  

Table 2.9 HiPerFect® Transfection Mix 

Component Amount [µl] 

Cardio Culture Medium 100 µl 

siRNA 0.3 µl [5 nM] 

HiPerFect Transfection Reagent 3 µl 

 

The mix was prepared by pipetting the siRNA in the Cardio Culture medium and vortexing, 

followed by addition of the transfection reagent. The final mixture was then thoroughly vortexed 

and incubated at RT for 10 min to allow transfection complex formation. The transfection mix 

was then added dropwise to the wells containing 1.9 ml Cardio Culture Medium (2 ml total 

afterwards) and the cells incubated for 24 hours. Medium was changed to fresh Cardio Culture 

Medium and cells harvested 24 hours later. The knockdown was validated via Western Blot 

and RT-qPCR (Section 2.4.2 - 2.4.5).  

2.3.8 Combination of siRNA transfection and ET-1 treatment 

For subsequent ET-1 treatment of the cells, a refined protocol was developed where the 

transfection step was repeated after 24 hours, to strengthen the silencing effect. A still active 

silencing effect was validated 48 hours after siRNA removal (Section 3.2.3). 

After the total of 48 hours siRNA transfection, siRNA containing medium was removed and 

cells treated with ET-1 for 48 hours as described above. Cells were then harvested for 

subsequent molecular analysis. 

An overview of the transfection and treatment protocols is shown in Figure 3.26. 

2.3.9 Immunohistochemistry 

For fluorescence staining of iPSC-CM, the cells were digested and counted, and 30.000 

cells/Well plated in 12-Well plates with Geltrex coated 20 mm coverslips placed on the bottom 

of the well. After recovery, cells were treated with siRNA or ET-1 as described before (Section 

2.3.6 - 2.3.8), with mentioned concentrations (volumes adjusted to smaller Well dimensions). 

After carrying out the respective treatments, medium was aspirated, cells washed with PBS 

and fixed with Roti®-Histofix 4% (Roth; #P087.1) 1 ml/Well for 20 min at RT. Fixing solution 

was then removed and the cells washed trice with PBS (0.5-1 ml/well). After washing, the 

coverslips were placed in a humidified chamber and incubated with primary antibody, diluted 
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in Blocking Solution (Refer to Table 2.10) at 4°C overnight. On the next day, the coverslips 

containing the cells were washed trice by dipping in PBS. Afterwards, the coverslips were 

incubated with secondary Antibody (conjugated to fluorescent dye) diluted in Blocking Solution 

for 1 h at 37°C in the humidified chamber. An overview of the used Antibodies is given in Table 

2.11. Coverslips were again washed in PBS trice and mounted in ProLong™Gold antifade 

reagent with DAPI (Invitrogen; #P36935) on Superfrost®Plus Microscope Slides (Thermo 

Fisher; #J1800AMNZ). The mounted coverslips were then left to dry at 4°C before microscopic 

imaging. 

Table 2.10 Blocking Solution  

Component Amount [µl] 

DPBS (Thermo Fisher; #14190144) 32.5 ml 

BSA Fraction V 7.5% (Thermo Fisher; #15260-037) 5 ml 

Triton X-100 (Thermo Fisher;# T8787) diluted 1:10 (10%) in PBS 750 µl (1%) 

 

Table 2.11 Antibodies for Immunofluorescence 

Antibody Type Source Dilution Product No. Manufacturer 

α-Actinin Primary mouse 1:1000 #A7811 Sigma 

anti-mouse 

IgG, Alexa 

Fluor 488 

secondary donkey 1:1000 #A21202 Thermo Fisher 
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2.3.10 Fluorescence microscopy 

Fluorescence microscopy was performed using the Observer.Z1 Fluorescence Microscope 

(Zeiss). Images of the cells were taken at 400X magnification with the Plan-NEOFLUAR 

40x/1,3 Oil DIC objective (ZEISS) in the DAPI-channel (at 358 nm) to visualize nucleus staining 

and the FITC-channel (at 488 nm excitation) to visualize the Alexa Fluor 488 secondary 

antibody conjugate.  

2.3.11 Cell size measurements 

The cell size of iPSC-CM was assessed by analyzing the actinin staining using ImageJ. In 

brief, the image was transformed into an 8-bit image and the Pixel size determined to represent 

a distance of 0.1614 µm. The Contrast was enhanced for 0.3%, the Threshold set to B/W with 

Dark Background and Li’s Minimum Entropy thresholding algorithm (Landini 2017) applied. 

White spots in the cell area were filled with the “Fill Holes” command. If this led to fusing of two 

separate cells, the areas were separated manually with the brush tool. The black areas 

representing cells were then selected with the “wand-tool”. The measured area could be read 

from the ROI-Manager and exported to Excel. Calculations were performed in Excel and 

statistical analysis and visualization in GraphPad Prism Software (v. 8.4.2).  
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2.4 Molecular analysis 

2.4.1 Protein extraction 

Up to 30 mg of snap frozen mouse- or human LV-tissue or snap frozen iPSC-CM cell pellets 

were homogenized in ice-cold Pierce RIPA-buffer (Thermo Fischer; #89900) supplemented 

with protease inhibitor (Roche; #04693159001) and phosphatase inhibitor (Roche; 

#04906845001) (one tablet each per 10 ml RIPA-buffer) via bead disruption. For that, 5 mm 

stainless steel beads (Qiagen; #69989) were precooled on dry ice for 15 min and then added 

to the ice-cooled tube containing tissue or cells to be lysed. Protease-/Phosphatase-inhibitor 

supplemented RIPA buffer was added and the samples homogenized on the Tissue Lyser LT 

(Qiagen; #85600) for 5 min at 50 Hz. The samples were further placed on an overhead rotor 

at 4°C for at least 1 h before centrifugation at 16.000 x g for 15 min at 4°C. The supernatant 

was transferred to fresh 1.5 ml Eppendorf tubes and protein concentration determined with the 

Pierce BCA Protein Assay Kit (Thermo Fischer; #23225) at a 1:10 dilution at 562 nm 

absorbance in a 96-well plate photometer (Biotek). Protein lysates were placed at -80°C for 

long term storage. 

2.4.2 Western blotting 

For protein level analysis, SDS-PAGE Western blotting was performed. 20 µg protein was 

mixed with 4x Laemmli Sample Buffer (Biorad; #1610747) supplemented with 0.2M 

Dithiothreitol (DTT) as a reduction agent to a final Buffer concentration of 1X. The samples 

were denatured for 5 min at 95°C in a T100 Thermal Cycler (Biorad; #1861096) and then 

directly placed on ice until loading onto gels. Proteins were separated on 4-20% TGX-Stain-

free gels (Biorad; #4568096) by running a constant Voltage of 200 V for 35 min. The stain-free 

gels were activated for 1 min with UV light for later stain-free imaging of the membrane. 

Subsequently, proteins were transferred onto a 0.2 µm Nitrocellulose Membrane (Biorad; 

#1620214) with the Trans-Blot Turbo Transfer System (Biorad; #1704150) at a constant 

current of 2.5 A for 5 min (one membrane per transfer chamber) or 7 min (2 gels per transfer 

chamber). Afterwards, the transfer efficiency was measured by imaging the membrane with 

the Stain-Free imaging program of the ChemiDoc XRS+ System (Biorad; #1708265). 

Membranes were then blocked for 1 hour at RT in 5% milk (Roth; #T45.3) dissolved in TBS-T 

(20 mM Tris-base, 50 mM NaCl, 0.1% Tween-20, pH 7.5). After blocking, the blots were 

incubated with primary Antibody (at different concentrations, Table 2.12) diluted in 1% milk in 

TBS-T overnight at 4°c in 50 mL Falcon tubes on a roller to guarantee evenly incubation. On 
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the next day, the membranes were washed three times for 5 min each in TBS-T and were then 

incubated for 1 hour with horseradish peroxidase (HRP) conjugated secondary antibodies 

(Table 2.12) diluted in 1% milk in TBS-T at RT. Afterwards, the blots were again washed three 

times for 5 min and were then incubated in Clarity Max ™ Western ECL Substrate (Biorad; 

#1705062) for 5 min. Chemiluminescence bands were detected using the ChemiDoc XRS+ 

Imager. Protein bands were then quantified with the Image Lab Software (Version 6.0.1; 

Biorad) with background subtraction and protein of interest (POI) bands were normalized to 

either housekeeping protein bands (GAPDH) or total protein (from the stain-free image). Band 

intensities were calculated in Microsoft Excel 2016 and visualized in GraphPad Prism Software 

(v. 8.4.2). An unpaired t-test or two-way ANOVA was performed depending on group 

assignment to determine the statistical significance of protein level changes. Western blots 

were performed with at least two technical duplicates.  
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Table 2.12 Antibodies for Western blotting 

Antibody Type Source Dilution Product No. Manufacturer 

Primary 

Antibodies 

     

FTO (5H-2H10) 

(mouse and 

human) 

Monoclonal Mouse 1:1000 #NBP2-29512 novusbio 

METTL3 

(mouse and 

human) 

Polyclonal Rabbit 1:1000 #15073-1-AP proteintech 

METTL14 

(mouse and 

human) 

Polyclonal Rabbit 1:1000 #HPA038002 Sigma 

CALM1 

(human) 

Polyclonal Rabbit 1:1000 #LS-C331329 LSBio 

CALM1 

(mouse) 

Monoclonal Rabbit 1:1000 #ab45689 abcam 

ANP (human) Polyclonal Rabbit 1:1000 #ab126149 abcam 

GAPDH Monoclonal Mouse 1:1000 MAB374 Merck 

Secondary 

Antibodies 

     

Anti-Mouse 

IgG, HRP-

linked 

 Goat 1:10.000 7074S Cell Signaling 

Technology 

Anti-Rabbit 

IgG, HRP-

linked 

 Sheep 1:10.000 NA931V GE Healthcare 
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2.4.3 RNA isolation 

RNA isolation was carried out using the RNEasy Fibrous Tissue Mini Kit (Qiagen; #74704) 

following the manufacturers instruction. For subsequent cDNA synthesis and RT-qPCR 

analysis the protocol is described briefly. 

Up to 30 mg LV-tissue or up to 30 µl cell pellets were placed in 2.0 ml RNase and DNase free 

Eppendorf tubes containing 7 mm stainless steel beads (Qiagen; # 69990) and 300 µl RLT 

buffer supplemented with 40 mM DTT. The samples were homogenized using the Tissue Lyser 

LT (Qiagen) at 50 Hz for 5 min. After homogenization, 590 µl water and 10µl Proteinase K 

were added and samples incubated at 55°C for 10 min in a heating block. Afterwards, samples 

were centrifuged for 3 min at 10.000 x g and supernatant transferred to fresh 1.5 ml RNase 

and DNase free Eppendorf tubes. A 0.5 volume of 100% ethanol (EtOH) was added and gently 

mixed by pipetting up and down several times. The mixture was then loaded onto a spin column 

and precipitated RNA bound to the silica-membrane by centrifugation for 15 sec at 10.000 x g. 

The column was washed with 350 µl RW1 buffer by centrifugation of 15 sec at 10.000 x g. The 

column was then incubated with 10 µl DNase I diluted in 70 µl RDD buffer for 10 min at RT, 

and washed again with 350 µl RW1 buffer spun at 10.000 x g for 15 sec. Afterwards, the 

column was washed with 500 µl RPM buffer, supplemented with 100% EtOH, twice, with 15 

sec centrifugation at 10.000 x g in the first, and 1 min at 10.000 x g centrifugation in the second 

step. Finally, the column was dried by centrifugation at 13.000 x g for 1 min. For elution of RNA 

the column was incubated with 15-30 µl elution buffer, depending on desired RNA-

concentration, for 1 min followed by centrifugation at 10.000 x g for 1 min. RNA was directly 

placed on ice.  
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2.4.4 cDNA synthesis 

For later RT-qPCR experiments, complementary DNA (cDNA) was reversely transcribed from 

total RNA using the iScriptTM cDNA Synthesis Kit (Biorad; #1708891) following the 

manufacturers instruction. When possible, depending on RNA yield, 500 ng of total RNA was 

used to synthesize cDNA in a 20 µl reaction mix. The reaction mix and reaction protocol are 

given in Table 2.13 and Table 2.14. 

Table 2.13 RT-Mix Table 2.14 RT Protocol 

Component Volume [µl] 

5x iScript Reaction Mix 4 

iScript Reverse 

Transcriptase 

1 

Nuclease free H2O fill to 20µl 

RNA template (500ng) variable 

Total volume 20 
 

Step Time 

[min] 

Temperature 

[°C] 

Priming 5 25 

Reverse 

Transcription 

20 46 

RT 

inactivation 

1 95 

 

  

The final cDNA was diluted 1:2 by adding 20 µl of Nuclease-free water leading to a cDNA 

concentration of 12.5 ng/µl. 

2.4.5 RT-qPCR for gene expression 

To assess gene expression levels, reverse transcription quantitative real-time PCR (RT-qPCR) 

was used. For analysis of FTO in mouse and human tissue, a SYBR Green based approach 

was used, with the method briefly described below. 

A reaction mix was setup by diluting the SsoAdvanced Universal SYBR Green Supermix 

(Biorad; #1725272) in Nuclease-free water and forward and reverse primers were added at a 

concentration of 10 pmol/µl. The mix was transferred to a 96-well RT-qPCR plate (Biorad; 

HSP9601) and 12.5 ng cDNA per well added to the mixture. water instead of cDNA served as 

a no-template control. The plates were sealed with adhesive film (Biorad; #MSB1001) and 

centrifuged for 1 min at 1000 x g before measuring in the CFX Connect Real Time PCR System 

(Biorad). The reaction mix and the RT-qPCR protocol are given in Table 2.15 and Table 2.16, 

primer names and sequences in Table 2.17. 

RNA levels were normalized to Rn18s (s18) as housekeeping gene and expression level 

changes calculated with Excel 2016 using the ddCT method (Livak and Schmittgen 2001). 

Unpaired t-test or two-way ANOVA, depending on group assignment were performed and 

visualized with GraphPad Prism (v8.4.2). 
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Table 2.15 RT-qPCR Reaction Mix Table 2.16 RT-qPCR Protocol 

Reagent Volume (µl) 

nucleaseFree H2O 7.8 

For. Primer (10 pmol/µ) 0.6 

Rev.Primer (10 pmol/µ) 0.6 

Sso Advanced SYBR 

Green Mix 

10 

cDNA (12.5ng) 1 
 

Step Temp. (°C) Time 

Denaturation 95 3 min 

Amplification 

(x45) 

95 10 sec 

Elongation 

(x45) 

60 30 sec 

Meltcurve 

(x81) 

55-95 6 sec/step 

 

 

Table 2.17 RT-qPCR Primers 

Primer Sequence 

Fto_qPCR_F (mouse) ACAGCCTCGGTTTAGTTCCA 

Fto_qPCR_R (mouse) TGCCTTGAAACCAGAACTGC 

mRn18sFW-1 (mouse) CATGCATGTCTAAGTACGCAC 

mRn18sRV-1 (mouse) GTCGCCATGTATTAGCTCTAG 

FTOhuman_qPCR_F2 GGAGGGTGTGACAAATGCTG 

FTOhuman_qPCR_R2 GCAGGTAATGTT?GGGCAAT 

S18 Human F ACCCGTTGAACCCCATTCGTGA 

S 18 Human R GCCTCACTAAACCATCCAATCGG 
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2.4.6 RT-qPCR verification of differentially methylated transcripts 

For verification of the differentially methylated transcripts, a TagMan-probe approach was 

used. Briefly, LightCycler 480 probes master mix (Roche; #04707494001) was used and 

supplemented with forward and reverse primer, as well as FAM-labeled probes from the 

Universal Probe Library. Primer and Probe specifications are given in Table 2.18. The ratios 

between IP and Input fractions of control (Sham or NF) samples were set to 1 and RNA level 

changes in diseased tissues (TAC or HF) calculated accordingly. 

Table 2.18 Universal Probe Library Primer and Probes 

Primer/Probe Sequence/Library Code 

CALM1 forward (human) TACCACGAACCCCTCAGC 

CALM1 reverse (human) GACCAAATTTACATTCGTTGTTCA 

CALM1 FAM Probe Universal Probe Library # 48 

Calm1 forward (mouse) GCTGCAGGATATGATCAACG 

Calm1 reverse (mouse) AGAACTCTGGGAAGTCAATGGT 

Calm1 FAM Probe Universal Probe Library # 89 

 

2.4.7 m6A methylation assay 

For analysis of the global methylation level, up to 300 ng rRNA depleted RNA was analyzed 

with the m6A RNA Methylation Assay Kit (abcam; #ab185912) according to the manufacturer’s 

instructions. m6A level detection was performed by Dr. Tea Berulava (German Center for 

Neurdegenerative Diseases).  
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2.5 Methylation analysis-workflow 

2.5.1 Trizol RNA extraction 

Total RNA for subsequent MeRIP and NGS analysis was isolated with a Trizol based extraction 

method. Briefly, LV tissue from mouse or human was homogenized in 1 ml Trizol Reagent 

(Thermo Fischer; #15596018) for ~7 min on the Omni Bead Ruptor at 2.6 m/s frequency. The 

homogenized samples were incubated 5 min at RT and 200 µl chloroform added. Samples 

were vortexed and incubated 15 min at RT followed by a 15 min centrifugation step at 14.000 

x g. The upper phase, containing RNA, was transferred to fresh tubes and 1 µl glycogen blue 

and 500 µl isopropanol added. The mix was inverted several times to ensure thorough mixing. 

Samples were then frozen at -20°C overnight and centrifuged the next day for 20 min at 14.000 

x g at 4°C. The supernatant was carefully removed without touching the pellet. 1 ml of 75% 

EtOH was added to the pellet and centrifuged for 10 min at 14.000 x g and 4°C to wash the 

pellet. The supernatant was removed, the pellet air-dried at RT for 10-15 min and finally 

resuspended in 45 µl water. 

2.5.2 DNase I digestion 

After resuspension of the RNA, an in-solution DNase I digest was performed using the DNase 

I set (Zymoresearch; #E1010). Briefly, 5 µl DNase I and 5 µl DNA Digestion Buffer was added 

to the eluted RNA and filled up with water to a total amount of 100 µl. The mix was then 

incubated at RT for 15 min and the RNA was cleaned up as described in Section 2.5.3. 

2.5.3 RNA cleanup  

To clean the RNA from the DNAse I treatment for further processing, the RNA Clean & 

Concentrator -5™ Kit (Zymo Research; #R1013) was used following the manufacturer’s 

instructions. Briefly, 2 vol. of RNA Binding Buffer were added to each DNase I treated sample 

and mixed. An equal vol. of 100% EtOH was added and the mixture transferred to a Zymo-

SpinTM IC Column in a collection tube. RNA was bound to the column by centrifugation for 30 

sec at 13.000 x g. 400 µl RNA Prep Buffer was added to the column and centrifuged likewise, 

followed by two washing steps with RNA wash buffer, using 700 µl in the first step and 

centrifugation for 30 seconds at 13.000 x g and 400 µl RNA Wash Buffer in the second step, 

spinning for 2 min to ensure complete buffer removal. The RNA was finally eluted in 15 µl 

DNase/RNase-Free Water with centrifugation at 13.000 x g for 30 sec and immediately used 

or placed at -80°C for storage.  
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2.5.4 RNA separation in small and large fractions 

The same RNA Clean & Concentrator Kit was used for separation of RNAs into fractions of 

small RNAs (17-200nt length) and large RNAs (>200nt length) before subsequent MeRIP and 

NGS. This allows for later analysis of for example miRNAs, which are otherwise lost due to 

poor binding to the column. [Note: miRNA related experiments are not part of this thesis and 

just mentioned here for completeness of the Methods.] The separation occurs due to the use 

of different concentrations of EtOH in the procedure, as binding of small RNAs occurs at higher 

EtOH concentrations. Briefly, this time RNA Binding buffer is supplemented with an equal 

volume of 100% EtOH. 2 vol. of this mixture are added to the RNA sample. The samples were 

then transferred to the spin-column and centrifuged for 30 sec at 10.000 x g. RNAs with a size 

bigger than 200 nt are retained in the column, whereas smaller RNAs are in the flow-through. 

Therefore, the flow-through is spared and 1 vol. 100% EtOH is added to this fraction. The 

mixture is then placed on a new spin-column and centrifuged for 30 sec at 13.000 x g which 

binds the small RNAs to the column. In succeeding steps, all columns (the ones with large 

fractions bound and the ones with small fractions bound) are treated in the same way as 

already described (Section 2.5.3: 400 µl RNA Prep Buffer 30 sec centrifugation, 700 µl RNA 

Wash Buffer 30 sec centrifugation, 400 µl RNA Wash buffer 2 min centrifugation, all at 13.000 

x g) and the RNA fractions eluted in 15 µl water. Long fraction samples were directly used or 

placed at -80°C for storage. 

2.5.5 RNA concentration measurement 

The eluted RNA concentration was determined using the Nanodrop 2000 (Thermo Fischer) 

Photometer measuring the absorbance at 260nm.  

2.5.6 rRNA depletion 

To remove ribosomal RNAs (rRNA), which can make up to 80% of the total RNA (Lodish 2000) 

and can be methylated itself (Dominissini et al. 2012), which would interfere with further 

analysis, the NEBNext® rRNA Depletion Kit (New England Biolabs Inc.;# E6310) was used 

following the manufacturer’s instructions. Up to 25 µg of the long RNA fraction was subjected 

to rRNA depletion by adding 3 µl RNA/Probe master mix (1 µl NEBNext rRNA Depletion 

Solution + 2 µl Probe Hybridization Buffer) to the RNA (adjusted to 12 µl with water). The 

samples were mixed by pipetting up and down 10 times and then placed in a heating block at 

95°C initial temperature. Over 20 min, the temperature was continuously decreased to 22°C 

to form DNA-RNA hybrids. The hybrids were digested by RNase H in the next step. For this, 5 
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µl of RNase H mix (2 µl RNase H, 2 µl RNase H Reaction Buffer, 1 µl Nuclease-free water) 

was added to the samples and mixed by pipetting up and down 10 times. After a brief 

centrifugation, samples were placed in a heating block at 37°C for 30 min for the RNase H 

digest. Afterwards, RNase H was inactivated by DNase I Digestion. For this, 30 µl DNase I 

Digestion Master Mix (5 µl DNase I Reaction Buffer, 2.5µl DNase I, 22.5 µl Nuclease-free 

water) was added to the samples and incubated at 37°C for 30 min in a heating block. 

Samples were then cleaned with the Zymoresearch RNA Clean&Concentrator Kit as described 

before (Section 2.5.3)   

2.5.7 RNA integrity measurement 

A successful rRNA depletion and good RNA integrity was assessed with help of the 2100 

Bioanalyzer (Agilent; #G2939BA) using the Agilent RNA 6000 Pico Kit (Agilent; #5067-1513) 

following the manufacturer’s instructions.  

2.5.8 Fragmentation to 80 nt 

rRNA depleted RNA was subjected to RNA fragmentation to obtain ~80 nt long fragments. 

This is necessary because of the size limitation of nucleotides the Illumina Platform can 

Sequence in one piece. Fragmentation was performed using RNA Fragmentation Reagents 

(Thermo Fischer; # AM8740). The RNA was brought to a volume of 18 µl with Nuclease-free 

water and 2 µl 10X Fragmentation Buffer was added. The mix was vortexed, centrifuged briefly 

and incubated for 12 min at 70°C in a heating block. Afterwards, the fragmentation was stopped 

by addition of 2 µl Stop Solution and samples cleaned again as described before (Section 

2.5.3). To check if fragmentation was successful and the desired nt-size was acquired, 

samples were again measured with the Bioanalyzer setup as described before (Section 2.5.7).  

2.5.9 MeRIP 

To obtain m6A methylated RNA, magnetic bead-based immunoprecipitation was carried out. 

First, 30 µl Protein A/G magnetic beads (Thermo Fischer; #88802) were washed twice with 

500 µl 1X IP Buffer (Table 2.19) and then resuspended in 500 µl 1X IP Buffer. 5 µg of m6A 

antibody (Sysy; #202003) was added and incubated on an overhead rotor at 4°C ON. The next 

day, the beads were separated on a magnetic stand and washed twice with 500 µl 1X IP Buffer 

and finally resuspended in 200 µl 1X IP Buffer. 7-8% of the rRNA depleted, fragmented RNA 

was spared as Input, the rest was diluted in the 200 µl 1X IP Buffer supplemented with 5 µl (20 

U/µl) Superase.IN RNase Inhibitor (Thermo Fisher; #AM2694). The samples were then added 
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to the Bead-Buffer mixture and placed on an overhead rotor for 2 hours at 4°C. Afterwards, the 

beads were separated on a magnetic stand, the supernatant discarded, and the beads washed 

twice in 500 µl 1X IP Buffer. To detach the m6A antibody with the bound methylated RNA 

fragments from the beads, 6.7 mM N6-methyladenosine (Sigma; #M2780) in 1X IP Buffer was 

added. The beads were separated on a magnetic stand and the supernatant containing the 

methylated RNA fractions transferred to new DNase/RNase-free tubes. The elution step was 

repeated to end up with 300 µl eluted RNA in total. The RNA was finally cleaned again with 

the Zymoresearch Clean & Concentrator (Section 2.5.3) and eluted in 7µl Nuclease-free water. 

Table 2.19 5X IP Buffer 

Components Concentration 

Tris 250 mM 

NaCl 750 mM 

NP-40 0.5 % 

For 1X IP Buffer: dilute 1:5 with H2O  

2.5.10 Library preparation 

cDNA libraries were prepared from immunoprecipitated (Iped) and Input samples using the 

TruSeq Stranded Total RNA Library Prep Kit (Illumina; #20020596). Library Preparation was 

done by Susanne Burkhard, German Center for Neurodegenerative Diseases. 

Iped samples and Input libraries were Seqenced on the Illumina HiSeq2000.  

2.5.11 Bioinformatical analysis of sequencing data 

Sequenced data was transformed for analysis. First, adapters were timed from the original 

reads, low quality reads removed, and remaining reads mapped using STAR tools to the 

corresponding genome of the used tissue, either mouse genome (mm10) or human genome 

(hg38). SAMtools was used for sorting and indexing of mapped reads and bam files were 

generated. These data processing was done for Input, as well as Iped fraction data of each 

sequenced biological sample (replicate). In mouse hypertrophy condition, 6 Sham and 6 TAC 

samples passed quality control and were analyzed. In mouse heart failure 5 Sham and 6 TAC 

samples were of sufficient quality, in human heart failure 5 NF and 6 HF samples. 

For transcriptome analysis, differential expression analysis was performed using DESeq2 

(Michael Love 2017) on the Sequencing data of Input samples of control (Sham or NF) and 

diseased hearts (TAC or HF). Genes whose transcript levels showed 2-fold or more change 

with Padj-values equal or less than 0.05 were considered as differentially expressed. 
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For detection of methylation peaks the MeTPeak package (Cui et al. 2016) was used. bam-

files of Input and Ied samples of all replicates were submitted to the package and peaks 

significantly enriched in Iped samples vs. Input samples detected. Only those with false 

discovery rate (FDR) equal or less than 0.05 were considered real m6A-peaks. Peaks were 

further assigned based on their position in mRNA, in particular 5’ UTR, CDS and 3’ UTR. 

Differential methylation analysis was performed with an in-house developed pipeline. Briefly, 

overlapping or unique peaks for treated and control samples were detected using BEDTools. 

Fold changes with joined p-values were calculated. Increased fold changes represent 

hypermethylation, decreased fold change hypomethylation. In this study, only transcripts with 

at least 2-fold change (p ≤ 0.05) in either direction of all peaks detected for the transcript were 

considered in this study. 

Data processing and bioinformatic analysis of sequencing data was performed by the 

Bioinformatic Unit of the German Center for Neurodegenerative diseases, especially Dr. Tea 

Berulava, Dr. Gaurav Jain and Tonatiuh Pena. 

2.5.12 Analysis of polysome-associated RNAs 

Polysome preparation was performed as previously described (Chassé et al. 2017) with LV 

tissue from Sham and TAC animals. The tissue was disrupted using a MICCRA D-1 

homogenizer in lysis buffer (50 mM Tris-HCl pH 7.4, 10 mM MgCl2, 100 mM NaCl, 1% Triton-

X-100, 1 mM DTT, RNase inhibitor, 100 µg/ml cycloheximide). Centrifugation at 20.000 x g for 

10 min at 4°C removed cell debris and the whole cell extracts were separated on 10-50% 

sucrose density gradients (prepared in lysis buffer without RNase inhibitors) in an SW40Ti 

rotor Ultracentrifuge at 35.000 rpm for 3 hours. Fractions containing polysome were 

determined by measuring absorbance at 260 nm of each fraction. Polysome fractions of each 

animal were pooled and RNAs extracted using phenol:chloroform:isoamylalcohol in a 25:24:1 

ratio with subsequent EtOH precipitation. Precipitated RNA was resuspended in water and 

Sequenced as described above. Polysomal preparation was performed by Dr. Katherine E. 

Bohnsack, Department of Molecular Biology. 

Polysomal RNAs were compared to Input samples using the DESeq2 package to detect 

enriched and depleted transcripts. Transcripts with at least 2-fold change and Padj ≤ 0.05 were 

considered as differentially translated. 
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2.5.13 GO term analysis 

For representation and visualization of Gene ontology (GO) terms and pathways, the 

Cytoscape plugin ClueGO (v. 2.3.2) was used (Bindea et al. 2009). GO categories from 

‘Biological Processes’ were analyzed. The network specificity was set to ‘medium’, statistical 

parameters were ‘Bonferroni corrected p-value < 0.01’ and ‘fuse GO term’ option selected. The 

GO terms were extracted and plotted with R as heatmaps corresponding to their p-value to 

derive the top-significant terms.  

2.6 Software used for visualization and statistical analysis 

Graphs were created with Graph Pad Prism Software (v.8.4.2) or R (v. 3.6.2). Biorender 

(BioRender.com) was used to create Figure 1.1, Figure 1.2, Figure 3.26, Figure 3.28, Figure 4.1 

and Figure 4.2. Other Figures were arranged with Inkscape (v. 1.0). Significance levels are 

shown in Figures when statistical tests were performed and are as follows: n.s : p ≥ 0.05, * = 

p ≤ 0.05, ** = p ≤ 0.01, *** = p ≤ 0.001, **** = p ≤ 0.0001. 
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3. Results 

3.1 m6A Methylation in mouse and human hearts 

3.1.1 Basal characterization of the m6A methylation level in hearts 

RNA methylation has been extensively studied in various diseases and fields of biology, such 

as cancer (Chen et al. 2019; Liu et al. 2020), neurodegenerative diseases (Widagdo and 

Anggono 2018; Han et al. 2020) and developmental biology (Geula et al. 2015). Yet, relatively 

little is known about its role in cardiovascular diseases. In addition to our own publication 

(Berulava et al. 2020), only three studies relevant to this topic have been published so far. 

They were reporting on m6A methylation in cardiac infarction (Mathiyalagan et al. 2019), m6A 

methylation in dilated cardiomyopathies (Kmietczyk et al. 2019), and METTL3 manipulation in 

hypertrophic responses (Dorn et al. 2019). None of the studies have provided a description of 

the m6A-specific epitranscriptome of the heart.  

To identify and characterize the basal state of m6A RNA methylation in the heart, healthy 

tissue from human and mouse hearts was analyzed.  

3.1.1.1 The methylation machinery is present in cardiac tissue 

The reversibility of the m6A marks is ensured by the reader and eraser proteins. The METTL3-

METTL14 heterodimer is the main writer-complex of m6A in mRNAs (Zaccara et al. 2019), 

therefore it was analyzed if those proteins are present in heart tissue of mice and humans by 

Western blotting (Figure 3.1). Similarly, the eraser protein was investigated as well. Since 

ALKBH5 was reported to be mainly present in testes (Zheng et al. 2013), FTO was the 

demethylase of interest in this study analyzed by Western blotting as well (Figure 3.1). For all 

three proteins, specific bands were detected, indicating the presence of the methylation 

machinery in both, mouse and human tissue and therefore m6A methylation can take place in 

cardiac tissues. Except for METTL3 in mouse tissue, which shows decreased protein level in 

TAC compared to Sham, the methylation machinery is unchanged on the protein level in 

diseased heart tissue compared to healthy control condition. It needs to be mentioned, that the 

used antibodies for METTL3 and METTL14 produced unspecific bands of unknown origin in 

addition to the expected, specific protein bands of interest (Appendix Figure 5.1), but that the 

bands of correct size were quantified. 
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Figure 3.1  The m6A methylation machinery is present in mouse and human heart tissue 
(A) Key players of m6A RNA methylation, including methyltransferases METTL3 and METTL14, as 
well as the demethylase FTO, are present in mouse cardiac tissue as demonstrated via Western 
blotting. Upon TAC, FTO and METTL14 are unchanged whereas METTL3 protein level decreases. 
(B) Western blot analysis of the methylation machinery in human cardiac tissue demonstrates that 
the protein level of FTO, METTL3 and METTL14 is unchanged in failing hearts compared to NF tissue. 
The presence of methylation writers and erasers indicates that m6A methylation is present as a 
reversible mechanism in the heart. Bands of interest were normalized to GAPDH and the protein level 
was normalized to Sham or NF control tissue. n = 6 for Sham, n = 12 for TAC, n = 4 for NF and n = 8 
for HF. t-test with Welch’s correction was used to analyze protein level changes and error bars 
indicate SEM. Full blots are shown in the Appendix Figure 5.1. 

3.1.1.2 Methylation characteristics of healthy mouse and human hearts 

To assess the m6A methylation state of cardiac tissues, RNA isolated from healthy mouse (n 

= 6) and healthy, non-failing human tissue (n = 5) was subjected to MeRIP followed by NGS. 

In sequenced mouse samples, 3208 m6A peaks were detected which could be mapped to 

2164 transcripts (Figure 3.2 A left panel). This corresponds to 24.09% of all transcripts detected 

via NGS. A similar percentage of transcripts were found to be methylated in the human 
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samples, wherein 1239 m6A peaks were detected, consisting of 14.6% of all detected 

transcripts (Figure 3.2 A right panel). This shows that a considerable number of transcripts 

carry methylation marks in the heart. A majority of these methylation marks was detected in 

the CDS and 3’ UTR of both mouse and human tissues (CDS: 60.5%; 3’ UTR: 26.2% in mouse, 

CDS: 57.8%, 3’ UTR: 34.8% in human) (Figure 3.2 A). An unbiased motif search of methylated 

transcripts identified the consensus sequence DRACH as the motif mainly enriched for m6A 

methylation (Figure 3.2 B). This consensus sequence was previously reported to be most 

enriched for m6A in other tissues as well (Linder et al. 2015). The relative quantification of the 

distribution of m6A-marks along the mRNA transcripts shows an enrichment of methylation 

peaks towards the 3’ UTR and the stop codon in mouse and human tissue alike (Figure 3.2 C). 

A similar distribution was reported in other tissues likewise (Dominissini et al. 2012; Meyer et 

al. 2012; Chang et al. 2017). 
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Figure 3.2 Typical methylation patterns were detected in mouse and human heart tissue 
(A) The pie charts show, that 24.09% of all 8964 detected transcripts carry methylation marks in 
mouse tissue (left panel), and 14.9% of all 8474 transcripts carry methylation marks in human tissue 
(right panel). Of these, most methylation marks are present in the coding sequence (CDS) and the 3’ 
UTR in both, mouse and human tissue as indicated by the bar charts. (B) The sequence motif most 
enriched for m6A shows the typical DRACH sequence (D = A, G or T; H = A, C or T) in mouse (left 
panel) and human (right panel) heart tissue. (C) The distribution of m6A marks across mRNA 
transcripts shows enrichment toward the transcription end site in heart tissue of both organisms. Data 
was obtained by sequencing of n = 5 samples of healthy mouse and n = 5 healthy human tissues. 

 

Further investigation of the distribution of m6A marks across the transcripts (Figure 3.3) 

revealed, that transcripts carry m6A modifications often in the CDS and 3’ UTR (544 in mouse, 

82 in human) or the CDS and 5’ UTR (178 in mouse, 38 in human) at the same time. Exclusive 

methylation in only one region was identified in mouse and human in the CDS (1099 in mouse, 
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582 in human) and 3’ UTR (163 in mouse, 342 in human),  and a single region methylation 

was seen in the 5’ UTR of human (33), whereas only a small number of transcripts are solely 

methylated in the 5’ UTR of mice (9).  

 

 

Figure 3.3 Many transcripts carry methylation marks in several regions 
The Venn-diagram shows the distribution of methylation sites along RNA transcripts. In the mouse 
(left panel) and human (right panel) hearts, many transcripts are methylated in both, the CDS and 3’ 
UTR or CDS and 5’ UTR at the same time. Only a minority of transcripts is methylated in the 5’ UTR 
and 3’ UTR at the same time (12 in mouse and 8 in human). In both, mouse and human a majority of 
transcripts carry methylation marks exclusively in the CDS. In human, a considerable number of 
transcripts also carries methylation marks solely in the 3’ UTR. 

 

Transcripts were grouped based on the location of methylation marks and their function was 

investigated to identify if a pattern existed. Due to the frequent occurrence of methylation marks 

in the CDS and 5’ UTR, as well as the exclusive methylation observed in the 3’ UTR, GO 

analysis was performed for transcripts carrying m6A marks in the corresponding regions 

(Figure 3.4 A, C). It is important to notice, that from the initially identified transcripts methylated 

in mouse and human tissues, only those with an expression base mean above the 15% 

quantile for mouse and 10% quantile for human were considered for further analysis. 

GO analysis revealed that transcripts with m6A-marks in both the 5’ UTR and CDS mainly link 

to metabolic processes and mitochondrial pathways, such as ‘mitochondrial electron transport’, 

‘mitochondrial respiratory chain complex III assembly’, ‘mitochondrion organization’, and 

‘mitochondrial  translation’ in the mouse heart (Figure 3.4 A left panel). A pattern may be seen 

in the human heart, where the ‘mitochondrial electron transport’ pathway is also among the top 

GO terms (Figure 3.4 C left panel). Other signal transduction pathways were also linked to the 

transcripts methylated in both the 5’ UTR and CDS, such as ‘negative regulation of intracellular 

signal transduction’ (mouse, Figure 3.4 A left panel), and ‘positive regulation of canonical Wnt 
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signaling pathway’ (human, Figure 3.4 C left panel). The pathway ‘sarcomere organization’ is 

present in both, mouse and human transcripts methylated in the 5’ UTR and CDS (Figure 3.4 

A, C). 

Analysis of transcripts methylated exclusively in the 3’ UTR reveals that genes involved in 

smooth muscle cell regulation pathways are present in the top GO terms in datasets of both 

mouse (Figure 3.4 A right panel) and human (Figure 3.4 C right panel). Furthermore, 3’ UTR 

methylated transcripts code for specific metabolic processes, such as ‘acyl-CoA biosynthesis’, 

‘positive regulation of protein dephosphorylation’ (mouse, Figure 3.4 A right panel), ‘regulation 

of Rho protein signal transduction’, and ‘adrenergic receptor signaling pathway involved in 

heart process’ (human, Figure 3.4 C right panel). Although one does not know what methylation 

of specific transcript regions results in, a different pattern of GO terms is observed for genes 

harboring m6A in different transcript regions. In general, methylated transcripts code for signal 

transduction and metabolic as well as catabolic processes. 

A mild correlation between site-specific RNA methylation and RNA expression at baseline was 

observed (Figure 3.4 B, D). Transcripts which carry m6A marks in the 5’ UTR and CDS are 

more abundant at the expression level, as seen by a mild positive correlation between 5’ UTR 

and CDS methylated transcripts and expression level (r = 0.10; p = 5.86e-07) in mouse (Figure 

3.4 B left panel) and human (r = 0.19; p = 0.3.85e-08) (Figure 3.4 D left panel). The opposite 

was seen with transcripts methylated in the 3’ UTR in mouse tissue, where a mild negative 

correlation between methylation and expression level was seen in mouse (r = -0.08; p = 0.006) 

(Figure 3.4 B right panel), indicating a lower abundancy on the expression level with increasing 

m6A enrichment in the 3’ UTR. No such correlation was seen in human tissue (r = -0.05; p = 

0.3248) (Figure 3.4 D right panel). 
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Figure 3.4 Methylation marks in different regions are associated with different biological 
functions and reveal a correlation with expression level 
(A) The heatmap shows the most represented GO pathways of transcripts which carry methylation 
marks in the 5’ UTR and CDS (left panel) or the 3’ UTR only (right panel) in mouse. (B) A correlation 
analysis of transcripts methylated at specific sites, with their expression levels showing a mild positive 
correlation (r = 0.10; p = 5.86e-07) of transcripts methylated in the 5’ UTR and CDS, and a mild 
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negative correlation (r = -0.08; p = 0.006) in 3’ UTR methylated transcripts in mouse. (C) The heatmap 
shows the most represented GO terms of transcripts carrying m6A methylation in the 5’ UTR and 
CDS (left panel) or 3’ UTR only (right panel) in human tissue. (D) In human data, correlation analysis 
reveals a mild positive correlation (r = 0.19; p = 3.85e-08) between 5’ UTR and CDS methylated 
transcripts and the expression level. No significant correlation is seen (r = -0.05; p = 0.3248) between 
3’ UTR methylated transcripts and their respective expression levels. Pearson correlation was 
calculated to determine the correlation coefficient r and the significance p. 

3.1.1.3 Comparison of methylation in healthy mouse and human hearts 

demonstrates that methylated transcripts are cardio-specific 

To further compare the role of RNA methylation between healthy mouse and human hearts, 

transcripts from these two organisms which carry m6A methylation marks were compared 

(Figure 3.5). Of all the methylated transcripts, 550 were found to be present in both organisms. 

GO term analysis of these common transcripts demonstrated, that they are cardio-specific, as 

indicated by a GO cluster of ‘heart development’, ‘circulatory system development’, and 

‘vasculogenesis’. In line with the enriched GO pathways identified in 5’ UTR and CDS 

methylated, and 3’ UTR exclusively methylated transcripts (Figure 3.4 A, C), clusters 

representing metabolic processes (e.g. ’polysaccharide metabolic process’) were present, as 

were clusters indicating a potential link with mitochondria, represented by the GO term ‘energy 

derivation by oxidation of organic compounds’.  

 

Figure 3.5 Transcripts methylated in both mouse and human tissues play a role in cardio-
specific pathways 
The Venn diagram represents a significant overlap of 550 genes (representation factor 7.6; p < 2.37e-
21) which code for methylated transcripts in the cardiac tissue of mice and humans. A GO term 
analysis of these commonly methylated transcripts revealed cardiac specificity as indicated by 
clusters such as ‘heart development’, ‘circulatory system development’, and several metabolic and 
oxidative processes. 
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3.1.2 The Transcriptome changes in hypertrophy and heart failure 

To assess the effect of m6A RNA methylation in cardiac hypertrophy (HT) and its progression 

to heart failure (HF), a transverse aortic constriction (TAC) model was used, where banding of 

the aortic branch models PO. Two time points after surgery were investigated via 

echocardiographic analysis to monitor the progression of the disease from compensated HT 

(one-week post-TAC) to HF (8 weeks post-TAC). The ejection fraction (EF) was measured to 

assess cardiac performance and the anterior wall thickness (AwTh) to analyze hypertrophic 

growth. Heart tissue obtained at both time points was analyzed for RNA expression via NGS 

as well as methylation changes by applying MeRIP-seq.  

3.1.2.1 TAC-induced cardiac hypertrophy 

One week after the TAC surgery (Figure 3.6), HT was observed in affected mice (n = 5), as 

demonstrated by a thickened left ventricular wall (Figure 3.6 A left), represented by an 

increased AwTh by 0.37 mm in TAC animals compared to Sham (p = 0.0001). The preserved 

EF in TAC animals (Sham: 59 ± 5.0 %, TAC: 61 ± 7.3 %; p = 0.6172) (Figure 3.6 A right) 

indicates the compensatory nature of this HT where blood flow is sustained. 

NGS of RNA isolated from Sham and TAC animals one week after surgery followed by 

differential gene expression analysis identified 217 differentially expressed genes, 144 being 

upregulated and 73 being downregulated (log2FC ≥ 1 or ≤ -1, Padj ≤ 0.05) (Figure 3.6 B). GO 

terms associated with differentially expressed genes include ‘regulation of cartilage 

development’, ‘collagen fibril organization’, ‘cardiac muscle hypertrophy’ and ‘striated muscle 

adaptation’, the latter two terms associated with hypertrophic growth (Figure 3.6 C) (Nomura et 

al. 2018). 
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Figure 3.6 Cardiac hypertrophy is observed one week after TAC with a change in gene 
expression  
(A) Echocardiographic analysis of mouse hearts one week after TAC surgery shows an increase of 
the anterior wall thickness (AwTh) by 0.37 mm (p = 0.0001) with a sustained ejection fraction (EF) 
(Sham: 59 ± 5.0%, TAC: 61% ± 7.3; p = 0.6172), typical for compensated hypertrophy. An unpaired 
t-test was performed, and the values are represented with the error bar indicating the standard 
deviation (SD). Each dot represents one animal, with a total n = 6 for Sham and n = 5 for TAC. (B) 
Differential gene expression of RNA-Seq data (log2FC ≥ 1 or ≤ -1, Padj ≤ 0.05) from hypertrophic 
mouse heart tissue revealed 144 upregulated, and 73 downregulated genes. (C) The heatmap 
represents the most significant GO categories found for the 217 differentially expressed genes, most 
of which belong to typical hypertrophic response pathways. 
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3.1.2.2 Persistent TAC-induced pressure overload progresses to heart failure 

Persistent stress by the PO should lead to HF progression in TAC challenged mice over time 

characterized by an increased wall thickness but reduced EF. When analyzing a time-point 8-

weeks post-TAC, a decompensation of the heart occurs as seen from the echocardiographic 

analysis (Figure 3.7 A). The LV is still hypertrophic as demonstrated by increased AwTh (1.351 

± 0.1 mm in TAC as compared to Sham with 0.983 ± 0.07 mm; p = 0.0001), while the EF is 

22% (p = 0.0002) reduced in TAC animals compared to Sham animals (corresponding to the 

difference of 13% from Sham: 59 ± 4.7% to TAC: 46 ± 5.4 %). 

Gene expression analysis shows that 174 genes were differentially expressed, with 91 

upregulated and 83 downregulated genes (log2FC ≥ 1; p ≤ 0.05) (Figure 3.7 B). Among the top 

GO terms associated with the differentially regulated genes are ‘positive regulation of cardiac 

muscle contraction’ and ‘positive regulation of heart contraction’, indicating that cardiac 

function is affected. Other associated terms include ‘collagen fibril organization’, ‘cell-cell 

junction organization’, and ‘actin filament bundle assembly’, all terms which may be assigned 

to cardiac plasticity. 
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Figure 3.7 Mice develop heart failure with gene expression changes 8-weeks post-TAC 
(A) Echocardiographic analysis of mice eight weeks after TAC surgery shows a sustained increased 
anterior wall thickness (AwTh) by 0.37 mm (p = 0.0001) with a decreased ejection fraction (EF) 
(Sham: 59 ± 4.7 %, TAC: 46 ± 5.4 %; p = 0.0002),  both typical attributes of heart failure. Each dot 
represents one animal with n = 6 for Sham, n = 10 for TAC, and error bars indicate SD. (B) Differential 
gene expression of RNA-Seq data (log2FC ≥ 1 or ≤ -1, Padj ≤ 0.05) from mouse failing heart tissue 
revealed 91 upregulated genes, and 83 downregulated genes. (C) The heatmap represents the most 
frequent GO categories found for differentially expressed genes, which demonstrate that metabolic 
and cardiac function pathways are affected. 
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A comparison of the differentially deregulated genes identified in mouse cardiac HT and HF 

reveals, that 71 genes are commonly deregulated in both states of the disease (Figure 3.8 left). 

Gene enrichment analysis (Figure 3.8 right) demonstrates that these commonly deregulated 

genes participate in GO terms of important cardiac stress-response pathways, e.g. ‘muscle 

hypertrophy in response to stress’ is the top identified pathway. Furthermore, GO-identified 

pathways include ‘positive regulation of heart contraction’, ‘collagen fibril organization’, and 

‘cardiac muscle tissue morphogenesis’, all of which represent pathways of cardiac plasticity 

regulation. 

 

 

Figure 3.8 Select genes are continuously deregulated during the progression from 
hypertrophy to heart failure and are associated with pathways of cardiac plasticity 
The Venn diagram shows genes differentially expressed in hypertrophy and heart failure, with an 
overlap of 71 genes deregulated in both states. GO term analysis of these 71 genes reveals, that they 
are cardio-specific and mainly linked to structural and cardiac plasticity pathways. 
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3.1.2.3 Human end-stage heart failure 

In order to investigate the transcriptome, as well as epitranscriptome in failing human hearts, 

RNA isolated from human end-stage heart failure (HF) tissue was analyzed and compared to 

RNA isolated from non-failing (NF), healthy heart tissue via MeRIP followed by NGS. It was 

not possible to analyze the compensated hypertrophic state in humans for this project as, even 

though tissue biopsies from hypertrophic hearts do exist, the amount of tissue needed for 

subsequent MeRIP is neither sufficient nor feasible to attain. However, sufficient tissue from 

end-stage HF patients was available due to ex-plantation of the heart in the late stage of the 

disease or tissue becoming available after HF-related deaths. 

Investigation of transcriptomic changes in human end-stage HF shows that 228 genes are 

differentially deregulated, comprising of 73 upregulated genes and 155 downregulated genes 

(Figure 3.9 A). 

Genes which are deregulated play roles in cardiac plasticity, as indicated by the assigned GO 

terms (Figure 3.9 B). Here, pathways including ‘extracellular matrix organization’, ‘regulation of 

cell-substrate adhesion’, and ‘actomyosin structure organization’ are among the top enriched 

terms. Similar pathways have been reported in recent RNA-seq studies (Sweet et al. 2018). 

 

 

Figure 3.9 Gene expression changes in human end-stage heart failure 
(A) 228 genes were differentially expressed in human end stage heart failure (HF) with 73 genes 
upregulated and 155 downregulated genes. (B) The heatmap represents the frequency of GO terms 
assigned to those deregulated genes. Pathways related to cardiac plasticity were among the top GO 
terms. 
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3.1.3 Methylation changes in the progression to heart failure 

After the analysis of expression changes in response to cardiac stress on the transcriptomic 

level, the effects of cardiac stress on the epitranscriptomic level were investigated by analyzing 

m6A RNA methylation changes. This was done by MeRIP followed by NGS (MeRIP-seq). By 

comparing immunoprecipitated (Iped) samples to the total RNA (Input) used in transcriptome 

analysis, the methylation of transcripts could be detected. By further comparing the methylation 

levels in TAC or end-stage HF samples to Sham or NF human heart samples, methylation 

changes could be calculated. Transcripts with more methylation peaks in TAC or HF tissue 

compared to Sham or NF heart tissue are called hypermethylated, those with fewer peaks 

hypomethylated.  

3.1.3.1 Methylation changes in mouse hypertrophy 

To assess epitranscriptomic changes in the compensated HT, the  time point of one week post-

TAC was investigated (Figure 3.10). When applying the same cut-offs for deregulation to 

differentially methylated transcripts as well as differentially expressed transcripts (log2FC ≥ 1 

or ≤ -1, Padj ≤ 0.05) it shows that many more transcripts were altered on the methylation level 

(1638 transcripts) than on the expression level (217 transcripts) (Figure 3.10 A left panel). The 

methylation changes of transcripts mainly occurred in the CDS and 3’ UTR, where most hypo- 

as well as hypermethylated m6A peaks were detected (Figure 3.10 A right panel).  

A comparison between differentially methylated and differentially expressed genes revealed 

an overlap of 78 transcripts which were present in both states (Figure 3.10 B), indicating a 

possible effect of methylation on the expression level for these genes. Further characterization 

by GO term analysis indicates, that they mainly participate in structural pathways involved in 

remodeling processes, e.g. ‘extracellular fibril organization’, ‘collagen fibril organization’, and 

‘atrioventricular valve morphogenesis’ and cell differentiation pathways. ‘Collagen activated 

tyrosine kinase receptor signaling pathway’ is the only signal transduction GO term detected, 

which may relate to the other collagen reorganization pathways detected for these transcripts. 

 



Results 

 

55 
 

 

Figure 3.10 m6A methylation changes outnumber expression changes in mouse hypertrophy 
(A) Left panel: The bar chart shows the total number of genes with altered methylation or expression 
levels. Right side: The pie charts represent detected m6A peaks from which methylation deregulated 
transcripts were determined. They demonstrate at which sites transcripts were differentially hypo- 
(upper panel) or hyper-methylated (lower panel), indicating that methylation was mainly changed in 
the 3’ UTR and the CDS upon hypertrophy. (B) The Venn diagram shows which genes were 
differentially methylated or differentially expressed (log2FC ≥ 1 or ≤ -1, Padj ≤ 0.05), with an overlap 
of 78 genes being differentially methylated and expressed at the same time. The right panel shows 
the GO term analysis of these 78 genes, consisting of pathways which are mostly of a structural 
nature, indicating a connection to remodeling processes. 

 

Having analyzed GO terms that differentially expressed transcripts (Figure 3.6 C) code for, as 

well as GO terms that transcripts being differentially expressed and differentially methylated at 

the same time in HT are associated with (Figure 3.10 B), it was then of interest to analyze the 

pathways that transcripts changed only at the methylation level code for (Figure 3.11). 

Interestingly, mainly GO terms of metabolic, catabolic and especially signal transduction 
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pathways were found for both, hypo- (Figure 3.11 A) as well as hypermethylated transcripts 

(Figure 3.11 B).  

 

 

Figure 3.11 Differentially methylated transcripts in hypertrophy are associated with catabolic 
and metabolic processes as well as signal transduction pathways 
GO term analysis was performed on differentially methylated transcripts which have unchanged 
expression levels in mouse cardiac hypertrophic tissue. The heatmaps show GO pathways according 
to their occurrence in (A) hypomethylated and (B) hypermethylated transcripts. 
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3.1.3.2 Methylation changes in mouse heart failure 

RNA methylation analysis of mouse hearts 8-weeks post-TAC in the HF state demonstrates 

notable changes of m6A levels in failing tissue compared to healthy tissue. As observed in HT 

tissue from mice (Figure 3.10), methylation changes outnumber expression changes with 1215 

transcripts being differentially methylated and only 174 being differentially expressed (Figure 

3.12 A left panel). The methylation changes of transcripts mainly occurred in the 3’ UTR, where 

most hypo- as well as hypermethylated m6A peaks were detected (Figure 3.12 A right panel). 

A total of 47 genes are differentially expressed and differentially methylated at the same time 

(Figure 3.12 B). GO term analysis  of these transcripts (Figure 3.12 B) shows that they are 

associated with GO terms related to cardiac plasticity changes, including ‘regulation of smooth 

muscle cell migration’, ‘regulation of heart contraction’, ‘cell adhesion mediated by integrin’, 

and ‘cardiac muscle tissue growth’, as well as collagen processes. The ‘regulation of cellular 

response to transforming growth factor ß stimulus’ pathway, although being a signaling related 

pathway, may be directly linked to growth changes of the heart, therefore pointing to cardiac 

plasticity effects also found in genes only altered at the expression level (Figure 3.7 B). 
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Figure 3.12 m6A methylation changes outnumber expression changes in mouse heart failure 
(A) Left panel: The bar chart shows the total number of genes with altered methylation or expression 
levels in mouse heart failure. Right side: The pie charts represent detected m6A peaks from which 
methylation deregulated transcripts were determined. They demonstrate at which sites transcripts 
were differentially hypo- (upper panel) or hyper-methylated (lower panel), indicating that methylation 
was mainly changed in the 3’ UTR upon HF. (B) The Venn diagram shows differential methylation or 
expression of genes, with an overlap of 78 genes being both differentially methylated and expressed 
at the same time. The right panel shows the GO term analysis of these 78 genes; identified pathways 
are mostly of structural nature, suggesting a role of these genes in remodeling processes. 

 

GO term analysis of genes which are exclusively altered at the methylation level (Figure 3.13) 

reveals that hypomethylated transcripts (Figure 3.13 A) are found in GO terms of metabolic and 

catabolic processes, including ‘protein catabolic processes’, ‘phosphate-containing compound 

metabolic processes’, and ‘regulation of cellular metabolic processes’, a comparable GO term 

readout as observed in the hypertrophic state (Figure 3.11 A). GO terms associated with 

hypermethylated transcripts (Figure 3.13 B) show a relation to catabolic and metabolic 

processes (i.e. ‘collagen biosynthetic process’ or cellular protein metabolic processes’), as well 
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as signal transduction pathways including ‘negative regulation of signal transduction’, and ‘Rho 

protein signal transduction’. In addition, GO terms associated with cardiac plasticity are also 

detected, specifically the different developmental and organization pathways. 

 

 

Figure 3.13 Differentially methylated transcripts in heart failure are associated with catabolic 
and metabolic processes as well as signal transduction pathways 
GO term analysis was performed for differentially methylated transcripts with unaltered expression 
level in mouse heart failure. The heatmaps show GO pathways according to their occurrence in (A) 
hypomethylated and (B) hypermethylated transcripts.  
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3.1.3.3 Methylation changes in human end-stage heart failure 

Having investigated the epitranscriptomic changes in mouse HT and HF, RNA methylation 

changes were analyzed in human HF tissue as well. As described before, ex-plantation of 

hearts and hence tissue availability only occurs with end-stage HF patients and not patients 

with hypertrophic hearts. Therefore, analysis of cardiac HT in human tissue was not feasible.  

However, the investigation of human end-stage HF samples (Figure 3.14) demonstrates some 

intriguingly findings. Similar as seen with mouse HF tissue (Figure 3.12), methylation changes 

occurring in the diseased state of humans outnumber expression changes by far. 1246 

transcripts were altered at the methylation level and 228 were differentially expressed (Figure 

3.14 A left panel) in HF tissue compared to healthy NF tissue. These methylation changes occur 

mainly in the CDS and 3’ UTR as indicated by detected hypo- and hypermethylated m6A peaks 

making up for the methylated transcripts (Figure 3.14 A right panel). 

Only 30 transcripts which showed changes in both methylation and expression level were 

detected (Figure 3.14 B), and were associated with GO terms including ‘positive regulation of 

tumor necrosis factor production’, and ‘muscle hypertrophy in response to stress’. Similar 

observations were made for mouse HF tissue, where transcripts being deregulated at the 

expression and methylation level at the same time were also associated with GO terms of 

hypertrophic growth (Figure 3.12 B). 
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Figure 3.14 Methylation changes outnumber expression changes upon heart failure in 
human tissue 
 (A) The bar chart shows the total number of genes with altered methylation or expression levels (left 
panel). The pie charts demonstrate to what extent transcripts were differentially hypo- or hyper-
methylated at different sites along the transcript and show that methylation was mainly changed in 
the CDS and the 3’ UTR of transcripts isolated from human HF tissue. (B) The Venn diagram shows 
differentially methylated and expressed transcripts with an overlap of 30 genes. The right panel shows 
the GO term analysis of these 30 genes; most identified GO pathways are related to hypertrophy and 
remodeling processes. 

 

A more detailed investigation of transcripts only differentially methylated with unaltered 

expression level by GO term analysis (Figure 3.15) indicates that hypomethylated transcripts 

participate in signal transduction pathways such as ‘negative regulation of signal transduction’, 

and ‘adrenergic receptor signaling pathway involved in heart process’ (Figure 3.15 A), and 

hypermethylated transcripts are associated with terms including ‘response to growth factor’ 

and ‘response to muscle stretch’ (Figure 3.15 B). Furthermore, GO terms of catabolic and 

metabolic processes show up in both hypo- and hypermethylation datasets, including 

‘regulation of proteolysis’ and ‘regulation of protein catabolic process’ identified in the 

hypomethylation dataset and ‘glycoprotein metabolic process’ identified in the 
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hypermethylation dataset. An overrepresentation of genes coding for signal transduction 

processes was also observed in differentially methylated genes in the HF tissue of mice (Figure 

3.13). 

 

 

Figure 3.15 Differentially methylated transcripts in human heart failure are implicated in 
signal transduction pathways 
GO term analysis was performed for differentially methylated transcripts with unaltered expression 
levels in human end-stage heart failure. The heatmaps show GO pathways according to their 
occurrence in (A) hypomethylated and (B) hypermethylated transcripts. 
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3.1.3.4 Comparison of the mouse and human heart failure epitranscriptome 

To further compare m6A methylation changes in heart failure between human and mouse 

tissue (Figure 3.16), 1604 differentially methylated transcripts from 8-weeks post-TAC heart 

failure mouse tissue were compared to 1392 identified differentially methylated transcripts from 

human end-stage heart failure tissue and 403 transcripts identified in both datasets. GO terms 

assigned to these commonly methylated transcripts (Figure 3.16) are associated with cardiac 

specificity, as demonstrated by terms like ‘contractile actin filament bundle assembly’, ‘cardiac 

vascular smooth muscle cell differentiation’, and ‘regulation of cardiac muscle contraction by 

release of sequestered Ca2+ ion’. The similarity of the associated GO terms and overlapping 

transcripts may indicate that the m6A RNA methylation process in HF is comparable between 

mouse and human.  

 

 

Figure 3.16 Many differentially methylated transcripts in heart failure tissue of mouse and 
human are of cardiac specificity 
All differentially methylated transcripts found in TAC induced mouse heart failure and human end-
stage heart failure were compared, and the Venn diagram demonstrates an overlap of 403 transcripts 
found in both tissues (representation factor 7.8, p < 3.851e-251). GO term analysis was performed 
on the commonly differentially methylated transcripts, and the pathways are shown as a heatmap 
according to their occurrence. Identified GO terms are cardio-specific, indicating the presence of m6A 
methylation in heart failure response in both mouse and humans. 

 

In healthy heart tissue, the fraction of transcripts carrying methylation marks were associated 

with GO terms of energy conservation mechanisms such as mitochondrial function and 

catabolic processes when methylated in the 5’ UTR, or signal transduction mechanisms when 

methylated in the 3’ UTR (Figure 3.4 A, C). Transcripts with m6A methylation in the 3’ UTR also 

code for proteins found in GO terms of developmental and tissue differentiation mechanisms. 

In response to cell stress, in this study TAC surgery or end-stage HF, genes that were changed 

at the expression level were found associated with GO terms of cardiac structure and cardiac 

plasticity pathways, indicating that they may be important in cardiac remodeling (Figure 3.6 C, 

Figure 3.7 C, Figure 3.9 B). 
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Transcripts altered at both the methylation as well as the expression level in response to stress 

were associated with hypertrophic changes and cellular growth (Figure 3.10 B, Figure 3.12 B, 

Figure 3.14 B)., similar to genes only differentially expressed. This may support the assumption 

asserted in previous studies that methylation affects expression directly by regulating mRNA 

stability and decay (Wang et al. 2014; Ke et al. 2017). In my study, especially genes associated 

with GO terms of response to cell stress are affected by methylation and expression. 

However, a majority of transcripts were exclusively changed at the methylation level in HT and 

HF tissue compared to healthy tissue. These transcripts were mainly associated with pathways 

of signal transduction, response to remodeling and modified cell stress, and metabolic and 

catabolic processes, demonstrating that cellular processes affected by m6A RNA methylation 

may be substantially different from those influenced by RNA expression changes.  
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3.1.4 A potential effect of methylation on translation 

3.1.4.1 Methylation-mediated expression level changes may not be the main 

mechanism of translation control 

RNA methylation is associated with altered mRNA decay rates and stability (Wang et al. 2014; 

Shi H et al. 2017), but in response to cardiac stress, a vast majority of transcripts were only 

affected at the methylation level while the expression level was unchanged. Therefore, altering 

mRNA stability is likely not the main mechanism by which m6A methylation affects mRNA 

expression and translation during cardiac HT and the progression to HF.  

To see if RNA methylation potentially affects mRNA stability and hence the transcript level in 

healthy cardiac tissues, a correlation analysis of the methylation and expression level was 

performed considering those transcripts that were differentially methylated upon HF. Neither 

in mouse (Figure 3.17 A), nor in human heart tissue (Figure 3.17 B), the expression level of 

transcripts correlated with their respective methylation level in healthy heart tissue.  

 

 

Figure 3.17 Transcripts changed at the methylation level are most likely different from 
transcripts changed at the expression level 
Correlation analysis between the m6A methylation level and the respective expression level of 
transcripts reveals no significant correlation in healthy mouse or human heart tissue. Only those 
transcripts found differentially methylated in HF tissue were analyzed to see if a potential effect of 
m6A methylation on mRNA stability and hence transcript level exists for these transcripts in healthy 
heart tissue. 
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While RNA methylation has been associated with altered mRNA stability and decay (Wang et 

al. 2014; Shi H et al. 2017), this mechanism of transcriptional and translational control does 

not appear to be valid in cardiac tissue and in HT or HF. This suggests that m6A performs 

other functions in these tissues. 

3.1.4.2 The effect of RNA methylation on translation by polysomal analysis  

Previous studies have suggested that m6A RNA methylation may affect translation by altering 

ribosomal occupancy (Bodi et al. 2015) or translation initiation (Meyer et al. 2015; Li A et al. 

2017). To asses if the many methylation changes observed in this study may affect translation, 

polysomal profiling was applied (Chassé et al. 2017). A group or cluster of ribosomes, all bound 

to the same mRNA, is called polysome. Generally, the ribosome density at a certain mRNA is 

proportionally correlated with the translation rate of this mRNA. The more ribosomes are 

attached, the higher the rate of translation. Therefore, transcripts found in polysomal fractions 

are highly translated. The analysis of ribosome-dense (polysomal) mRNAs that are 

differentially methylated but unchanged at transcript level in heart failure allows to draw 

conclusions on the impact of m6A RNA methylation on translation.  

Polysome profiling (Chassé et al. 2017) was performed with mouse HF tissue (8-weeks post-

TAC) to identify transcripts which are actively translated and further compared to the 

methylation data collected for similar tissues. To better elucidate the potential effect of 

methylation on translation, only transcripts were considered which were initially unchanged at 

their expression level (differentially methylated and not differentially expressed). This excludes 

transcripts up- and downregulated at the expression level which would otherwise be found in 

polysomes based on their abundance.   

225 transcripts were identified which were significantly enriched or depleted in the polysomal 

fractions (cut-off: foldchange  ≥ 2 for enriched, foldchange ≤ 0.5 for depleted, Padj ≤ 0.05) 

(Figure 3.18). 

Intriguingly,  a GO term analysis of the detected transcripts (Figure 3.18) reveals, that mRNAs 

depleted from the polysomal fraction, being therefore translated to a lesser extent, are found 

in GO terms of metabolic and catabolic processes, including ‘fructose metabolic process’, ‘fatty 

acid catabolic process’, and biosynthetic processes. Similar terms were also identified in 

hypomethylated transcripts (Figure 3.13 A). 

Furthermore, mRNAs enriched in polysomes, therefore being translated to a higher extent, are 

associated with GO terms of development pathways (e.g. ‘sclerotome development’) and 

proliferative pathways, such as ’regulation of actin filament bundle assembly’, and ’stem cell 

division’, as well as signal transduction pathways including ‘regulation of calcium-mediated 
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signaling’ or apoptotic signaling pathways. Intriguingly, hypermethylated transcripts were found 

to have similar GO term associations (Figure 3.13 B). Also, enriched mRNAs are coding for 

proteins involved in pathways of smooth muscle cell regulation (‘regulation of smooth muscle 

cell migration’), GO terms similarly identified for commonly differentially methylated transcripts 

from mouse and human (Figure 3.16). 

 

Figure 3.18 The polysomal occupancy of differentially methylated mRNAs is altered upon 
TAC-induced heart failure in mice 
The heatmap shows mRNAs depleted and enriched in polysomal fractions after TAC-induced heart 
failure in mice. The cut-off for the fold change was set at ≥ 2 for enriched, and at ≤ 0.5 for depleted 
mRNAs with a Padj ≤ 0.05. n = 5 for Sham and TAC. Right side: GO analysis was performed on 
mRNAs depleted (upper panel) and enriched (lower panel) in cardiac hypertrophy, and GO pathways 
are presented according to their occurrence in heatmaps. Metabolic and catabolic terms are the most 
common for depleted mRNAs, and structural pathways accounting for cardiac plasticity as well as 
signaling are the most common for enriched mRNAs. 

 

3.1.4.3 Correlation of methylation and ribosomal occupancy 

Common GO associations identified in hypomethylated transcripts and depleted mRNAs, as 

well as in hypermethylated pathways and enriched mRNAs, suggest a relationship between 

methylation changes and translation efficiency. This is further underscored by the fact that 

identified transcripts are altered at the translation level without being affected at their 

expression level. Therefore, a correlation analysis between differentially methylated transcripts 

and differentially translated transcripts was performed (Figure 3.19). 

A significant positive correlation was seen between transcripts deregulated at the methylation 

level and transcripts with altered polysome occupancy (r = 0.37, p = 2.2e-16) in mouse HF 
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tissue (8-weeks post-TAC) (Figure 3.19 A). It should be noted, that such correlation was only 

seen for transcripts with altered methylation in response to cardiac stress or HF, as no 

correlation was observed in healthy control tissues (r = 0.003, p = 0.8765) (Figure 3.19 B). This 

indicates that a disease-specific mechanism may exist, wherein changes in methylation may 

directly affect polysomal occupancy, and therefore translation and proteostasis. 

 

 

Figure 3.19 RNA methylation correlates with polysomal occupancy and therefore translation 
in heart failure tissue of mice 
(A) Pearson correlation analysis was performed on transcripts from heart failure tissue of mice 8-
weeks post-TAC which showed altered methylation and altered polysomal occupancy. A positive 
correlation was found with r = 0.37, p = 2.2e-16. (B) The same correlation analysis was performed 
using data obtained from the healthy heart tissue of mice. Here, no correlation is seen with r = 0.003, 
p = 0.8765. 

 

Polysome analysis was performed only with mouse HF tissue due to sample limitations of 

available human tissue. To get an idea of the situation in human HF, genes from the correlation 

analysis in mouse data that have human orthologs were analyzed separately. The methylation 

level of orthologous human transcripts from human HF tissue was correlated with the 

differentially translated transcripts from mouse HF tissue (Figure 3.20 A). A strong positive 

correlation is seen for these orthologous human genes between the methylation and 

translation level (r = 0.27, p = 2.88e-08).  

GO term analysis of transcripts correlating in their methylation and translation level in mouse 

HF with human orthologs (Figure 3.20 B) suggests that they show a strong cardiac specificity, 

as represented by a network of GO terms like ‘cardiac muscle tissue development’, ‘muscle 

system process’, and ‘vasculogenesis’ or ‘vasodilatation’, as well as metabolic networks like 
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‘generation of precursor metabolites and energy’, and ‘fatty acid beta-oxidation using acyl-CoA 

dehydrogenase’.   

These findings may indicate a potential effect of altered methylation on translation and 

therefore proteostasis.  

 

 

Figure 3.20 Orthologous genes in human samples are of cardiac specificity 
(A) An orthologous gene analysis was performed with mouse genes that showed a correlation 
between methylation level and polysome occupancy. Correlation analysis was performed on genes 
with human orthologs. Differentially altered methylation levels of genes from human heart failure were 
correlated with differentially altered translation levels detected by polysomal analysis of mouse heart 
failure tissue and a correlation is observed with r = 0.27, p = 2.88e. A separate correlation analysis 
was calculated for the same genes with mouse heart failure methylation data and a correlation is seen 
with r = 0.34, p < 2.2e-16. (B) GO network analysis was performed for orthologous genes and cardio-
specific GO terms were found for those transcripts. 

 

3.1.4.4 A potential transcription-independent translation mechanism 

The effect of m6A methylation on translation control was already hypothesized by other studies 

(Li A et al. 2017; Shi H et al. 2017). In my study, transcripts with altered m6A methylation 

outnumbered transcripts with changed expression levels by far in response to HT and HF 

(Figure 3.10 B, Figure 3.12 B, Figure 3.14 B). To further investigate the role of m6A methylation 

independent of its effect on transcription, transcripts which were identified to be differentially 

methylated but not differentially expressed were further investigated. Transcripts matching 

these criteria, and that were further found differentially translated in the polysomes, were 

further investigated as targets. One cardiac-specific target was identified, namely Calmodulin 

1 (CALM1). CALM1 is a calcium ion sensor, activating signal transduction cascades in 

response to Ca2+, also participating in the Ca2+/calmodulin-dependent protein kinase II 

(CamKII) pathway which is important for contraction-coupling in hearts (Boczek et al. 2016).  
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Calm1 had unaltered expression levels in HF tissue compared to healthy control tissue but 

was differentially hypomethylated in both mouse and human heart failure. Furthermore, it 

showed depletion from polysomes.  

The hypomethylation identified by MeRIP, was verified by RT-qPCR (Figure 3.21 B, Figure 3.22 

B). Calm1 is decreased in MeRIP fractions of HF tissue compared to healthy control tissue 

(Figure 3.21 B), consistent with the hypomethylation detected in the sequencing data (Figure 

3.21 A). Its depletion from polysomes, and therefore lower translation level was detected by 

assaying the respective protein level via Western blotting, which demonstrated that the protein 

level of CALM1 is significantly decreased in HF tissue of mice (p = 0.03; Figure 3.21 B right 

panel).  

 

 

Figure 3.21 CALM1 protein level is decreased despite unaltered expression level in mouse 
heart failure tissue 
Sequencing data from mouse heart failure tissue was screened for genes which are unchanged at 
the expression level while differentially methylated and found to be deregulated in the polysomes. 
Calmodulin 1 (Calm1) was identified fulfilling these prerequisites and furthermore being of importance 
in cardiac tissues. (A) Graphical representation of methylation changes of Calm1 in mouse heart 
failure tissue found in MeRIP samples compared to respective input. (B) Left panel: the expression 
level of Calm1 is unchanged in mouse HF with comparable normalized read counts (nrc) obtained 
from sequencing data of TAC and Sham animals. Middle panel: The hypomethylation of Calm1 as 
obtained with MeRIP-seq was verified with RT-qPCR. RNA isolated from LV tissue of mice was 
subjected to MeRIP. Immunoprecipitated (Iped) fractions were normalized to total RNA (Input). A 
reduced level of transcript was found in TAC tissue in comparison to Sham tissue (Sham: n  = 4, TAC: 
n = 5). Right panel: Western blotting was performed, and blots analyzed for the CALM1 protein level 
to verify the change in polysomal occupancy and therefore translation to see if the effect is seen on 
the protein level. CALM1 bands were normalized to GAPDH and protein level changes determined 
by normalization to Sham. A reduction of CALM1 protein level (p = 0.03) was seen after TAC, 
correlating with the methylation level reduction (Sham: n = 4, TAC: n = 8). Full blots are shown in 
Appendix Figure 5.2.  The data is presented as a mean and the SEM indicated. Unpaired t-test was 
performed, and p-values are indicated above the respective bars. 

 

CALM1 was also investigated in human HF tissue (Figure 3.22) to elucidate if a similar effect 

of m6A methylation on translational control as observed in mouse tissue is present as well. 

CALM1 shows only a mild decrease of the expression level (-0.13 ± 0.06, p = 0.06) (Figure 
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3.22 B left panel) and was hypomethylated as demonstrated by significantly decreased 

abundance in MeRIP fractions (-1.0 ± 0.4, p = 0.05) validated by RT-qPCR (Figure 3.22 B 

middle panel). Protein level analysis via Western blot revealed a significantly decreased level 

of CALM1 (p = 0.04; Figure 3.22 B right panel) in human HF tissue compared to NF control 

tissue.  

 

 

Figure 3.22 CALM1 is hypomethylated and its protein level decreases in human heart failure 
tissue, despite being unaltered at the expression level. 
(A) Graphical representation of the hypomethylation of CALM1 in human end-stage heart failure (HF) 
in comparison to non-failing, healthy (NF) tissue. (B) Left panel: The transcript abundance is not 
changed in heart failure tissue (NF: n = 5, HF: n = 6) in NGS data. Middle panel: RT-qPCR of samples 
after MeRIP show a significant reduction of transcripts (p = 0.05) indicating hypomethylation (NF: n = 
3, HF: n = 4). Right panel: The protein level shows a significant decrease of CALM1 in HF as analyzed 
with Western blot (NF: n = 3 HF: n = 5). Respective Western blots are shown in Appendix Figure 5.2. 
Data is represented as a mean and with the SEM indicated. Unpaired t-test was performed, and p-
values are indicated above the respective bars. 

 

Since the CALM1 protein level significantly decreased in both mouse and human LV tissue, a 

potential new mechanism of transcription independent translational control mediated by m6A 

RNA methylation was proposed.
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3.2 Manipulation of the methylation machinery in iPSC-CMs 

NGS and MeRIP-seq of LV tissues in my study demonstrated that the methylation level is 

considerably changed upon cardiac HT and HF. Since the reversible m6A methylation is 

mediated by readers and writers it was of further interest to me to elucidate potential effects of 

a manipulation of the methylation machinery on the hypertrophic stress response. By depletion 

of the m6A demethylase FTO in vitro and in vivo, potential altered response to hypertrophic 

stimuli in CMs was investigated. 

As CMs are post-mitotic cells, they cannot be easily grown in cell culture and their cultivation 

as primary cell cultures is rather difficult. Therefore, a human induced pluripotent stem cell 

(iPSC) model was used. iPSCs are a widely used tool for in vitro studies (Shi Y et al. 2017; 

House et al. 2020). They are capable of self-renewal and have the ability to differentiate into 

all three germ layers and the germline (Jaenisch and Young 2008). A well-established protocol 

of differentiation of iPSCs to beating CMs exists (Lian et al. 2013) and therefore allows an easy 

in vitro study of the cardiomyocyte model. 

3.2.1 Differentiation of iPSCs to cardiomyocytes 

Two cell lines were used in this study, to verify that observed results are cell line independent. 

The two cell lines used in this study, pCTRL1.1 (pCTRL) and WT-D2-1U (WTD2), were already 

characterized for their pluripotent capacity and expression of typical markers (Streckfuss-

Bömeke et al. 2013; Borchert et al. 2017) and are widely used. iPSCs were a kind gift from PD 

Dr. Katrin Streckfuß-Bömecke (Clinic for Cardiology and Pneumology, University Medical 

Center Göttingen). Both cell lines were reprogrammed from keratinocytes obtained from 

healthy donor patients and can be considered as wildtypes. A differentiation protocol utilizing 

activation and inhibition of the canonical Wnt-pathway in a time-dependent manner was used 

(Lian et al. 2013) to generate iPSC-derived cardiomyocytes (iPSC-CMs) (refer to Methods, 

Section 2.3.2). Following observation of spontaneous beating around day 10 after initial 

induction of differentiation, cells were further metabolically selected to obtain a purer 

cardiomyocyte population. This was done since not all iPSCs differentiate into CMs. By 

culturing cells in selection medium containing lactic acid as sole energy source, this leads to 

survival of mostly CMs which are able to metabolize lactic acid. Surviving CMs were further 

cultured for at least 60 days after initial induction of differentiation to obtain mature iPSC-CMs 

with a stable expression of a cardio-specific gene program and morphology (Shinozawa et al. 

2012).  
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In my doctoral work, I needed to establish a hypertrophic growth model for the mature iPSC-

CMs as well as establish a protocol for depletion of FTO. Establishing protocols are described 

in more detail in the following chapters. It needs to be mentioned, that not all experiments for 

establishing protocols could be performed with both cell lines, as in some differentiation 

experiments not enough mature iPSC-CMs were obtained. Experiments needed to be planned 

at least 60 days in advance considering the maturation and during these 60 days some cells 

were lost due to detachment or contamination. However, later described experiments 

investigating the effect of the depletion on hypertrophic growth were performed with both cell 

lines to verify that results are cell line independent.    

3.2.2 Establishing an ET-1-induced hypertrophy model in iPSC-CMs 

To study effects of FTO depletion in response to cardiac stress, a hypertrophic 

growth/response model for iPSC-CMs was utilized. Hypertrophy can be induced in vitro by 

stimulating iPSC-CMs with compounds mimicking hypertrophic pathways by transcription 

factor activation (Moreau et al. 1997; Gray 1998; Adiarto et al. 2012; Bupha-Intr et al. 2012). 

Endothelin-1 (ET-1) stimulates the renin-angiotensin-aldosterone system, and activates the 

CaMkII pathway (Moreau et al. 1997), leading to cardiomyocyte hypertrophy. This system was 

applied to produce hypertrophic cells and further combined with depletion of FTO via siRNA 

transfection to investigate potentially altered hypertrophic response in vitro.  

Different ET-1 concentrations were described in literature (Zlabinger et al. 2019) to induce 

cellular hypertrophy. To determine a suitable concentration of ET-1 to use in my cell culture, I 

investigated three different previously described concentrations, namely 1 nM, 2nM, and 3 nM 

in each cell line. 

Cell growth was monitored via immunofluorescence (IF) microscopy by staining α-actinin 

(Figure 3.23 A, C). α-actinin is a microfilament protein attaching actin filaments to Z-lines in 

muscle cells (Ribeiro et al. 2014), and is therefore a marker of CMs in cell culture. By 

measuring the cell sizes of α-actinin stained, ET-1-stimulated cells in comparison to non-

treated (mock) control cells, the effect of the different ET-1 concentrations was determined 

(Figure 3.23 B, D).  

Hypertrophic growth was observed in both cell lines in all three conditions (Figure 3.23), with 

2nM resulting in largest cell size increase in pCTRL cells (p =  0.03 Figure 3.23 B), whereas 3 

nM ET-1 induced a stronger response in the WTD2 cell line as seen by a larger mean cell size 

(p = 0.0008) (Figure 3.23 D). Since 1 nM and 2 nM of ET-1 induced comparable hypertrophic 

growth in WTD2 cells, but a concentration of 3 nM exerted an even stronger response, this 

concentration was chosen to be used in following experiments. Although a concentration of 2 
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nM ET-1 induced the strongest cell growth in pCTRL cells, a concentration of 3 nM was used 

with these cells for further experiments to keep experimental conditions similarly. This was 

decided regarding that 3 nM ET-1 as well induced hypertrophic cell growth in pCTRL cells. 

 

Figure 3.23 Concentration determination of ET-1 treatment 
ET-1 was applied at a concentration of 1 nM, 2 nM, and 3 nM to hiPCS-CMs of both cell lines (pCTRL 
and WTD2) to induce hypertrophic responses and growth. Since ET-1 is dissolved in water, cells 
treated with water served as mock-control. (A) Representative IF images of pCTRL cells are shown. 
The cells were stained for α-actinin and the nucleus with DAPI. Images were taken using the FITC 
channel (green) as well as the DAPI channel (blue) at 400X magnification with an oil-immersion 
objective. (B) Cell sizes of ET-1 stimulated pCTRL cells were determined by measuring the cell area 
(presented in arbitrary units (AU)) and growth changes calculated. Significant increases of cell size 
can be seen in all three conditions. Cells from one differentiation experiment were used and three 
object-slides per condition imaged. The mean of the cell areas measured per slide was taken for 
statistical analysis. t-test with Welch’s correction was performed and significance levels are given per 
condition in comparison to the mock control. The mean with SEM is presented and the n of all counted 
cells per condition on all slides together is given in the respective bars. (C) Representative IF images 
of mock and ET-1-stimulated WTD2 cells stained for α-actinin and DAPI are shown. (B) The cell sizes 
of WTD2 cells after ET-1-stimulation were measured and a significant increase of the cell size can be 
seen for all three conditions. Experimental design and data analysis were equally as with pCTRL 
cells. 
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3.2.3 Establishing siRNA- mediated silencing of FTO in iPSC-CMs 

Acting as an m6A RNA methylation eraser, the demethylase FTO is a key player in the dynamic 

and reversible modification of m6A marks (Gerken et al. 2007; Jia et al. 2011). When FTO 

levels are decreased, less demethylation activity is occurring and therefore RNA methylation 

should increase, leading to a global hyper-methylation (Jia et al. 2011). By this manipulation 

of the epitranscriptome, the effect on the hypertrophic responses of CMs may be addressed. 

In the iPSC-CM model, siRNA-mediated gene silencing was chosen to decrease the FTO 

activity and therefore induce global mRNA hypermethylation. siRNAs act as silencing agents 

by binding complementary mRNA targets via the RNAi pathway inhibiting translation or leading 

to mRNA degradation (Carthew and Sontheimer 2009; Zhang 2013). siRNA mediated 

knockdown was the preferred method for my study, since genetically engineering a stable 

knockout in cell culture, e.g. by CRIPR/Cas is time consuming and may induce off-target 

effects and iPSCs may lose the ability to differentiate to for example CMs when genetically 

modified (Chaterji et al. 2017). Furthermore, epigenetic factors can impair the differentiation 

potential of iPSC-CMs (Keller et al. 2018). Since FTO silencing should affect RNA methylation 

and hence epigenetic modifications, a residential KO may impair differentiation ability. siRNAs 

can be applied to already differentiated iPSC-CMs, therefore this method was chosen to 

achieve FTO depletion.   

In preliminary experiments, four different siRNAs which all bind to different regions in the FTO-

mRNA were transfected for 24 hours to determine the most effective one for FTO depletion 

(Appendix Figure 5.3). The best performing siRNA was further tested with a longer time period 

of 48 hours transfection to potentially strengthen the silencing effect. An overview of the 

knockdown-protocol is presented in Figure 3.24.  

 

Figure 3.24 Initial transfection protocol  
iPSC derived CMs were matured for at least 60 days (60+) after initial start of differentiation (Day 0). 
Fresh medium was added to the cells 24 hours prior to the transfection, and cells were transfected 
with FTO-targeting siRNA for 48 hours (48 h). Afterwards, cells were harvested for further molecular 
analysis. 
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Effective silencing of FTO in iPSC-CMs by the siRNA of interest was validated at the mRNA 

level by RT-qPCR and on the protein level via Western blotting after a transfection time of 48 

hours. A scrambled RNA without a complementary sequence in the human genome served as 

a negative control to rule out transfection-related side effects. Cells with silenced FTO 

mediated by the siRNA are called FTOsiKD in the following experiments, while respective 

negative controls treated with the scrambled siRNA are further called FTOWT. 

A significant reduction of FTO-mRNA by 36 % (p = 0.03) in pCTRL FTOsiKD cells (Figure 3.25 

A,) and by 78 % (p = 0.0003) in WTD2 FTOsiKD cells (Figure 3.25 B) was seen in comparison to 

the FTOWT cells of both cell lines (Figure 3.25 A, B).  Furthermore, Western blotting of the FTO 

protein level in WTD2 cells demonstrated significantly decreased FTO protein level in the WT 

cell line by 58% in FTOsiKD cells compared to FTOWT (p = 0.03) (Figure 3.25 D). Western blotting 

could not be performed with pCTRL cells due to sample limitations caused by technical 

difficulties during maturation.  
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Figure 3.25 A stable FTO knockdown on the mRNA level was induced 48 hours after 
transfection 
iPSC-CMs of the pCTRL and WTD2 cell line were transfected for 48 hours with an FTO-targeting 
siRNA. (A) RT-qPCR revealed a significant decrease of FTO-mRNA in siRNA transfected cells 
(FTOsiKD) of the pCTRL cell line (n = 5 for FTOWT and FTOsiKD) (B) as well as the WTD2 cell line (n = 
6 for for FTOWT and n = 4 for FTOsiKD). RT-qPCR cycles of FTO were normalized against the s18 
housekeeping gene and changes in RNA level were normalized to scrambled siRNA treated controls 
(FTOWT) with the ddCt method and the mean with SEM is presented. t-test with Welch’s correction 
was for statistical analysis. (C) Western blotting of WTD2 protein lysates shows specific protein bands 
for FTO (58 kDa, upper panel). A representative part of the respective total protein lanes is shown 
(lower panel). Each lane represents an independent biological replicate of each group (WT = FTOWT, 
n = 3; siKD = FTOsiKD, n = 3). (D) FTO protein level is significantly decreased after 48 hours of siRNA 
transfection. The FTO protein bands were quantified and normalized to the total protein. Changes in 
protein level in siRNA treated cells (FTOsiKD) was calculated in relation to scramble treated control 
cells (FTOWT) and statistically tested with t-test with Welch’s correction. The mean with SEM is 
presented. Cells from one differentiation experiment were used, with different wells as biological 
replicates (n=3 for FTOWT and FTOsiKD).  
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3.2.4 Establishing a combined siRNA-transfection and ET-1 stimulation 

protocol 

After having determined a suitable transfection time of 48 hours for siRNA-mediated silencing 

of FTO it was of interest to combine this siRNA transfection protocol with the ET-1-induced 

hypertrophy protocol (Figure 3.26).  

 

 

 

Figure 3.26 Combined siRNA-transfection and ET-1 treatment protocol 
iPSC derived CMs were matured at least 60 days (60+) after initial differentiation induction (day 0). 
Fresh medium was added to the cells 24 hours prior to the transfection, and cells were transfected 
with siRNA for 48 hours. The medium was changed, and ET-1 was added at a concentration of 3 nM 
for 48 hours. Afterwards, cells were harvested for further molecular analysis. 

 

Since ET-1 stimulation takes place in absence of siRNAs it was first necessary to validate that 

the knockdown would still be effective during ET-1 stimulation time until the end of treatment 

time. Therefore, iPSC-CMs of the WTD2 cell line were transfected with FTO-siRNA for 48 

hours, medium changed to fresh medium without siRNAs but supplemented with ET-1 at 3 nM 

concentration, and the FTO-mRNA as well as protein level analyzed after 48 hours of ET-1 

stimulation. This results in a time period of 96 hours from the transfection to the final cell 

harvest for molecular analysis. 

On the mRNA level, the silencing effect is still measurable 48 hours after removal of siRNA 

containing medium (Figure 3.27 A). FTO-mRNA is significantly decreased in FTOsiKD cells 

treated with 3 nM ET-1 (p = 0.04). In mock-treated FTOsiKD cells the FTO-mRNA level is not 

significantly decreased (p = 0.07). This lower decrease of the mRNA level may derive from 

newly transcribed mRNA, not silenced after the siRNA was removed.  

On the protein level, analyzed with Western blot (Figure 3.27 B), the FTO protein is significantly 

decreased after 48 hours of ET-1 stimulation or mock control treatment (p = 0.01 for both 
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conditions) in FTOsiKD cells compared to FTOWT (Figure 3.27 C). Comparable experiments were 

not performed on pCTRL cell line due to technical difficulties as described before.  

 

Figure 3.27 The Fto-KD is still active 48 hours after siRNA removal 
iPSC-CMs of the WTD2 cell line were transfected with siRNA targeting FTO for 48 hours (FTOsiKD) or 
scrambled siRNA as control (FTOWT), siRNA transfection medium removed, and cells further treated 
with 3 nM ET-1 (ET: +). Water served as mock control (ET: -) (A) The FTO-KD was evaluated on the 
mRNA level with RT-qPCR using the ddCt method. RT-qPCR cycles of FTO were normalized against 
the s18 housekeeping gene, and the results were normalized to the mock treated cells with scrambled 
siRNA transfected (FTOWT). Respective significance levels were obtained from a t-test with Welch’s 
correction. Different wells, treated equally, from one differentiation experiment served as biological 
replicates with n = 6 per group and each sample was pipetted in duplicates for technical replication. 
(B) Western blot images shows specific protein bands for FTO (58 kDa, upper panel). A 
representative part of the respective total protein lanes is shown (lower panel). A visible reduction of 
FTO level can be seen in both, mock and ET-1 treated FTOsiKD cells in comparison to mock treated 
FTOWT cells. Each lane represents an independent biological replicate of each group (WT = FTOWT; 
siKD = FTOsiKD) (C) The FTO protein bands were quantified and normalized against the corresponding 
total protein lane. Protein level changes were calculated in comparison to mock treated FTOWT cells. 
n = 3 per group. The mean with SEM is presented. T-test with Welch’s correction was performed to 
determine significance levels. 
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Although if the silencing effect described in Section 3.2.4 was measurably significant on the 

FTO protein level the transfection protocol was optimized to strengthen the silencing effect and 

possibly decrease the FTO protein level even more after ET-1 stimulation. This was done by 

adding a second siRNA transfection step 24 hours after initial transfection (Figure 3.28). This 

shortens the time period from the last transfection to the final cell harvest for molecular analysis 

after ET-1 stimulation from 96 hours to 72 hours. 

 

 

Figure 3.28 Adapted siRNA transfection protocol combined with ET-1 stimulation 
The initial siRNA transfection protocol was adapted to obtain a stronger and more persistent 
knockdown during the ET-1 treatment period. To achieve this, an additional transfection step was 
added to shorten the time from the last siRNA transfection to harvesting of cells after 3 nM ET-1 
treatment from 96 hours to 72 hours in total. 

 

To validate that the adapted protocol results in a stable decrease of the FTO protein level, 

iPSC-CMs of both pCTRL and WTD2 cell line were transfected with siRNA for 24 hours 

twice. After the second transfection step, medium was changed to medium without siRNA 

and cells harvested after additional 48 hours incubation. In order to spare cells for other 

experiments, since maturation is laborious and error-prone as described before, for this 

establishing experiment, only the mock condition was tested without the ET-1 group. Since 

comparable protein levels were seen in FTOsiKD cells treated with either mock or ET-1 in the 

previously described experiment (Figure 3.27), it was assumed that for this experiment 

similar results as seen with mock-treated cells would be obtained if cells were treated with 

ET-1. 

 

Western blot analysis of the protein level of FTO reveals, that this adapted protocol induces 

a stronger, significant decrease of FTO in both cell lines in FTOsiKD cells compared to FTOWT 

cells (pCTRL: 50%, p < 0.0001; WTD2: 85%; p = 0.0003) (Figure 3.29 B, D). Since the protein 

level accounts for the cellular action of FTO, the adapted protocol was considered suitable 

for further experiments and the mRNA level was not analyzed. 
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Figure 3.29 The FTO protein level is significantly decreased following the adapted protocol 
The FTO protein level was significantly decreased when siRNA is transfected according to the 
adapted protocol. (A) Western blot image of FTO protein in pCTRL cells. A clear band at 58 kDa was 
obtained. Respective total protein lanes used for normalization are presented. Each lane represents 
an independent biological replicate of each group (WT = FTOWT, n = 7; siKD = FTOsiKD, n = 7). (B) 
FTO protein bands were quantified and normalized against total protein in pCTRL cells. The protein 
level change is calculated by comparing FTOsiKD to FTOWT (C) Western blot images and 
corresponding total protein lanes for the WTD2 cell line is presented. Each lane represents an 
independent biological replicate of each group (WT = FTOWT, n = 6; siKD = FTOsiKD, n = 6) (D) 
Quantification of the FTO protein in WTD2 cell lines demonstrates a significant reduction of FTO in 
FTOsiKD cell compared to FTOWT cells. The mean with SEM is presented. t-test with Welch’s correction 
was used and significance levels shown on the bars. Different wells, treated equally, from one 
differentiation experiment served as biological replicates. n = 7 for FTOWT and FTOsiKD of the pCTRL, 
n = 6 for FTOWT and FTOsiKD of the WTD2 cell line. 
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3.2.5 The effect of silencing FTO on ET-1 induced hypertrophic growth 

Having established a working protocol, with which stable silencing of FTO followed by ET-1 

stimulation can be induced, it was then of interest to investigate the effects of this silencing on 

the hypertrophic response of iPSC-CMs. 

3.2.5.1 Silencing of FTO attenuates cell growth 

To assess the effect of FTO knockdown on the hypertrophic response of iPSC-CMs, cell size 

measurements were performed by means of immunofluorescence microscopy (Figure 3.30) 

with experimental setup similar to the initial ET-1 concentration determination assay (Section 

3.2.2).  

Stimulation of cells after siRNA mediated FTO manipulation with ET-1 following the established 

protocol (Figure 3.28) induces a significant hypertrophic growth in scrambled siRNA transfected 

FTOWT cells of the pCTRL cell line (p = 0.004 Figure 3.30 B). A slight growth can be appreciated 

(p = 0.08) in FTOWT cells of the WTD2 cell line (Figure 3.30 D). Upon silencing of FTO with 

siRNA, hypertrophic growth was completely attenuated in FTOsiKD cells of the pCTRL cell line 

(p = 0.9) when stimulated with ET-1, since the cell size did not increase compared to the 

respective mock treated FTOsiKD cells (Figure 3.30 B).  

In WTD2 cells, a trend toward hypertrophic growth may be recognized in FTOsiKD cells upon 

ET-1 stimulation compared to FTOsiKD mock treated cells (p = 0.2), but to a lesser extent than 

in the FTOWT group (p = 0.07) (Figure 3.30 D).  

When comparing sizes of ET-1 stimulated cells it is apparent, that cells bearing the FTO 

knockdown (FTOsiKD) are smaller in size compared to the FTOWT group in both cell lines 

(pCTRL p =  0.01, Figure 3.30 B; WTD2 p = 0.07, Figure 3.30 D), indicating an attenuated growth 

related to the silencing of FTO. 
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Figure 3.30 FTO-KD attenuates cell growth 
ET-1 was applied at a concentration of 3 nM (ET-1: +) to FTOWT as well as FTOsiKD cells from both 
pCTRL and WTD2 cell lines. Water served as mock-control (ET-1: -). (A) iPSC-CMs from the pCTRL 
cell line were stained for α-actinin and DAPI. Images were taken using the FITC channel (green) as 
well as the DAPI channel (blue) at 400X magnification with an oil-immersion objective. (B) The cell 
sizes were measured with ImageJ. In pCTRL cells, significant increases in cell size were observed 
upon ET-1 treatment in FTOWT cells, whereas the cell size of FTOsiKD cells is not significantly 
increased. The mean cell size of FTOsiKD cells is significantly smaller after ET-1 stimulation compared 
to ET-1 treated FTOWT cells (C) Immunofluorescence images of ET-1 treated FTOWT and FTOsiKD cells 
from the WTD2 cell line are presented with cells stained for α-actinin and DAPI. Images were taken 
at 400X magnification. (D) In WTD2 cells, no significant hypertrophic growth is seen in FTOWT cells, 
but mean cell sizes identify a trend toward increased cell size in ET-1 stimulated FTOWT cells which 
seems less strong in FTOsiKD cells. For cell size analysis of both cell lines, the mean of the cell sizes 
measured per slide was taken for statistical analysis. The mean with SEM is presented. t-test with 
Welch’s correction was performed and significance levels are shown per condition in comparison to 
mock control. The number of all counted cells per condition on all slides together is given in the 
respective bars. 
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3.2.5.2 ET-1 stimulation does not affect FTO expression per se 

In order to determine whether ET-1 treatment alone is sufficient to affect FTO expression, 

iPSC-CMs of the WTD2 cell line were treated with either 3 nM ET-1 or water as mock control 

for 48 hours (Figure 3.31) and the FTO protein level analyzed with Western blot.  

No difference in the FTO protein level can be seen between ET-1 stimulated or mock-treated 

cells (p = 0.8) (Figure 3.31 B). Therefore ET-1 stimulation seems to not affect FTO per se and 

potential effects seen in later experiments are mediated by the FTO knockdown and not by 

ET-1 itself. 

 

 

Figure 3.31 The FTO protein level is unchanged upon ET-1 treatment 
iPSC-CMs of the WTD2 cell line were treated with ET-1 or water (mock, -) for 48 hours and the protein 
levels of FTO were examined with Western blot. (A) Western blot image of FTO protein bands with 
the respective total protein lanes. Each lane represents an independent biological replicate of each 
group (- = mock, n = 6; + = ET-1 treated, n = 6) (B) No significant effect on the FTO protein level can 
be seen upon ET-1 treatment. The quantified bands, normalized against total protein lanes, were 
analyzed and protein level changes after ET-1 treatment calculated. Water treated cells served as 
mock control. The mean with SEM is presented. Different wells from one differentiation experiment 
served as biological replicates (n = 6 per group) and t-test with Welch’s correction was applied to 
determine the significance level.  

 

3.2.5.3 Molecular analysis of attenuated cell growth by ANP level assessment 

ANP is a typical cardiac protein marker being expressed and upregulated in hypertrophic CMs 

in response to cell stress (Kessler-Icekson et al. 2002). Since ANP expression increases with 

increased stress, it can serve as a marker indicating the severity of the hypertrophic growth. 
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To further examine the attenuated cell growth seen in FTOsiKD cells of the pCTRL cell line 

compared to FTOWT cells after ET-1 stimulation, the lower hypertrophic response of treated 

cells was evaluated on a molecular level by measuring the atrial natriuretic peptide (ANP) 

protein expression in those groups (Figure 3.32). The protein level was assessed by Western 

blot, and the result normalized to the FTOWT – mock group (Figure 3.32 B). 

A strong increase in ANP levels occurs in cells treated with ET-1 by almost 290% in the FTOWT 

group (p < 0.0001). The ANP level also rises in the FTOsiKD cells when ET-1 stimulated, but 

only by 140% (p = 0.04). (Figure 3.32 B). It comes clear that the ANP level is significantly lower 

in FTOsiKD cells when stimulated with ET-1 compared to the respective ET-1 stimulated FTOWT 

controls by almost 40% (p = 0.05), potentially indicating less stress correlating to the 

attenuated cell growth. 

It was further observed that the knockdown of FTO does not lead to the induction of ANP 

protein expression, as seen by a change of only ~4% in mock treated FTOsiKD cells in 

comparison to mock treated FTOWT cells (p > 0.9) (Figure 3.32 B). This may indicate that the 

transfection of siRNAs does not exert cellular stress triggering ANP expression and is a good 

model for protein expression manipulation in iPSC-CMs.  

 

 

Figure 3.32 FTO-KD leads to less strong ANP expression  
(A) Western blot was used to assess the protein level of ANP in iPSC-CMs of the pCTRL cell line in 
response to ET-1 treatment. The ANP-specific protein band at 17 kDa is indicated with a red arrow. 
Unspecific bands with unknown origin occurred at 55 and 58 kDa. Corresponding total protein lanes 
used for normalization are presented. (B) 17 kDa Protein bands of ANP were quantified, normalized 
against total protein lanes and ANP level changes calculated. In FTOWT cells, ANP expression is 
significantly elevated upon ET-1 induced hypertrophic stress response (p = < 0.0001). In FTOsiKD cells 
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ANP is also elevated, but to a lesser extent, which is in line with the attenuated hypertrophic growth 
observed with fluorescence microscopy. The mean with SEM is presented. An enhanced ANP blot 
with covered unspecific bands is shown in Appendix Figure 5.4. 

 

In summary, the FTO knockdown related effect on hypertrophic responses of iPSC-CMs 

strongly suggest that FTO manipulation, and therefore m6A RNA methylation manipulation 

may be a potential suitable target for treatment of hypertrophy. 

To determine whether the FTO downregulation has therapeutic potential, FTO manipulation 

was investigated in an in vivo mouse model, to elucidate the effect on a systems level. 
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3.3 The conditional Fto-knockout mouse  

Given the fact, that knockdown of FTO in iPSC-CMs of the pCTRL cell line resulted in 

attenuated hypertrophy, and also mean cell sizes of ET-1 treated FTOsiKD WTD2 cells were 

smaller than ET-1 stimulated FTOWT it was of interest, to elucidate if the attenuated hypertrophy 

would also be seen in vivo. Therefore, mice with a cardiomyocyte specific Fto knockout (FtocKO) 

were generated. In a cre-lox system, exons flanked by loxP-sites are excised by cre-

recombinase (Agah et al. 1997; Nagy 2000). In this specific mouse model, the third exon of 

Fto is flanked by loxP- sites in FTOflox animals, and when crossed to Myh6Cre animals this exon 

is excised by cre-recombinase (Figure 3.33 A). Exon 3 of Fto encodes ~40% of the protein and 

deletion of exon 3 results in a frame-shift of the downstream exons resulting in early termination 

of translation (Gao et al. 2010). As the cre-recombinase is under control of the Myosin Heavy 

Chain 6 (Myh6) promotor, expressed in CMs only (Agah et al. 1997), it is a CM specific 

conditional knockout (cKO). All mice were bred homozygous for the loxP-allele resulting in a 

homozygous cKO.  

3.3.1 Validation of the cardiomyocyte-specific knockout of Fto 

To verify a successful KO of Fto, first a successful recombination of loxP- sites via the cre-

recombinase and thus the exon 3 deletion was investigated with legacy PCR (Figure 3.33 B), 

then the Fto-mRNA levels were analyzed via RT-qPCR (Figure 3.33 C), and finally the depletion 

of FTO protein levels was verified with Western blot (Figure 3.33 D, E). 

To determine if exon 3 was successfully excised by the cre-recombinase in FtocKO animals, 

DNA was isolated from the left ventricles of mice and analyzed with legacy PCR. Littermate 

animals negative for cre-recombinase served as controls (FloxControl). A forward primer 

(FTO_genFOR), binding in front of the loxP-site was used in combination with a reverse primer, 

to bind downstream of exon 3 (FTO_recombination_R) (Figure 3.33 A). This would result in a 

PCR product of >2 kb size for the not-excised FloxControl exon, too long to be amplified. When 

recombination occurs, exon excision brings FTO_recombination_R binding site in proximity of 

the FTO_genFOR binding site, resulting in a PCR product of 345 bp in FTOcKO mice. The 

results of the legacy PCR demonstrated that the recombination was successful, as only FtocKO-

animals show bands at ~345 bp.  

As mentioned above, the Fto-mRNA levels were investigated. RNA was isolated from CMs 

and the Fto-mRNA level assessed via RT-qPCR. A clear reduction (Figure 3.33 C) of Fto-mRNA 

expression can be seen in FtocKO animals in comparison to their FloxControl littermates (-80%; p 

< 0.0001). The fact that residual Fto-mRNA is detected in FtocKO samples may derive from the 
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CM isolation procedure with some non-cardiomyocytes being isolated along the CMs. 

Furthermore, cre-mediated KO is only 80-90% effective, as shown by Agah et al. (Agah et al. 

1997). 

To determine the FTO expression in the FtocKO mouse model, Western blotting was performed 

using protein from isolated CMs from either FtocKO animals or their respective FloxControl 

littermates (Figure 3.33 D, E).  

The FTO protein level is significantly (p = 0.02) decreased in FtocKO animals by 77% (Figure 

3.33 E). Residual protein that could be detected in FtocKO CMs may derive from remaining non-

cardiomyocytes, as previously explained. 
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Figure 3.33 Validation of the FtocKO mouse line 
(A) Exon 3 of Fto is flanked by loxP-sites which are excised and re-joined by cre-recombinase 
resulting in a frame-shift of downstream exons. Exon sizes are to scale, introns and UTRs (grey) are 
not to scale for easier visualization. The primers for legacy PCR are indicated. (B) Excision of the 
floxed exon results in a 345 bp PCR product which otherwise would be 2 kb in size. Homozygously 
floxed, cre-negative littermates (cre- fl/fl) are designated FloxControl animals and do not produce the 
345 bp band in legacy PCR. Homozygously floxed cre-positive (cre+ fl/fl) FtocKO animals produce the 
345 bp band, indicating successfully excision of exon 3. FVBN mice served as an independent WT 
control. (C) RT-qPCR was performed on RNA extracted from isolated CMs of FtocKO mice as well as 
their FloxControl littermates. Cycles of Fto were normalized against s18, and the RNA expression level 
change calculated with the ddCt-method. t-test with Welch’s correction was performed for statistical 
analysis. CMs from different mice served as biological replicates with n = 8 for FloxControl and n = 6 for 
FtocKO. Samples were pipetted in duplicates for technical replication. (D) Western blot images show 
a reduction of FTO in FtocKO mice compared to FloxControl mice. The corresponding total protein lanes, 
used for normalization, are presented. (E) Specific FTO bands were normalized against total protein 
lanes and the relative protein level change of FtocKO mice compared to FloxControl calculated. The mean 
with SEM is presented. Protein extracted from different animals served as biological replicates (n = 4 
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per group). t-test with Welch’s correction was performed and significance level are shown above the 
bars. 

 

3.3.2 Phenotyping the knockout mouse model 

After the FtocKO mouse line was verified, it was necessary to determine whether the Fto-cKO 

influences the viability, heart dimensions, and heart function of the mice on a basal level, 

meaning otherwise healthy animals not challenged with TAC or other treatment. Therefore, the 

survival of FtocKO mice was monitored and the cardiac parameters of these animals analyzed 

with echocardiography. The designated FloxControl littermates served as control. Since cre-

recombinase was described to have cardiotoxic effects and to induce age-dependent DCM 

(Agah et al. 1997; Rehmani et al. 2019), for the following experiments, cre positive animals 

without flox-sites (cre+ +/+), from now on named CreControl, served as additional controls to rule 

out potential cre-mediated effects. 

3.3.2.1 Survival analysis 

FtocKO animals do not appear to have an initially higher mortality that can be connected to the 

knockout of Fto (Figure 3.34). The survival of FtocKO animals bearing the knockout is 

comparable to the CreControl animals. The median survival of FtocKO animals is 230.5 days, while 

the median survival of CreControl animals is 265 days (p = 0.7). Since FloxControl+ animals, carrying 

no recombinase, all survived until the last day of monitoring (day 400), the observed mortality 

of FtocKO and CreControl animals derives most likely from Cre-recombinase effects as already 

described by Agah et al. (Agah et al. 1997).  
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Figure 3.34 Basal survival is not affected by the Fto-KO until 8-months of age 
A Kaplan-Meier curve depicts the percentage of animals surviving over a time period of 400 days of 
monitoring on a basal level. The KO of Fto does not appear to have a basal impact on survival and 
only a cre-derived effect is seen, indicated by similar survival rates in the FtocKO and CreControl group 
(p = 0.7). The median survival of CreControl animals is 265 days, while FtocKO animals survive for a 
median of 230.5 days. All animals belonging to the FloxControl group were alive at the final day of 
monitoring (day 400). n = 13 for CreControl, n = 10 for FloxControl, and FtocKO. The Mantel-Cox test was 
used to determine significances between the groups which were as follows: CreControl vs. FloxControl p 
< 0.0001; FloxControl vs. FtocKO p < 0.0001; CreControl vs. FtocKO p = 0.7. 

3.3.2.2 Cardiac performance and morphometry of knockout-mice 

To further elucidate if depletion of Fto alters the cardiac phenotype on a basal level, FtocKO 

mice were echocardiographically analyzed every two months for half a year. Cre- negative 

littermates (FloxControl) as well as Cre-WT animals (CreControl) served as controls (Figure 3.35). 

Until 2 months of age the cardiac performance is comparable between all three groups (Figure 

3.35 A). With the progression of time, the ejection fraction (EF) of the FtocKO animals decreased 

significantly (Figure 3.35 D left panel) and the left ventricle showed dilatative growth, as 

demonstrated by an increased left ventricular interdimensional diameter (LVID) in comparison 

to the control groups (Figure 3.35 D right panel). This remodeling process was seen first after 

4 months of age and continues over time (Figure 3.35 B, C, D). The ventricular wall thickness, 

signified by the anterior wall thickness (AwTh), increased in both control groups (Figure 3.35 

D, middle panel), with the CreControl showing the greatest increase, potentially indicating the 

phenotypic change due to cre-recombinase activity and its cardiotoxicity (Agah et al. 1997; 

Rehmani et al. 2019). The AwTh in FtocKO animals began to increase over a time period of 4 
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months but stayed constant afterwards until the time point of 6 months, at which the AwTh of 

CreControl at this time point was higher (Figure 3.35 D middle panel).  

A general tendency towards concentric hypertrophic growth was observed in both control 

groups, which had no effect on the cardiac performance as the EF was mainly preserved. In 

FtocKO mice on the other hand, a dilatative phenotype developed over time, leading to a 

reduced EF and indicating an impaired cardiac performance. 

 

 

Figure 3.35 Basal echocardiographic analysis of FtocKO animals suggests a dilatative basal 
phenotype 
The overall cardiac phenotypes of FtocKO and control mice were assessed with echocardiography at 
an age of two months (A), four months (B) and six months (C). The ejection fraction (EF), anterior 
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wall thickness (AwTh) and left ventricular interdimensional diameter (LVID) are shown. Each point 
represents the measured value from one animal. One-way ANOVA together with Tukey’s multiple 
comparisons test were used. The error bars indicate SD, and significance levels are indicated. (D) 
The means ± SD of the parameters are presented over time. A trend of decreasing EF in FtocKO 
animals with increased dilatation (LVID) is seen whereas both control groups do not show significant 
remodeling. 

 

3.3.3 Response to TAC-induced hypertrophy in the Fto-cKO mouse model 

To further assess how the KO of Fto may affect cardiac remodeling in response to PO, the 

TAC model was used to induce HT. Although a basal phenotype can be observed in FtocKO 

animals over time (Figure 3.35), almost no difference between the FtocKO and control (FloxControl 

CreControl) groups was observed at two months of age, the time point at which TAC surgery is 

performed. Assessment of the post-TAC cardiac changes occurs both one week and four 

weeks after TAC, at which the mice are approximately 3 months of age. As the FloxControl group 

did not show a specific phenotype and were comparable to the CreControl group, and with 

respect to the reduction of animal numbers, further experiments were conducted with only the 

CreControl animals serving as the control group.   

3.3.3.1 TAC surgery with a 27-G needle 

To induce PO by aortic constriction, differently sized placeholder needles are used to tie the 

constriction knot. The unit for needle sizes are gauge numbers; the smaller the gauge number, 

the bigger the diameter of the needle and the lesser the constriction of the aorta. Due to a high 

consistency of both the results and the induction of severe hypertrophy, the standard needle 

size of 27 gauge (27G) was initially used to perform TAC surgery in FtocKO and CreControl 

animals. Sham animals underwent the same surgery and procedure without constriction of the 

aorta and served as control group to rule out surgery-induced, inflammatory, or anesthesia-

derived effects. 

One week post-surgery (Figure 3.36), the EF was already substantially reduced in FtocKO mice 

by 70% (corresponding to a difference of 36.9 %; p < 0.0001). In comparison, CreControl animals 

had a not significantly reduced EF by a difference of 13.7 % (p = 0.2) (Figure 3.36 A). The wall 

thickness increased in both groups significantly to a similar extent (0.32 mm in CreControl, p = 

0.02; 0.33 mm, p = 0.0002 in FtocKO) (Figure 3.36 B). These values conform to the typical 

adaptation response of the heart to the increased pressure overload. The CreControl group 

shows almost no change in LVID (-0.3 mm, p = 0.8) whereas in FtocKO animals a tendency 

toward increase in the LVID may be recognized (0.51 mm, p = 0.1) (Figure 3.36 C). The LVID 

of FtocKO animals is significantly bigger compared to CreControl animals (p = 0.009). Together 
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with the increased wall thickness, this points to comparable hypertrophic remodeling of FtocKO 

and CreControl animals, being of compensatory, concentric nature in CreControl animals with 

preserved EF, whereas the FtocKO animals show a worsened EF and dilatation and therefore 

undergoing faster progression to heart failure. 

 

 

Figure 3.36 Echocardiographic characterization of FtocKO animals one week after TAC with 
27-G needle 
Echocardiographic measurement was performed one week after TAC surgery. (A) The EF was 
impaired in FtocKO animals but mainly preserved in CreControl animals. (B) The AwTh was increased in 
both groups to a comparable extent. (C) The LVID was increased in response to TAC in FtocKO animals 
in comparison to PO challenged CreControl animals. Each dot represents one animal, mean ± SD is 
given, two-way Anova with Tukey’s correction for multiple comparison analysis was performed and 
significance levels between groups are indicated above measurements. 

 

Four weeks post-TAC the observed echocardiographic parameters are even more dramatic 

(Figure 3.37). The EF is significantly decreased in both FtocKO and CreControl groups and showed 

strongest reduction in the FtocKO group by 85 % (p < 0.0001) (Figure 3.37 A). The AwTh is 

increased in FtocKO animals (0.19 mm, p = 0.01) and a similar tendency may be recognized in 

CreControl animals (0.15 mm, p = 0.1 in CreControl) (Figure 3.37 B), which is less thick than seen 

after 1 week (~0.3 mm) (Figure 3.36 B). This suggests maladaptive cardiac remodeling with a 

thinning of the wall occurring when PO stress persists. Big differences could be seen between 

the two groups when comparing LV diameter. After four weeks post-TAC, a mild increase in 

LVID of the CreControl group may be appreciated in response to TAC compared to the respective 

Sham group (LVID in end-diastole increased by 0.48 mm, p = 0.3) (Figure 3.37 C). This may 

indicate maladaptive remodeling occurring after the initial compensatory state one week after 

TAC with the concentric growth. The dilatation of the FtocKO animals was significantly higher 

by 1.18 mm (p = 0.0004) in comparison to the FtocKO Sham group (Figure 3.37 C), strongly 

suggesting a dilatative hypertrophic response. 
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Figure 3.37 Echocardiographic characterization of FtocKO animals 4 weeks after TAC surgery 
with a 27-G needle 
FtocKO animals and CreControl animals were analyzed echocardiographically four weeks after TAC 
surgery. (A) The EF was impaired in CreControl animals but even more severely impaired in FtocKO 
animals. (B) The AwTh was increased in both groups, but less thick than one-week post-TAC. (C) 
The LVID was significantly increased in the FtocKO group. Each dot represents the measurement of 
one animal, mean ± SD is given, two-way Anova with Tukey’s correction for multiple comparison 
analysis was performed, and significance levels between groups indicated above measurements. 

 

3.3.3.2 TAC surgery with 26 G needle 

A strong response to PO was seen for FtocKO animals and CreControl animals when performing 

TAC using a 27-G needle. In order to reduce the burden of the TAC intervention itself, 

additional experiments were performed using a 26-G needle. This was also in interest of 

planned gene expression analysis, which are then more responsive to the phenotype than to 

surgical effects. Finally, it was concentrated on the time point of one-week post-TAC, at which 

echocardiographic parameters were already changed in TAC animals, to ensure a larger pool 

of surviving animals 

Echocardiographic analysis of the FtocKO mice and CreControl mice one week after TAC with the 

26-G needle (Figure 3.38) showed a result comparable to mice analyzed one week after TAC 

with the 27-G needle (Figure 3.36). In CreControl animals, the EF is preserved (9.5 % 

corresponding to a difference of -4.8 %; p = 0.6) (Figure 3.38 A), the AwTh is not significantly 

increased (0.16 mm; p = 0.08) (Figure 3.38 B), and the LV diameter is unchanged as well (by 

0.13 mm; p = 0.9) (Figure 3.38 C). The preserved EF may suggest compensatory, concentric 

growth, which may be supported by the trend toward increased AwTh in CreControl animals, 

even if not significant. However, the opposite effects were observed in the FtocKO group. The 

EF was significantly reduced by 48 % (corresponding to a difference of 23.6 %; p = 0.0001) 

(Figure 3.38 A). The ventricle did not show a significant dilatation upon TAC compared to Sham 

FtocKO animals (0.41 mm; p = 0.2) (Figure 3.38 C), but when comparing TAC challenged groups, 



Results 

 

96 
 

the LVID is significantly dilated (p < 0.0001) in FtocKO animals compared to CreControl animals. 

The AwTh of FtocKO animals is unchanged in response to TAC (-0.02 mm; p>0.9) (Figure 3.38 

B). The increased LVID and the unchanged wall thickness fit an early DCM-like heart failure 

phenotype, in which heart mass is increased, but wall thickness is normal (Figure 3.38).  

 

Figure 3.38 Echocardiographic characterization of FtocKO animals one week after TAC with a 
26-G needle 
FtocKO animals and CreControl animals were analyzed echocardiographically one week after TAC 
surgery using a 26-G needle. (A) The CreControl group showed parameters of compensated 
hypertrophy with a preserved EF, whereas the EF is significantly decreased in FtocKO animals. (B) 
The AwTh is unchanged in both FtocKO and CreControl animals upon TAC (C) The LVID is unchanged 
in response to TAC in CreControl animals, whereas it trended toward increase in FtocKO animals. 
Although not significant when compared between TAC and Sham FtocKO animals, the LV is 
significantly dilated in FtocKO animals compared to TAC challenged CreControl animals. Each dot 
represents the measurement of one animal, mean ± SD is given, two-way Anova with Tukey’s 
correction for multiple comparison analysis was performed and significance levels between groups 
indicated above measurements.  

 

3.3.3.3 FtocKO mice show different cardiac remodeling than CreControl mice 

To better understand the difference between the hypertrophic responses of FtocKO and CreControl 

animals in response to TAC induced PO, the ratio of LV weight and tibia length (LV/TL) as well 

as the relative wall thickness (RWT) was calculated (Figure 3.39). An increase in the LV/TL 

ratio after TAC in comparison to baseline (Sham) is usually an indicator of hypertrophic growth. 

An increase in RWT in response to TAC indicates a concentric growth, a decrease an eccentric 

growth. 

The relative wall thickness (RWT) is calculated by dividing the sum of the anterior wall 

thickness (AwTh) and posterior wall thickness (PwTh) by the LV inner dimension (LVID): 

𝐴𝑤𝑇ℎ + 𝑃𝑤𝑇ℎ

𝐿𝑉𝐼𝐷
 = 𝑅𝑊𝑇 
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The LV/TL ratio, calculated from CreControl and FtocKO animals (Figure 3.39 A), increased in TAC 

animals compared to Sham animals in both groups. Even if not being significant, a tendency 

towards increase can be recognized suggesting hypertrophic growth. 

The RWT increases in CreControl animals challenged with PO (Figure 3.39 B) significantly by 0.1 

(p = 0.008), indicating  concentric hypertrophy. In the FtocKO group, no change is seen of the 

RWT (p  = 0.5), suggesting less concentric growth, and rather early dilatation of the LVs of 

these animals (Figure 3.38).  

 

 

Figure 3.39 Fto-KO affects the hypertrophic response 
(A) The LV/TL ratio shows tendencies of hypertrophy in both, FtocKO as well as CreControl animals. 
Even if not significant, a trend can be recognized. (B) The relative wall thickness (RWT) demonstrates 
concentric hypertrophy in CreControl animals, whereas FtocKO animals show no changes in RWT. Each 
dot represents the measurement of one animal and bars were added to visualize the trends and 
changes better. Two-way Anova with Tukey’s multiple comparison test was performed, and 
significance levels presented. 

 

Ultimately it appears, that the cKO of Fto leads to a worsened adaptation to pressure overload 

with a strong decrease in EF, and a tendency towards early dilatative growth. Therefore, 

cardiac performance is impaired in animals bearing the Fto KO (FtocKO) in comparison to 

CreControl animals, in which compensated hypertrophy with preserved EF may be recognized. 

This maladaptive response in FtocKO mice in response to TAC is in line with the basal 

phenotype observed in these animals, but with a faster progression. 
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4. Discussion 

RNA methylation is an emerging field of research interest. It is studied extensively for the last 

decade after newly developed methods, such as MeRIP-seq (Dominissini et al. 2012), allowed 

the detection and characterization of m6A methylation and gave rise to the new term of 

‘epitranscriptomics’. m6A RNA methylation, as the most abundant epigenetic modification in 

RNA (Fu et al. 2014), is dynamic and reversible (Fu et al. 2014; Roundtree et al. 2017; Yang 

et al. 2018), and found in many classes of RNA, such as mRNA, tRNA, rRNA, miRNA or 

circular RNAs (Dominissini et al. 2012). As an additional layer of gene expression regulation, 

the epitranscriptome was investigated in various fields and diseases such as cancer (Li Z et 

al. 2017; Zhang et al. 2017; Lan et al. 2019; Yue et al. 2019; Liu et al. 2020), neurodegenerative 

disorders (Hess et al. 2013; Widagdo and Anggono 2018; Han et al. 2020) or developmental 

biology (Boissel et al. 2009). Nevertheless, only little is known about its role in cardiovascular 

diseases (CVDs) and only a few studies reported on the role of m6A methylation in the heart, 

which mainly concentrated on in vitro studies and direct METTL3 manipulation (Dorn et al. 

2019; Kmietczyk et al. 2019; Mathiyalagan et al. 2019). None of them provided a complete 

epitranscriptomic landscape of the m6A RNA methylation in mouse and human LV tissue which 

was the first goal of my study. 

4.1 The RNA methylation machinery allows dynamic methylation in 

cardiac tissues  

Previous studies already showed, that m6A RNA methylation can regulate gene expression 

post-transcriptionally in various cell types (Fu et al. 2014; Wang and He 2014). Therefore, I 

first wanted to analyze the m6A landscape in case of cardiac hypertrophy and heart failure, 

which was never reported by the time the project was started. 

First, I could show that the RNA methylation machinery, consisting out of the 

methyltransferases METTL3 and METTL14 and the demethylase FTO, is present in mouse 

and human left ventricular (LV) tissue (Figure 3.1). This potentially allows the addition of m6A 

marks to adenosine of RNAs by METTL3 and METTL14 functioning as writer-proteins. The 

demethylase FTO, which acts as an eraser of the m6A mark, is present in LV of both species 

as well. Interestingly, the protein level of the writers and erasers was found to be mainly 

unchanged in diseased cardiac tissues, as shown by Western blot analysis of healthy and 

failing heart LV tissue of mouse and human (Figure 3.1, Appendix Figure 5.1). A similar 

observation was made by Kmietczyk et al., who reported METTL3 and FTO protein level being 

unchanged in human DCM hearts compared to healthy hearts (Kmietczyk et al. 2019). This 

finding contradicts the finding of Mathiyalagan et al., where a decrease in FTO levels was 
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reported in failing ischemic hearts (Mathiyalagan et al. 2019). However, it must be mentioned 

that this decrease was seen in the infarction and peri-infarction zone only, whereas no such 

change occurred in non-ischemic tissue. As their study focused on ischemic cardiac 

myopathies (ICM) and the LVs used in my study are mainly of DCM nature or taken from non-

infarction zones from ICM tissues, they represent more end-stage HF condition. This may 

explain these discrepancies and shows the putative versatility of the methylation machinery.  

4.2 The epitranscriptome of mouse and human hearts elucidated 

By applying MeRIP-Seq, the global m6A landscape (epitranscriptome) could be elucidated. 

Analysis of healthy mouse and human LV tissue showed that a significant number of all 

detected transcripts carries m6A marks. 24.09% of all transcripts were methylated in mouse 

LV tissue, and 14.6% in human LV tissue. Furthermore, the highly conserved consensus motif 

DRACH (D = A, G or U, H = A, C or U) was identified to be the main methylation site in 

transcripts in cardiac tissues. This motif occurs approximately once every ~57nt in mRNA, 

potentially allowing methylation of every transcript (Zaccara et al. 2019), and was already 

reported to be the main site for m6A methylation in RNA (Wei and Moss 1977; Linder et al. 

2015). Additionally, the relative quantification of detected m6A peaks across all transcripts 

showed enrichment toward the transcription end site and the 3’ UTR, a distribution reported 

similarly in other tissues (Dominissini et al. 2012; Meyer et al. 2012; Chang et al. 2017; 

Slobodin et al. 2017). This findings are in line with recent reports on relative enrichment of 

methylation marks in the UTRs in cell culture of neonatal rat cardiomyocytes (NRCM) (Dorn et 

al. 2019).  

Interestingly, in mice a majority of the methylated transcripts carried the m6A marks in the CDS 

(~52%) or 3’ UTR and CDS (25,6%) at the same time, and only a small amount in the 5’ UTR 

and CDS (~8%) or exclusively in the 5’ UTR (~0.4%) or 3’ UTR (~7,6%) (Figure 3.3). In human 

tissue, also transcripts were mainly methylated in the CDS (~53,2%), and fewer in the 5’ UTR 

and CDS at the same time (~3,5%), whereas a substantial amount was exclusively methylated 

within the 3’ UTR (31,3%) (Figure 3.3). Similar enrichment of m6A methylation marks was also 

presented in previous studies (Dominissini et al. 2012; Meyer et al. 2012; Ke et al. 2015). Ke 

et al. for example found more than 70% of all detected m6A marks in their study to be located 

in the last exon, which includes the 3’ UTR, in various tissues (Ke et al. 2015). 

Because of the distribution of methylation marks across the regulatory sites of transcripts, it 

was interesting to have a closer look at the functions of the genes whose transcripts were 

methylated either in the 5’ UTR and CDS or exclusively in the 3’ UTR (Figure 3.4). GO term 

analysis demonstrated that transcripts methylated in the 5’ UTR and CDS mainly participate in 
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metabolic and catabolic processes, whereas 3’ UTR methylated transcripts are involved in 

signal transduction pathways. This was found to be true for mouse and human transcripts. 

Furthermore, 550 transcripts are commonly methylated in both tissues (Figure 3.5). GO 

analysis showed that these transcripts are of cardiac specificity, as represented by GO clusters 

of ‘heart development’, ‘circulatory system development’ and ‘vasculogenesis’ as well as 

clusters representing metabolic processes, similar GO-terms associated with 5’ UTR/CDS and 

3’ UTR methylated transcripts. Additionally, the GO term ‘energy derivation by oxidation of 

organic compounds’ may represent participation of methylated transcripts in mitochondrial 

function. Mitochondria are especially important in CMs due to the high demand of energy in 

these cells and mitochondrial dysfunction is associated with various CVDs, such as 

atherosclerosis, hypertrophy and heart failure (Siasos et al. 2018). 

4.3 Hypertrophy and heart failure were successfully induced in mice 

As demonstrated for the healthy heart, m6A RNA methylation is present in cardiac tissue and 

may have regulatory functions. Therefore, the role of m6A methylation in the development of 

cardiac HT and HF was investigated. To study HT and HF, the well described TAC surgery 

was performed in wildtype mice (deAlmeida et al. 2010). Echocardiographic analysis of LVs 

revealed successful induction of HT one week after the TAC surgery (Figure 3.6). Mice that 

received TAC surgery showed increased anterior wall thickness (AwTh) with a preserved EF, 

indicating the compensatory state where the hypertrophic growth sustains sufficient blood 

output of the pressure overloaded heart (Norton et al. 2002). 8 weeks after TAC surgery (Figure 

3.7), the EF was significantly decreased in TAC animals despite a thickened wall compared to 

Sham animals, depicting the inability of the heart to preserve sufficient blood flow resulting in 

HF. Therefore, this model was suitable for the analysis of the transcriptome, as well as the 

epitranscriptome in the progression to heart failure.  

4.4 Transcriptomic changes in response to cardiac stress account for 

cardiac plasticity and remodeling processes 

NGS was performed to study the RNA expression in LVs of mice. Compared to Sham, in LV 

tissue of TAC-mice 217 genes were found to be differentially expressed upon hypertrophy, and 

174 in heart failure (log2Fc ≥ 1 or ≤ -1, Padj ≤ 0.05). Consistent with recent literature (Nomura 

et al. 2018), these transcripts mainly participate in pathways regulating cardiac plasticity and 

remodeling at both time points. Further comparison of these transcripts underlines the finding, 

that RNA expression of genes mainly influences the cardiac plasticity and structural response 

to cardiac stress. 71 genes were differentially deregulated similarly in cardiac HT and the HF 
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state compared to Sham mice and GO term analysis of these revealed that they code for genes 

important in hypertrophic responses, remodeling, and cardiac plasticity (Figure 3.8).  

The human disease was analyzed to a similar extent. Human LV tissue from heart explants of 

patients with HF, being of both ischemic and dilatative nature (ICM and DCM, respectively) 

was used for transcriptomic analysis. Transcripts deregulated in comparison to healthy human 

cardiac LV tissue were detected and further analyzed. Changes of the human end-stage HF 

transcriptome is consistent with the findings from mice, as the identified 228 differentially 

expressed genes from human HF tissue are mainly involved in pathways regulating heart 

morphology and remodeling (Figure 3.9). A hypertrophic state in the human model was not 

analyzed. Even though tissue of hypertrophic human hearts was available, those biopsies were 

rather small and not suitable for extraction of the big amount of RNA needed for MeRIP-Seq. 

Therefore, I concentrated on human end-stage HF tissue, where a sufficient amount of tissue 

was available due to complete ex-plantation of hearts which is performed in end-stage HF 

when no other options of treatment are available. 

4.5 The epitranscriptome changes in response to cardiac stress 

Transcriptomic changes of morphological and functional signatures have previously been 

correlated with stress-induced structural changes of the heart during the progression to heart 

failure (Nomura et al. 2018). To uncover the role of the epitranscriptome in HF development, 

m6A methylation changes in LV tissue of hypertrophic and failing hearts in comparison to 

healthy hearts was investigated. Analysis was performed similar to the MeRIP Sequencing 

applied to describe the basal landscape of m6A methylation in healthy heart tissues. It is 

important to mention, that the same cutoffs were applied for differential expression and 

differential methylation (log2FC ≥ 1 or ≤ -1, Padj ≤ 0.05) to make changes comparable and 

only investigate transcripts changed stably and strongly on expression and methylation level. 

4.5.1 Methylation changes outnumber expression changes by far 

Interestingly, the analysis of m6A RNA methylation in response to cardiac stress revealed that 

the change of the RNA methylation level exceeds the change of expression level by far. Many 

more transcripts were differentially methylated than differentially expressed in mouse HT (1611 

vs 217 respectively, Figure 3.10 A), mouse HF (1182 vs 174 respectively, Figure 3.12 A) as well 

as in human HF (1249 vs 228 respectively, Figure 3.14 A). Interestingly, changes in methylation 

occurred despite the fact that the methylation machinery was mainly unchanged at the protein 

level. Only the METTL3 protein level was decreased in HF tissue of mice, potentially explaining 

why more hypomethylated peaks were detected in murine HF tissue. However, since also in 
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human HF tissue more hypomethylated peaks were detected, but the METTL3 protein level 

was unchanged, observed hypomethylation may not solely be mediated by METTL3. The 

mechanisms by which ‘writers’ and ‘eraser’ discriminate which RNAs to methylate or to 

demethylate remains largely unknown (Zaccara et al. 2019). Yet, there is first evidence that 

the proteins of the methylation machinery can be modified post-translationally by themselves 

(Yeo and O’Rahilly 2012; Wang P et al. 2016; Du et al. 2018). For example, METTL3 was 

shown to have reduced methyltransferase activity upon SUMOylation, decreasing m6A levels 

of mRNAs (Du et al. 2018). This is one possible explanation for the observed considerable 

differential methylation changes even though the protein levels of the methylation machinery 

itself remained mainly unchanged throughout disease progression. Yet, more research is 

needed to elucidate how the m6A epitranscriptome is installed in a selective manner in CMs. 

Nevertheless, the significant methylation changes observed upon progression to heart failure 

mainly occur in the CDS and 3’ UTR in mouse HT as well as mouse and human HF (Figure 

3.10 A, Figure 3.12 A, Figure 3.14 A). This is in line with the earlier described epitranscriptomic 

landscape in healthy heart tissues, as well as with the assumption of Ke et al. that the 

enrichment in 3’ UTR allows potential regulation of the 3’ UTR (Ke et al. 2015). The 3’ UTR 

bears consensus motifs for microRNA (miRNA) interaction (Jonas and Izaurralde 2015), 

therefore, m6A methylation at or near this miRNA binding motifs may affect miRNA mediated 

mRNA regulation (Fazi and Fatica 2019). In addition, miRNAs can be m6A methylated 

themselves (Berulava et al. 2015b), which adds yet another layer to the epigenetic control of 

cellular processes, and would be interesting to investigate more specifically in the future.  

It was previously described (Feng et al. 2015), that apoptotic, dying CMs excrete cardiac 

RNAs. This extracellular RNA (exRNA) was shown to induce cytokines and to trigger an 

inflammatory response in a paracrine manner in other heart cells via Toll like receptor 7. The 

later subsequently leads to MAPK and NFkB pathway induction and hence inflammation. This 

mechanism was developed by cells to react to pathological RNA, for example viral RNA, and 

to evade viral replication (Brencicova and Diebold 2013). Although it is unknown how cells 

distinguish between foreign RNA and intrinsic RNA (Feng et al. 2015), it is hypothesized that 

m6A marks abrogate an immune stimulatory effect of exRNAs (Koski et al. 2004; Karikó et al. 

2008). Therefore, a potential effect of the many methylated transcripts seen in my study may 

be to prevent inflammation, even though this may only be true for the hypermethylated 

transcripts, as hypomethylated transcripts would not be masked for their inflammatory 

potential. 
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4.5.2 Only a small number of transcripts is affected at the methylation and 

expression level at the same time 

Even though many more transcripts were differentially methylated than expressed, still a 

notable amount was also differentially expressed (217 mouse HT, 174 mouse HF, 228 human 

HF). Only very few transcripts were deregulated at the expression and methylation level at the 

same time when the same cutoff was applied, more specifically only 78 in mouse HT, 47 in 

mouse HF and 30 in human HF (Figure 3.10 B, Figure 3.12 B, Figure 3.14 B respectively). GO 

term analysis revealed that these transcripts code mainly for proteins involved in remodeling 

processes and cardiac plasticity, similar to pathways found to be affected by RNA expression. 

It is important to mention, that in case of transcripts that changed expression levels and 

methylation degree, one cannot rule out that methylation impacts the level of the same 

transcript. RNA methylation was already proposed to have an impact on RNA decay rate and 

stability by protection from or tagging for degradation (Zaccara et al. 2019; Lee et al. 2020). 

This process may either be mediated by reader proteins, recruiting nucleases, or by direct 

conformational changes of methylated RNA, the so called ‘m6A switch’ (Liu et al. 2015). The 

methylation dependent mechanisms may result in their protection from, or recognition for 

decay (Wang et al. 2014; Wang et al. 2015). Moreover, splicing may affect transcript 

abundance, as wrongly spliced products are recognized for degradation (Hilleren and Parker 

2003; Fasken and Corbett 2009). Therefore, RNA stability influencing processes may take 

place for the transcripts that changed their methylation and expression level at the same time. 

In summary, RNA methylation may alter the expression level of transcripts by regulating their 

half-life time, thus indirectly affecting cardiac remodeling. Even more, the fetal gene program 

is re-expressed in progression to heart failure (Frey and Olson 2003), and m6A methylation 

may affect this process. Translation regulation or altered alternative splicing (Wang et al. 2015; 

Slobodin et al. 2017) may be the mechanism how m6A affects fetal re-expression. In line with 

above mentioned hypothesis, fetal splice variants were shown to be present in cardiac 

hypertrophy (Ames et al. 2013). 

4.5.3 Transcripts changed at their methylation level reveal substantially 

different Functions than those changed at expression level – a fast 

response mechanism 

Pathway analysis of the transcripts that were only changed at their methylation level 

demonstrated that they participate in substantially different cellular functions compared to 

differentially expressed mRNAs. Where expression changes mainly affect cardiac plasticity 

and structural changes, differentially methylated transcripts participate mainly in catabolic and 
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metabolic processes as well as signal transduction (Figure 3.11, Figure 3.13, Figure 3.15). More 

specifically, transcripts being hypomethylated were found to be coding for metabolic and 

catabolic processes in mouse HT as well as in mouse and human HF, whereas in the late HF 

state mitochondrial pathways were found additionally. Hypermethylated transcripts were 

associated with GO terms of signal transduction in mouse HT and HF as well as human HF. 

In the late disease stage (mouse and human HF), a few remodeling pathways were found in 

addition to signal transduction pathways for hypermethylated transcripts.  

These findings suggest a fast response mechanism, with which cells can rapidly adapt to 

cellular stress. Expression changes need time to establish (de Nadal et al. 2011), whereas 

m6A methylation is a more rapid process and methylation changes have been reported to be 

induced already shortly after stress induction (Engel et al. 2018). This would explain why the 

dynamic and reversible RNA methylation mainly affects catabolic and metabolic processes, as 

well as signal transduction pathways. By epitranscriptomic changes, these networks could be 

fine-tuned and regulated in a rather short time, hence allowing fast response of cells to their 

need upon stress induction, like energy conservation (catabolic/metabolic) and rapid signaling. 

The importance of kinase-regulated signaling and MAPK pathways in hypertrophy has been 

well described (Liu et al. 2012; van Berlo et al. 2013). Since these pathways were affected by 

RNA methylation, this may indicate the importance of RNA methylation in cardiac diseases. 

Two recent studies support the involvement of RNA methylation in cardiac stress response. 

Dorn et al., found hypertrophy-dependent methylation of mRNAs encoding kinases (Dorn et 

al. 2019), and Kmietczyk et al. described enrichment of genes that regulate signal transduction 

to be methylated (Kmietczyk et al. 2019). 

Even more specifically, methylated transcripts detected in my study encode several 

transcription factors (FOXO1, FOXO4, Elf5A), epigenetic proteins (SMYD1, DICER1, RBM20) 

and other regulators of gene expression (i.e ERK, MDM2). Therefore, m6A methylation may 

influence the early steps of gene expression, which are also important for the fast adaptation 

of cells to external stimuli. 

In late stage HF, methylation changed transcripts were also associated with pathways that 

belong to remodeling processes. The reason for that may be that many cellular processes in 

CMs in the failing heart situation are deregulated and impaired. Because of that, structural 

pathways may be regulated by methylation without the need of expression change as the cell 

tries to compensate for the stress. 
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4.5.4 m6A RNA methylation affects translation 

Previous studies in cardiology have shown, that protein expression does not always correlate 

with their corresponding mRNA abundance (Brundel et al. 2001; Su et al. 2015), especially in 

response to pathological stimuli. Given that a majority of transcripts was altered only at their 

methylation level without expression being affected, other mechanisms than m6A influencing 

mRNA expression and hence protein abundance are likely to be present. In line with this, only 

mild correlations were observed between the methylation level and transcript abundance in 

healthy hearts (Figure 3.4 B, D), and also transcripts found differentially methylated and 

expressed in disease response do not correlate when analyzed in healthy tissue (Figure 3.17). 

m6A RNA methylation is was reported to impact translation, for example by 5’cap independent 

translation initiation (Meyer et al. 2015), by reader protein mediated mechanisms (Shi H et al. 

2017) or direct conformational changes of the RNA tertiary structure by the m6A switch (Liu et 

al. 2015). One of the most likely mechanisms may be that m6A methylation impacts translation 

by affecting ribosome occupancy (Bodi et al. 2015; Meyer et al. 2015), analyzed in this study 

via polysomal profiling.  

225 transcripts were found to be differentially translated in the polysomal fraction in mouse 

heart failure in comparison to healthy control tissue (Figure 3.18). Interestingly, transcripts 

depleted from the polysome fraction were mainly found associated with GO terms of metabolic 

and catabolic pathways, similar to hypomethylated transcripts in the disease state (Figure 

3.13). Furthermore, mRNAs enriched in the polysome fraction were coding for proteins involved 

in GO terms of structural pathways and more importantly signal transduction, similar to those 

found to be hypermethylated (Figure 3.13). A correlation analysis of methylation changes and 

polysome occupancy was performed and confirmed that the methylation level of mRNAs 

significantly correlates with their translation in murine HF tissue (r = 0.37, p = 2.2e-16) (Figure 

3.19). Due to sample limitation, only failing hearts from mice were analyzed in polysome 

profiling. To obtain information on human data, orthologous genes in humans that were 

correlated between their m6A and translation, were analyzed (Figure 3.20). Just as in mice, the 

cross-species analysis demonstrated a significant positive correlation between RNA 

methylation and translation rate. Even more, those transcripts reveal cardiac specificity 

suggesting a potential role of methylation on translation in cardiac tissues. 

4.5.5 A potential mechanism of transcription independent translation control 

Since methylation levels correlated with the translation, a mechanism of transcription 

independent translation control mediated by m6A RNA methylation was hypothesized. 

Thereby, a methylation increase, or decrease may lead to changed protein levels of the 
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according genes. To test the hypothesis, the data was screened for cardio-specific transcripts 

that were differentially methylated and differentially translated by the polysome, but otherwise 

unchanged at their abundance (expression level). Investigation of the protein level of one 

interesting target was possible. Calmodulin1 (CALM1) changed protein level in response to HF 

dependent on the mRNA methylation level only in both mouse and human. Calm1 is a calcium 

ion sensor especially important in cardiac contraction coupling (Boczek et al. 2016; Yu et al. 

2016). Calm1 was unchanged at the expression level in response to heart failure but was 

hypomethylated in the MeRIP data. Hypomethylation was confirmed by independent RT-

qPCR. The protein level of this target was significantly decreased in both, mouse and human 

tissue (Figure 3.21, Figure 3.22) when analyzed with Western blot, leading to the conclusion 

that hypomethylation may negatively influence translation. These findings suggest that, 

independent of mRNA abundance, the translation is directly affected by the methylation state. 

This may explain the discrepancy between protein level and mRNA level described in other 

studies (Brundel et al. 2001; Su et al. 2015).  

Such effect may be mediated by RNA binding proteins (RBP), so called ‘reader’ proteins in the 

cytoplasm. The typical m6A reader protein YTHDF1 was shown to bind to the translation factor 

elf3, which recruits the small ribosomal subunit to enhance translation (Wang et al. 2015). 

Another possible mechanism is the previously discovered 5’cap independent translation 

(Meyer et al. 2015). Upon methylation of the 5’ UTR, elf3 was shown to directly bind to the 

translation start site without the usual requirement of elf4E binding that normally recruits elf3 

to the 5’ UTR (Jackson et al. 2010). 

4.5.6 m6A methylation in hypertrophy and heart failure may act in a ‘fast-

response’ mechanism by accelerating translation and turnover 

Interestingly, hypomethylated and polysome depleted genes are involved in metabolic and 

catabolic processes, whereas, genes that were hypermethylated and enriched in the polysome 

are involved in signal transduction. It was previously described, that demethylation increases 

RNA stability whereas methylation reduces the half-life time of transcripts (Wang et al. 2014), 

tagging them for degradation. This suggests a passive mechanism for polysomal enrichment 

of hypomethylated and polysomal depletion of hypermethylated transcripts. However, in this 

study only a negligible number of transcripts was differentially methylated and expressed at 

the same time (Figure 3.10, Figure 3.12, Figure 3.14). Therefore, the later mechanism could 

explain only a small portion of the observations here.  

Previous studies found stably expressed genes, such as “housekeeping genes” or ribosomal 

proteins, to be de-enriched in m6A (hypomethylated) (Schwartz et al. 2014). So, in my case, 
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the hypomethylated transcripts may be more stable and have a longer half-life time, but do not 

accumulate as they are not constantly newly transcribed. This would make sense given that 

mainly pathways for energy conservation mechanisms (catabolic/metabolic) were affected. 

These energy conservation mechanisms are critical in diseased CMs and mRNAs coding for 

these mechanisms are constantly needed. In other words, hypomethylation leads to increased 

mRNA stability, enabling constant translation without the need of de novo transcription. In 

contrast, hypermethylated transcripts mainly code for signal transduction pathways and, 

therefore, may participate in the fast response mechanism. With hypermethylation, the 

transcript turnover may be accelerated by a m6A-dependent shorter half-life time (Du et al. 

2016; Ke et al. 2017), but at the same time this methylation marks may tag the mRNAs for 

increased translation, as seen by enrichment in polysomes (Figure 3.18). 

Taken together, hypomethylation might increase stability and transcripts affected are those 

continuously needed. Thus, they do not need to be newly synthesized but are stored in the 

cytoplasm or at cell compartments, allowing continuous rather than fast translation (Lewis et 

al. 2018). Lewis et al. already hypothesized such regulation mechanism in CMs. They could 

show that in CMs ribosomes are also present at the sarcomeres, and that mRNAs coding for 

sarcomeric proteins are collocated at those ribosomes allowing better maintenance of 

sarcomeric renewal. However, how exactly those mRNAs are selectively transported and 

stored remains unknown. m6A methylation of sarcomeric transcripts may be an explanation 

for organization of sarcomeric maintenance. Due to the big size of CMs, methylation dependent 

intracellular distribution of mRNAs would be a suitable mechanism to keep stable transcripts 

with a long half-life time in the cell’s cytosol. Thereby, newly synthesized mRNA does not need 

to be transported long ways from the nucleus to the far ends of myocytes (Lewis et al. 2018). 

As the RNA methylation machinery is mainly present in the nucleus (Bokar et al. 1997; Zheng 

et al. 2013; Meyer and Jaffrey 2017), and RNA methylation mainly occurs co-transcriptionally 

(Barbieri et al. 2017; Bertero et al. 2018; Huang et al. 2019), this mechanism seems even more 

plausible to be adapted in CMs. Due to their size with long distance from the nucleus to outer 

parts of the cytosol, the mRNAs fate may be decided already in the nucleus. On the other 

hand, RNA can also be methylated in the cytoplasm. It was shown in neurons that methylation 

changes happened in the synapses far away from the nucleus (Merkurjev et al. 2018). Hence, 

this mechanism may additionally take place in CMs where different methylation degrees of 

mRNAs directly at the sarcomeres may help in maintaining sarcomeric integrity. 

In contrast to hypomethylation, described hypermethylated and ribosome-dense (polysomal) 

transcripts are involved in signal transduction pathways like ‘regulation of calcium-mediated 

signaling’, ‘response to ischemia’ or apoptotic signaling pathways (Figure 3.12, Figure 3.18). 

The observed reduced half-life time and polysome formation suggests a stress-dependent fast-
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response mechanism with a faster turnover rate on the one hand, and a ‘burst-like’ translation, 

on the other hand. Hence, having a shorter half-life time, these transcripts have a faster 

turnover rate (Ke et al. 2017) helping the cells to adapt quickly to signal transduction regulation, 

which again reflects the fast response mechanism mentioned before. Additional induction of 

translation by m6A marks may ensure that those transcripts are processed by ribosomes 

before being degraded. The enrichment of genes participating in signaling pathways in the 

polysome fraction, could possibly represent the higher readthrough of those transcripts. A 

possible mechanism of higher translation rate of hypermethylated transcripts may be the 

recently discovered impact of m6A RNA on liquid-liquid phase separation (LLPS) (Ries et al. 

2019). Ries et.al. showed that the m6A RNA reader proteins YTHDF1-3 contain low complexity 

domains and can interact with each other when incubated with RNA. When incubated with 

m6A methylated RNA, this effect was enhanced promoting phase separation. These 

membraneless compartments may be used by cells to store or degrade RNA, or to transport 

RNAs to specific locations within the cell over longer distance (Langdon and Gladfelter 2018), 

protecting them from degradation during transport time. In addition to LLPS, YTHDF1-3 may 

also participate in the hypothesized mechanisms of fast response with fast turnover by their 

innate functions recently described (Du et al. 2016; Shi H et al. 2017). It was shown, that 

YTHDF3 together with DF1 increases mRNA translation (Shi H et al. 2017) while DF2 leads to 

mRNA decay by accelerating de-adenylation (Du et al. 2016). Shi et al. proposed a similar 

mechanism, where methylated RNA, exported from the nucleus, is first recognized by YTHDF3 

or a DF3-DF1 complex. Additional binding of YTHDF2 and therefore partitioning of the mRNA 

between these three readers would then lead to decay by de-adenylation after DF3 mediated 

translation. This would support my hypothesis that this mechanism of fast-translation with fast-

turnover (Figure 4.1) is also in place in cardiac tissues, explaining how the hypermethylated 

transcripts in this study are participating in fast response.  

The mechanism of cytosolic reader mediated translation control especially in CMs is further 

underlined by an interesting study, where they identified 1148 RNA-binding proteins (RBPs), 

of which 393 are uniquely found in CMs (Liao et al. 2016). These RBPs, acting as reader 

proteins, were described to participate in regulation of metabolic and catabolic processes and 

in cardio-specific diseases. Furthermore, many contained low complexity domains, therefore 

allowing granule formation. Another study revealed, that RBPs can interact with target 

sequences at 5’ UTRs and 3’ UTRs, as well as intronic and exonic regions (de Bruin et al. 

2017) and were especially described to regulate splicing in cardiac remodeling response (Xu 

et al. 2005; Giudice et al. 2014). Although it is unknown how exactly m6A may regulate RBP 

binding, either by direct conformational changes (m6A switch) or other mechanisms, its 

involvement in the process underlines the importance of m6A in CMs and hence cardiac 

diseases.  
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Another hypothetic mechanism of enhanced translation is mRNA looping. It was shown that 

METTL3, normally acting as a writer of the m6A code, can also act as a reader (Choe et al. 

2018). METTL3 can bind to the methylated sites at the 3’ UTR and stop codon and interact 

with the translation factor elf3, which binds in the 5’ UTR, leading to mRNA looping. mRNA 

circularization allows easy ribosomal re-entry and thus fast repetitive translation.      

It is important to mention that conclusions on translation from polysome profiling are limited 

due to its technical nature as only ribosome-dense transcripts are covered whereas mRNAs 

translated by single or only a few ribosomes are missed from the analysis. It is likely that 

hypomethylated transcripts encoding catabolic and metabolic proteins are translated 

continuously and slower by normal ribosomal read-through, whereas hypermethylated 

transcripts coding for signal transduction pathways are enriched in the polysome, being highly 

translated before their degradation (Figure 4.1).  
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Figure 4.1 Transcripts changed at the methylation level are substantially different from those 
changed at the expression level – a potential fast-translation with fast-turnover mechanism 
Transcripts differentially expressed in heart failure were mainly found in GO terms of remodeling and 
cardiac plasticity mechanisms, those differentially methylated were found in GO terms of metabolism 
and catabolism when hypomethylated and in signal transduction and developmental processes when 
hypermethylated. Transcripts differentially changed at the expression and methylation level at the 
same time were found associated with GO terms similar to GO terms found for differentially expressed 
transcripts. Interestingly, transcripts only changed at the methylation level correlated with polysomal 
occupancy, hence translation rate. Hypomethylated transcripts code for similar GO terms as those 
depleted in the polysomal fraction. The hypomethylation may increase their half-life time and slow 
their turnover, so that they do not need to be newly transcribed allowing a continuous, ‘slow but 
steady’ translation. This especially makes sense for the found metabolic and catabolic processes, 
which allows the cell to conserve energy. In line with this, transcripts hypermethylated were found 
associated with similar GO terms like those being enriched in the polysome. The hypermethylation 
may induce translation, hence polysomal enrichment, and a fast turnover at the same time. This would 
ensure a ‘fast response’ mechanisms, supported by the fact that they were coding for signal 
transduction and developmental processes. With this, cells can quickly adapt to signaling changes 
and cope with stress stimuli in a fast manner. 
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4.6 FTO affects the hypertrophic response in vitro and in vivo 

Due to the notable RNA-methylation changes observed in mouse and human heart tissue 

during the progression to HF, it was of further interest to investigate how manipulation of the 

m6A methylation machinery may affect disease progression. The m6A demethylase FTO has 

high expression levels in cardiac ventricles (Boissel et al. 2009) and was also detected in 

mouse and human cardiac LV tissue in my study (Figure 3.1). For investigation of a potential 

therapeutic approach of m6A methylation manipulation on cardiac disease progression, the 

m6A demethylase FTO was silenced in vitro using a siRNA-mediated approach and depleted 

in vivo using a Fto knockout mouse model. 

4.6.1 Silencing of FTO attenuates hypertrophy in vitro 

Functional analysis of FTO was first performed using human iPS-Cells (iPSCs). iPSCs are a 

widely used tool for in vitro studies nowadays (Malik and Rao 2013). Due to their ability to 

differentiate into different germ layers (Jaenisch and Young 2008), they could successfully be 

differentiated to beating iPSC-CMs with a well-established protocol (Lian et al. 2013). Mature 

CMs were obtained 60 days after differentiation initiation. For this time point, a stable cardio-

specific gene expression was described previously (Shinozawa et al. 2012).  

To investigate cardiac hypertrophy in vitro, iPSC-CMs were treated with Endothelin-1 (ET-1). 

ET-1 binds extracellular receptors inducing HT by downstream transcription factor activation 

and stimulates among others the renin-angiotensin-aldosterone system (Moreau et al. 1997; 

Gray 1998; Adiarto et al. 2012; Bupha-Intr et al. 2012; Zlabinger et al. 2019) as well as 

activates the CaMkII pathway (Moreau et al. 1997). A concentration of 3 nM of ET-1 was 

determined sufficient to induce significant cell growth (Figure 3.23) leading to significant 

increase in ANP level by almost 290 % (Figure 3.32). ANP is a peptide expressed and 

upregulated in hypertrophic CMs in response to cell stress (Kessler-Icekson et al. 2002). The 

successful induction of HT via ET-1 in my cells demonstrates the suitability of this model for 

investigations on remodeling in vitro.   

Next, a successful siRNA-mediated knockdown of FTO was established in this study (Figure 

3.25). siRNAs act as silencing compounds via the RNAi mechanism. siRNAs assemble with 

the RNA-induced silencing complex (RISC), which leads to binding of complementary mRNAs. 

The binding results in nucleolytic degradation of the mRNA by the RNase H Argonaute (Zhang 

2013). In contrast to a knockout (KO), RNAi leads to a transient knockdown (KD) or silencing 

of a gene. Since the generation of a KO in iPSCs by for example CRISPR/Cas is rather time 

consuming, and may reduce the ability of IPSCs to differentiate into e.g. CMs (Chaterji et al. 
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2017; Keller et al. 2018), the siRNA mediated knockdown approach was decided to use in my 

study since it allows silencing of genes in already differentiated iPSC-CMs. 

I demonstrated on the RNA and protein level that transfection of the iPSC-CMs with FTO-

specific siRNAs for 48h was sufficient to silence FTO (Figure 3.25). This should potentially lead 

to global hypermethylation, as the demethylase activity of FTO is diminished. Unfortunately, 

due to sample limitations and a high demand of RNA for immunocytochemistry methods I could 

not prove a change of m6A level upon siRNA mediated silencing of FTO in the cells. 

Interestingly, cell growth is attenuated in FTOsiKD cells in comparison to scramble treated 

FTOWT cells upon ET-1 stimulation. It is important to mention, that I also verified that FTO is 

silenced during the whole time of hypertrophic induction (Figure 3.27, Figure 3.29) and that ET-

1 treatment does not influence the FTO level per-se (Section 3.2.5.2). Therefore, observed 

effects should be attributed to the robust silencing of FTO. Furthermore, ANP expression is 

decreased in FTOsiKD cells compared to FTOWT cells (Figure 3.32). This leads to the conclusion, 

that FTO depletion attenuates hypertrophy in vitro.  

4.6.2 A cardiomyocyte-specific Fto knockout in vivo results in a mild cardiac 

phenotype 

The previously described conditional Fto-KO mouse (Nagy 2000) was used to investigate the 

role of FTO in CMs in vivo. The successful KO of Fto was validated on genome, transcriptome 

and protein level. Cre mediated excision of exon 3 of Fto, flanked by loxP-sites, and the further 

recombination of loxP-sites was demonstrated to be successful by legacy PCR (Figure 3.33). 

In FtocKO mice, Fto mRNA level was significantly reduced in comparison to FloxControl mice (p < 

0.0001) which finally led to significantly decreased FTO protein level by 77% (p = 0.02) in these 

mice (Figure 3.33).  

It was expected that the FtocKO should lead to a global increase in m6A level. Surprisingly, the 

analysis of m6A level by an immunocytochemical assay did not show changed m6A RNA levels 

in FtocKO mice (Appendix Figure 5.5). This might be due to methodological problems such as 

cell type heterogeneity. The heart is composed of many cells, with cardiomyocytes (CMs), 

fibroblasts (FBs) and endothelial cells (ECs) being the most abundant (Zhou and Pu 2016). 

Even though CMs account for ~70-85% of the total mammalian heart volume (Anversa et al. 

1980; Tang et al. 2009; Zhou and Pu 2016), they only constitute 30-40% of the total amount 

of cells (Nag 1980; Banerjee et al. 2007; Walsh et al. 2010; Pinto et al. 2016). This is due to 

their relatively large size compared to for example FBs or ECs. In this study, a CM specific KO 

approach was used, so ideally RNA from isolated CMs should be used for further analysis. 

However, the CM isolation process involves several digestion steps at room temperature, 
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which might lead to RNA degradation to which hypomethylated and hypermethylated RNAs 

are differently susceptible. Furthermore, recent research suggested that m6A may not be the 

main substrate of FTO (Zaccara et al. 2019), as Fto-KO did not lead to increased m6A levels 

in mouse brain (Hess et al. 2013) or embryos (Mauer et al. 2017). Recent findings suggest 

that m6Am might be the main substrate for FTO (Mauer et al. 2017). Even though a more 

specific effect of FTO on m6Am was shown, an effect of FTO on m6A cannot be excluded. For 

example, a ~20% increase in m6A levels was reported upon FTO depletion in leukemia (Li Z 

et al. 2017). Although, FTO was shown to not erase m6A on a sequence specific manner (Wei 

and Moss 1977; Jia et al. 2011; Zou et al. 2016), it still has specificity since methylation 

changes were observed only for m6Am and m6A (Jia et al. 2011). Furthermore, m6A 

methylation is mediated by the complex interplay of the writers and erasers, and it cannot be 

ruled out that other players of the methylation machinery may affect m6A levels in response to 

FTO depletion. For example, the writers may be downregulated or methylate RNA to a lesser 

extent to adapt for potential m6A level changes by FTO manipulation.   

Even though no global m6A change was observed, analysis of the heart morphology by 

echocardiographical analysis over half a year shows a mild cardiac phenotype in FtocKO mice. 

Cardiac performance is unchanged and comparable between FtocKO, FloxControl and CreControl 

groups until 2 months of age as seen by similar ejection fractions (EF), wall thickness (AwTh) 

and ventricular dimension (LVID). After 4 months of age, a mild hypertrophic growth is present 

in CreControl mice as seen by a mild increase of the AwTh. This is most likely a Cre-mediated 

effect, as already described by Rehmani et.al. (Rehmani et al. 2019). Rehmani and colleagues 

have shown that cre-recombinase activity may induce cardiomyopathies with aging (Rehmani 

et al. 2019). After 6 months, the onset of dilatation is also seen in FtocKO mice, indicated by 

increased LVID. The EF is slightly impaired and reduced in these animals compared to 

FloxControl and CreControl mice. As Rehmani et al. described a DCM Phenotype induced by cre-

expression in mice, appropriate cre-control animals need to be used in studies, which was 

done in my case. Therefore, the even more severe dilatative change observed in FtocKO mice 

is more likely to be KO-dependent, since the cardiac phenotype in CreControl animals was less 

strong. Even though an effect is seen, this does not interfere with the experiments, as the time 

point of analysis was between two and three months of age, whereas Rehmani et al. described 

the onset of DCM even later than 6 months of age of mice.  

On a basal level the CM specific Fto-KO (cKO) did not account for a higher mortality of FtocKO 

mice compared to control animals. Comparison of FtocKO and CreControl groups demonstrated a 

comparable mortality. The median survival of cKO mice was 230.5 days, which is comparable 

to the median of 265 days in CreControl mice (p = 0.7). FloxControl mice all survived until the last 

day of monitoring (day 400), proving that the loxP-sites flanking exon 3 of Fto did not affect 
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survival. The higher mortality of FtocKO and CreControl animals is most likely a cre-recombinase 

mediated effect (Rehmani et al. 2019), as the FtocKO and CreControl groups both have cre-

recombinase activity. The median survival was almost comparable, and although the FtocKO 

mice die ~30 days earlier, it did not reach significance (p = 0.7). For the following experiments, 

only the CreControl group was used as controls to rule out cre-effects since no flox-mediated 

effect was seen. 

4.6.3 The cardiomyocyte-specific depletion of FTO in vivo leads to a worsened 

hypertrophic response 

To investigate a potential effect of the Fto-KO on hypertrophic growth, the previously described 

TAC model was applied (deAlmeida et al. 2010). Since a basal phenotype of dilatation was 

recognized in FtocKO mice at the age of 4 months, it was decided to finish analysis ahead of 

this time point. Therefore, mice underwent TAC at the age of 8 weeks (= 2 months), and final 

echocardiographic analysis was performed 4 weeks after TAC when mice were 12 weeks old 

(3 months). By this, the basal phenotype was not likely to influence analysis. This was 

furthermore supported by the finding, that the cardiac performance is only slightly impaired in 

FtocKO mice compared to controls in the basal analysis by the age of 4 months (Figure 3.35), 

which is already one month later than the last time point of examination. 

Echocardiographic analysis showed that the AwTh is increased in FtocKO as well as CreControl 

mice to a comparable extent one week after TAC surgery (Figure 3.36). In CreControl animals 

this suggests a compensation to pressure overload (Norton et al. 2002), as also the LVID was 

unchanged. Interestingly, FtocKO mice showed significant LV dilatation compared to CreControl 

animals and a severely reduced EF. These observed changes were even stronger 4 weeks 

after TAC (Figure 3.37), where the EF was impaired in both groups, but more severely in FtocKO 

mice. The FtocKO mice showed significant LV dilatation and in CreControl animals also tendency 

toward dilatation may be recognized. In CreControl animals, this suggests the typical 

maladaptation with the heart being unable to cope with the persistent stress and ensure 

sufficient blood output, whereas in FtocKO this phenotype was more severe than compared to 

control. Since these mice were challenged with TAC using a 27G needle, the constriction is 

rather tight which may explain the severely reduced EF already one-week post-TAC. 

Therefore, these analyses were additionally performed with animals that underwent TAC 

surgery using a 26G needle (Figure 3.38). The milder constriction with a 26G needle reduces 

mortality after TAC as well as lowers the burden exerted by the TAC surgery. This ensures 

that effects mediated by the KO become clearer and can be analyzed better, which is also 

important for future sequencing experiments. Animals that were challenged with TAC using a 

26G needle, were analyzed one-week post-TAC and showed comparable but milder 
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phenotypes than with a 27G needle (Figure 3.36, Figure 3.38). One week after 26G-TAC, a 

compensated HT could be recognized in CreControl mice as indicated by a tendency toward 

increased wall thickness, concentric decrease of LVID and a preserved EF (Figure 3.38). The 

FtocKO animals in contrast showed significantly reduced EF and a tendency towards dilatation 

was observed with an almost unchanged wall thickness. Compared to CreControl animals, the 

LVID of FtocKO mice was significantly larger in the TAC group.  This resembles an early DCM 

like heart failure phenotype with an increased heart mass and normal wall thickness at the 

same time. These differences in stress-response were further underlined by analysis of the 

LV/TL and the relative wall thickness (RWT) (Figure 3.39). In both the FtocKO and CreControl mice 

increased LV/TL was recognized, indicating hypertrophic growth of the heart. However, the 

RWT (Figure 3.39) showed a tendecy toward increase in CreControl animals but was unchanged 

in FTOcKO mice. Thus, concentric growth may be recognized in CreControl, whereas, FtocKO mice 

show a more dilatative, DCM like growth. FtocKO animals seem to lack a compensatory 

response to pressure overload. This is consistent with the early onset of dilatation of the LV in 

FtocKO animals and in line with the basal phenotype observed, although with a way faster 

progression.  

Since the silencing of FTO in vitro attenuated hypertrophic growth, one may expect that this 

has a beneficial effect. Yet, in vivo KO of Fto lead to a worsened adaptation. The in vitro model 

offers limited readouts and only partial conclusions on cardiac function; therefore, in vivo 

experiments are necessary to reveal effects on a systems, organ, and functional level. In vivo 

experiments allow testing of complex hypotheses beyond just HT in CMs upon FTO-depletion. 

When hearts are challenged with PO, the initial adaptation of compensated hypertrophy occurs 

where concentric growth of the ventricle, indicated by increased wall thickness, preserves the 

EF and hence the cardiac output (Toischer et al. 2010). The wall thickening derives from 

growth of CMs in width by incorporation of sarcomeres (Wilson et al. 2014). With persistent 

cardiac stress the adaptive remodeling of the heart becomes maladaptive, with longitudinal 

change of CM geometry and shape (Anand 2002; Norton et al. 2002; Azevedo et al. 2016), 

which results in LV dilatation and finally leads to heart failure. As in the FtocKO mouse an early 

onset of dilatation was observed with decreased EF and a tendency toward less wall thickening 

compared to CreControl animals in 26G TAC, one may conclude that the Fto-KO prevents 

compensated HT and thus cardiac adaptation. This is consistent with attenuated cell growth 

and lower ANP expression (Kessler-Icekson et al. 2002) observed in iPSC-CMs upon FTO 

silencing. In vitro, this seems beneficial as prevention of HT growth could prevent or attenuate 

transition to heart failure. Yet, it indicates the inability of the CMs to grow hypertrophic, which 

in vivo would be important for PO compensation but is now of maladaptive nature (Figure 4.2).  
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Figure 4.2 FTO depletion leads to maladaptation and early dilatation, potentially by 
attenuating hypertrophic growth 
In response to pressure overload, FtocKO present with early dilatation and a severely reduced EF. The 
normal, compensatory hypertrophic growth occurring one-week post-TAC with maladaptation upon 
persistent stress after 4 weeks seems to be omitted in FtocKO animals in comparison to CreControl 

animals. Therefore, the FTO depletion may impair the normal adaptation mechanisms of the heart, 
potentially by altering CM growth as seen in the cell culture model of attenuated hypertrophy. 

 

FTO involvement was already discussed in cardiac defects such as arrhythmias (Carnevali et 

al. 2014), atrioventricular and septal defects (Boissel et al. 2009) as well as coronary artery 

diseases (Gustavsson et al. 2014). Unfortunately, these studies did not consider the function 

of FTO as a RNA demethylase, but concluded that point mutations lead to obesity and diabetes 

with subsequent coronary heart diseases (Gustavsson et al. 2014). Other studies reported that 

a global FTO-KO increased proarrhythmic remodeling (Carnevali et al. 2014) or that loss-of-

function mutations lead to growth retardation of cultured fibroblasts (Boissel et al. 2009). These 

studies do not suggest molecular modes of action that would explain the transcriptomic 

changes or epitranscriptomic changes after FTO manipulation. Therefore, the underlying 

mechanistic processes still need to be elucidated in future research. Especially the exact 

influence of m6A changes after FTO depletion (via silencing or KO) on various mechanisms in 

which m6A RNA methylation is involved remains unknown. Better insight into these molecular 
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changes will be gained once MeRIP seq is performed with tissue from my in vitro as well as in 

vivo models. 

Nevertheless, some hypotheses could already be derived from the HT and HF study with 

wildtype animals. A possible explanation for the lack of compensatory potential in FtocKO mice 

might be a dysregulation of the global RNA methylome in their hearts. As described previously, 

in the wildtype animal hypomethylated transcripts were coding mainly for proteins involved in 

metabolism and catabolism, and hypermethylated transcripts were coding for signal 

transduction and structural processes. Since the RNA demethylase FTO acts as an eraser of 

the m6A modification, its depletion is assumed to increase global m6A methylation. Some 

transcripts, hypomethylated in the wildtype, basal state, may possibly get hypermethylated in 

FtocKO mice possibly decreasing their half-life time and accelerating their turnover. This might 

deregulate the essential energy conservation mechanisms usually involved in cardiac stress 

response leading to the inability of cells to cope with the higher demand in energy. In addition 

to accelerating turnover (Du et al. 2016; Ke et al. 2017), global hypermethylation may induce 

or influence translation of transcripts either in a reader-mediated manner (Shi H et al. 2017) or 

directly through ribosomal recruitment. This may affect the fraction of transcripts that were 

found to be hypermethylated upon cardiac stress in wildtype animals. As hypothesized earlier, 

these transcripts may initially be translated to a higher extent as they were enriched in 

polysomes. In the Fto-KO CMs, the same transcripts may be displaced or repressed by the 

high amount of competing previously hypomethylated transcripts, normally translated slower 

by only a few ribosomes. Therefore, the global methylation changes might mask or impair the 

otherwise tightly orchestrated methylation-dependent translational ‘boost’ of important signal 

transduction genes in response to stress. 

As the hypermethylated transcripts from the wildtype mouse study coded for signal 

transduction, the cells signaling in response to TAC may be impaired in FtocKO hearts, further 

worsening the adaptation. Moreover, some of the hypermethylated transcripts enriched in the 

polysome in the wildtype study were enriched in GO terms of proliferation and structural 

changes. The deregulation of such transcripts may additionally impair the remaining 

compensatory potential in FtocKO mice.  

Another possible effect exerted by m6A methylation change on the maladaptive phenotype 

observed in KO mice may be that the cell shape and geometry of CMs is affected. The 

hypothesis that altered m6A levels affects CM geometry was already postulated and shown by 

two other studies (Dorn et al. 2019; Kmietczyk et al. 2019). Kmietzyck and colleagues showed 

a similar effect as seen in my study where phenylephrine (PE) induced cell hypertrophy was 

blunted upon Fto-KO in neonatal rat cardiomyocytes (NRCM) (Kmietczyk et al. 2019). 

Furthermore, the group demonstrated that the cell size increases and that the typical 
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hypertrophy markers Nppa (the gene coding for ANP) and Nppb (coding for BNP) expression 

was induced upon Mettl3- KO. FTO depletion should increase global m6A methylation whereas 

METTL3-KO should decrease m6A levels. Consistent with my observations in FTO-

knockdown iPSC-CMs, Kmietczyk and colleagues showed that lower m6A levels increased 

cell size whereas m6A increase attenuated cell growth. Interestingly, Dorn et al. show quite an 

opposite result, where the KO of Mettl3 and hence m6A decrease in mice reduced the cross-

sectional area of isolated CMs (Dorn et al. 2019). These contradictious findings may be 

explained by the differences in model organisms (mice vs. rat CMs vs. iPSC-CMs) or by 

methodical differences of the used approaches (siRNA, Adenovirus, AAV or cre-lox). 

Furthermore, concerning the shape and size of iPSC-CMs it must also be considered that they 

do not resemble isolated CMs in shape. iPSC-CM are of circular shape, whereas native adult 

CMs are of a more rectangular shape being bigger in length than width (Toischer et al. 2010), 

hence not allowing conclusions on geometrical growth differences.  

These findings of different growth and response mechanisms of CMs in different models 

underlines the diversity of epigenetically mediated effects and the complex role of m6A RNA 

methylation. Manipulation of the RNA methylation machinery may increase the number of 

affected processes even more (due to global dysregulation). In order to understand the 

specificity and efficiency of epigenetic effects, a time dependent manipulation of the RNA 

methylation should be investigated. The here presented differences in the response to cardiac 

stress in either iPSC-CMs or mice might be explained by differences in timing and duration of 

FTO depletion. Where in the iPSC-CMs FTO is silenced only transiently and shortly before 

hypertrophic induction, in the FtocKO mouse model FTO is constantly depleted, so that exerted 

effects are present all the time. So potentially a short-term inhibition of FTO at specific states 

of disease progression and resulting epigenetic changes may be protective, whereas constant 

inhibition by for example KO could lead to maladaptive responses by prevention of adaptive 

remodeling. If this holds true, temporal manipulation of the RNA methylome could be tested as 

a potential therapeutic approach in heart failure. Hypothetically, an FTO-inhibition during or 

after an adaptive remodeling in the critical phase of PO might prevent maladaptive or excessive 

growth, hence, attenuating the progression to HF. It would be interesting to test this approach 

using an inducible KO mouse model like the αMHC-MerCreMer mouse line. Here, the cre-

recombinase is inactive until Tamoxifen application. This would allow a Fto-KO to be induced 

sometime after induction of HT by TAC surgery, so one could observe the response to cardiac 

stress upon time-dependent FTO manipulation. Another possibility is the use of FTO-inhibitors. 

First FTO-inhibitors were described (Peng et al. 2019) and already applied intraperitoneal in 

mice with their safety for in vivo usage proven. These inhibitors could be applied to mice at 

some time point after TAC when hearts already initially adapted to PO, to check if further 

disease progression is attenuated. Another possibility to investigate the effect of FTO 
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manipulation on hypertrophic response and disease progression could be overexpression (OE) 

studies. As the Fto-KO presented maladaptive, an OE of Fto after TAC with for example adeno-

associated virus (AAV) may be beneficial. Even more, AAVs with a cardiac specific serotype 

could be used to induce a CM specific OE. 

Concerning the maladaptive responses described for FtocKO mice earlier in this section, it is 

possible that the observed effects exerted by the Fto-KO may be mediated by m6Am changes 

rather than m6A changes. FTO demethylates m6Am not only on mRNA, but especially on 

snRNAs, which were shown to mediate splicing events (Bartosovic et al. 2017; Mauer et al. 

2019). This could also impact transcriptional regulation. Another mechanism could be that 

m6Am marks in the 5’ UTR can lead to cap-independent translation (Meyer et al. 2015). These 

processes may influence transcriptional as well as translational regulation resulting in the 

maladaptation of CMs. This is a problem that needs to be considered in further experiments, 

which could be rather difficult due to the inability of antibodies to discriminate between m6A 

and m6Am (Zaccara et al. 2019). 

4.7 Summary and Outlook 

In this study I could show that m6A RNA methylation is present to a considerable amount in 

mouse and human heart tissue and furthermore is altered in cardiac HT and HF. A few 

interesting observations were made throughout the study. Most importantly, methylation 

changes in response to cardiac stress outnumber expression changes by far, underlining the 

importance of epigenetic changes in cardiac diseases. Only a minor number of transcripts was 

detected to be affected on the methylation and expression level at the same time. Therefore, 

the often-hypothesized effect of m6A methylation on RNA stability and decay, affecting mRNA 

levels directly, may not be the main mechanism in case of cardiac HT and HF. I postulated the 

hypothesis, that indeed m6A marks may affect mRNA stability, but more likely by increasing 

half-life time of specific transcripts participating in processes continuously needed in cell 

stress, such as energy conservation mechanisms. This mechanism reduces the need of cells 

to continuously transcribe such mRNAs in the nucleus and to transport those mRNAs 

throughout the cell, which is beneficial for CMs since they are relatively large in size. 

Furthermore, I hypothesized that hypermethylation marks transcripts for a shorter half-life time, 

but for an increased translation at the same time. This fits quite well to the observation, that 

hypermethylated transcripts code for signal transduction processes, and with this simultaneous 

turnover and high translation the cellular signal transduction response can be regulated 

dynamically and fast. Hence, I postulated a fast response mechanism in cardiac tissues that 

m6A methylation may regulate. These findings lead to the conclusion, that m6A methylation in 

response to cardiac HT and HF mainly regulates translation. This was confirmed by the finding 
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that the m6A methylation level positively correlated with ribosomal occupancy, hence 

influencing protein levels. The effect of RNA methylation on the protein level was furthermore 

proven for CALM1, whose transcript is unchanged at the expression level. Therefore, a 

potential new mechanism of transcription-independent translational regulation by m6A 

methylation was hypothesized. Future studies are needed to prove this mechanism for other 

targets and to elucidate how this control mechanism works and if m6A methylation influences 

rather mRNA localization, the tertiary structure (‘m6A-switch’) or if translation regulation is 

mainly reader mediated. For example, RBP mapping could be applied by UV-crosslinking to 

fix RBPs to RNA and then compare the RBP landscape with the methylation landscape, to 

gain better insights in how m6A methylation patterns affect reader binding. Moreover, miRNA 

mediated translational control should be investigated as additional mechanism in the future. 

This could be done with MeRIP-seq of miRNAs. Thereby, it could be investigated how miRNAs 

participate in mRNA regulation as well as how m6A methylation of miRNAs themselves 

regulates the RISC pathway and affects miRNA-mRNA interaction. 

Additionally, I gave first insights on a potential therapeutic application of FTO manipulation for 

treatment of HF by investigating effects after silencing of the demethylase FTO in vitro, as well 

as by CM specific knockout in vivo. Interestingly, the potentially beneficial anti-hypertrophic 

effect of FTO depletion in iPSC-CM culture was shown to be detrimental in vivo. It showed that 

the attenuated hypertrophic response in vitro rather prevents adaptive remodeling in vivo. This 

is possibly caused by the global deregulation of altered m6A levels affecting cell shape or 

geometry, or by regulating translation. If FTO depletion and therefore increased m6A levels 

promotes longitudinal growth of CMs instead of growth in width should be investigated in future 

experiments. This effect could for example be investigated by immunofluorescence staining of 

isolated mouse CMs from FtocKO mice or by WGA stain and subsequent measurement of cross-

sectional areas. Furthermore, whether FTO manipulation affects the m6A or rather m6Am level 

or both still needs to be addressed in future experiments. Also, iPSC-CM cell culture needs to 

be expanded to collect a sufficient amount of RNA to perform the measurement of m6A or 

m6Am level in the FTO-knockdown cells in vitro. 

As a next step, MeRIP-Seq should be performed with LV tissues of healthy (Sham) FtocKO mice 

as well as of FtocKO mice challenged with TAC. This could help to elucidate the transcriptomic 

and epitranscriptomic changes of these mice on basal level as well as in disease response, 

similar to the experiments performed with wildtype mice in this study. It would indirectly reveal 

if FTO affects m6A or m6Am in this model and would omit the bias of unspecific m6A antibodies 

also detecting m6Am. Enrichment of methylation changes in 5’ UTR would point to m6Am 

being mainly affected, since this modification is mainly found to occur there (Linder et al. 2015). 

Robust methylation changes in other parts of transcripts would indicate that also the m6A 
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marks are affected which were found to be enriched in the CDS and 3’ UTR (Meyer et al. 

2012). 

Moreover, it would be interesting to apply other cardiac disease models to the FtocKO mice like 

for example volume overload induced by aortocaval shunt surgery. Thereby, one could 

examine if the potential longitudinal growth forced by FTO depletion worsens the dilatative 

response occurring in response to volume overload even more or if a completely different 

phenotype occurs.   

4.8 Conclusion 

In conclusion, m6A RNA methylation is a conserved and important mechanism in cardiac 

tissue that changes in response to stress and during progression to heart failure. The 

processes affected by differential RNA methylation are substantially different from those 

affected by differential expression. Altered m6A levels lead to translational regulation even for 

transcripts unchanged at the expression level. Depletion of the RNA demethylase FTO from 

CMs leads to reduced growth and impaired adaptation and a faster progression to heart failure. 

Overall, these results indicate the importance of the epitranscriptome in cardiac diseases and 

makes it an interesting target for therapeutic interventions by for example modulating 

hypertrophic responses in a time-dependent manner potentially mediated by m6A methylation.   
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5. Appendix 

Table 5.1 Patient Data of healthy, non-failing tissue samples 

 

 

Table 5.2 Patient Data of end-stage HF tissue samples 
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Figure 5.1 Full blots of the methylation machinery in mouse and human LV tissue 
Representative blots of the m6A RNA methylation writers METTL3 and METTL14 as well as the RNA 
demethylase FTO are shown. (A) Western blot images of mouse samples are shown. The expected 
protein bands are indicated with arrows. With the METTL14 antibody, unspecific protein bands of 
unknown origin occurred at ~35 kDa and ~ 130 kDa. Each lane represents an independent animal 
serving as biological replicate with n = 3 for Sham and n = 6 for TAC. (B) Protein blots of human 
tissue lysates are shown and expected bands indicated. For METTL3, many unspecific bands 
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occurred at different sizes with unknown origin. A band of unknown origin appeared with METTL14 
antibody at ~130 kDa. Each lane represents an independent biological replicate obtained from tissues 
from different patients. n = 6 for NF and HF.  

 

 

 

Figure 5.2 Fill blots Calmodulin1 Mouse and Human 
Representative blots of CALM1 are presented. (A) Western blot images of mouse samples are shown. 
The expected specific protein band at ~17 kDa was obtained for CALM1 and the respective GAPDH 
blot is shown. Each lane represents an independent animal serving as biological replicate with n = 4 
for Sham and n = 8 for TAC. (B) Protein blots of human tissue lysates are shown and the CALM1 
band is seen at ~17 kDa. Unspecific protein bands at ~250 kDa with unknown origin occurred. The 
respective GAPDH blot used for normalization is presented. Each lane represents an independent 
biological replicate obtained from tissues from different patients. n = 3 for NF and n = 6 for HF. 
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Figure 5.3 Testing different siRNAs targeting FTO-mRNA for effectivity 
Four different siRNAs, each binding to a different region of the FTO-mRNA were tested for best 
performance. Effectivity was tested after 48 hours of transfection time in both cell lines. pCTRL (A-C) 
and WT (D, E). (A, B): Western blotting showed reduction of FTO protein upon Hs_FTO_5-7 siRNA 
transfection in pCTRL cells. Cells from one differentiation were used, with different treated wells as 
biological replicates (n = 4 for scramble, Hs_FTO_5-7, n = 3 for Hs_FTO_8). (C) RT-qPCR analysis 
revealed significant reduction of FTO-mRNA after Hs_FTO_5 transfection in pCTRL cells. The other 
siRNAs seem to be not effective. Cells from one differentiation were used, with different treated wells 
as biological replicates (n = 4 for scramble, Hs_FTO_5-7, n = 2 for Hs_FTO_8) (D, E) In WT cells, 
Western blotting demonstrated a no significant reduction of FTO protein level, but a decrease can be 
appreciated upon Hs_FTO_5 and _6 transfection. Hs_FTO-8 siRNA lead to no protein level change 
at all. Cells from one differentiation were used, with different treated wells as biological replicates (n 
= 3 for scramble, Hs_FTO_6-8, n = 2 for Hs_FTO_5). (B, C, E) changes in protein, as well as RNA 
level were normalized and compared to scramble controls and mean with SEM is shown. t-test with 
Welch’s correction was performed. Significance levels are represented on top of each bar. 
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Figure 5.4 Full blot ANP 
Since a strong signal for an unspecific band of unknown origin was detected with ANP antibody, 
decreasing sensitivity of the chemiluminescence signal, the unspecific band was covered, and blots 
imaged. This led to a more prominent ANP specific band from which the quantified lower ANP protein 
level in FTOsiKD cells upon ET-1 stimulation compared to FTOWT cells could also visibly be recognized. 
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Figure 5.5 m6A Assay did not reveal changed m6A levels in FtocKO mice compared to 
CreControl 

Relative m6A level analysis by an m6A assay did not reveal changes of m6A abundance in rRNA 
depleted RNA isolated from FtocKO in comparison to CreControl. t-test with Welch’s correction was 
performed with n = 4 for CreControl and FtocKO. 
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Aims Deregulation of epigenetic processes and aberrant gene expression are important mechanisms in heart failure. Here
we studied the potential relevance of m6A RNA methylation in heart failure development.
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Methods
and results

We analysed m6A RNA methylation via next-generation sequencing. We found that approximately one quarter of
the transcripts in the healthy mouse and human heart exhibit m6A RNA methylation. During progression to heart
failure we observed that changes in m6A RNA methylation exceed changes in gene expression both in mouse and
human. RNAs with altered m6A RNA methylation were mainly linked to metabolic and regulatory pathways, while
changes in RNA expression level mainly represented changes in structural plasticity. Mechanistically, we could link
m6A RNA methylation to altered RNA translation and protein production. Interestingly, differentially methylated
but not differentially expressed RNAs showed differential polysomal occupancy, indicating transcription-independent
modulation of translation. Furthermore, mice with a cardiomyocyte restricted knockout of the RNA demethylase
Fto exhibited an impaired cardiac function compared to control mice.
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Conclusions We could show that m6A landscape is altered in heart hypertrophy and heart failure. m6A RNA methylation changes
lead to changes in protein abundance, unconnected to mRNA levels. This uncovers a new transcription-independent
mechanisms of translation regulation. Therefore, our data suggest that modulation of epitranscriptomic processes
such as m6A methylation might be an interesting target for therapeutic interventions.
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Introduction
Heart failure, characterized by reduced cardiac function and left
ventricular dilatation, is a leading cause of hospital admission and
mortality.1 This process is accompanied by increased apoptosis,
fibrosis and changes in gene expression.2,3 Until now, inhibition of
neuroendocrine stimulation is the only treatment for heart failure;
however, the therapeutic efficacy of this approach is limited and
cannot prevent the eventual progression of the disease.4 Therefore,
additional therapeutic options are needed.

There is increasing evidence that aberrant gene expression,
orchestrated by transcription factors and epigenetic processes
such as non-coding RNAs, DNA and histone modifications, rep-
resents a key event in heart failure and could thus offer new ways
for therapeutic intervention.5,6 While methylation of DNA seems
to be important during maturation of the heart,7 the role of RNA
modifications has not been studied in detail until now.

N6-adenosine methylation (m6A) of RNA transcripts is the most
prevalent modification found in many classes of RNA.8 Similar to
epigenetic changes in DNA and histone modifications, m6A in
RNA is dynamic and reversible.8–10 In all classes of RNA, m6A
mainly occurs within a highly-conserved consensus motif identified
as RRACH (R=G or A, H=A, C or U). The formation of m6A
is regulated by methyltransferases (METTL3, METTL14, WTAP,
METTL16)11,12 and demethylases (FTO, ALKBH5).13,14 m6A rec-
ognizing proteins such as members of the YTH domain protein
family and HNRNPA2B1 are involved in processes regulating the
fate of target transcripts. The current data suggest that the degree
and the pattern of methylation of mRNAs can affect their splicing,
transport, storage, translation and/or decay.10

At present, there is only one recent study which reported a role
for m6A in the peri-infarct zone after myocardial infarction.15 In our
study, we consequently applied transcriptome-wide approaches
and defined changes in m6A in mouse and human heart failure
development. We found that m6A RNA methylation appears to
affect cardiac signalling and metabolic processes by modulation of
translation. Our data provide evidence that m6A RNA methylation
is involved in heart failure development and might be a novel
therapeutic target.

Methods
See online supplementary Methods S1 for detailed description. The
investigation conforms to the principles outlined in the Declaration
of Helsinki and the Guide for the Care and Use of Laboratory
Animals (NIH publication No. 85–23, revised 1996). All patients
provided written informed consent for the use of cardiac tissue
samples. Surgery on mice was done using a minimally invasive approach.
Echocardiography was performed on anaesthetized animals.

RNA isolation from left ventricles was performed with Trizol
reagent according to the manufacturer’s instruction. DNase treated
and fragmentized RNA was subjected first to immunoprecipitation
with anti-m6A antibody (Synaptic Systems, #202003) and then to
high-throughput sequencing on Illumina 2000 platform. Generated
reads were mapped to mm10 and hg19, and peaks showing signifi-
cant enrichment for m6A in immunoprecipitated samples compared
to corresponding input samples were detected with the MeTPeak ..
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.. package.16 For the polysomal occupancy experiment, RNA extracted
from polysomal fractions of the snap-frozen tissues was sequenced
on the Illumina HiSeq2000. Differential methylation analysis was done
using an in-house developed pipeline. Deseq2 was used for differen-
tial gene expression and differential polysome binding analysis. mRNAs
showing significant (Padj < 0.05) and at least two-fold change in m6A
levels, mRNA levels and polysome binding are reported in this study.
Differential m6A methylation was further verified using qRT-PCR on
RNAs immunoprecipitated with anti-m6A antibody without fragmen-
tation. Western blot analysis for different protein level evaluation was
performed following manufacturer’s instructions for the corresponding
antibodies. We used the ClueGo plug-in in the Cytoscape software for
pathway analysis for genes identified in different experiments.

Results
m6A RNA methylation in the adult heart
Fto, Mettl3 and Mettl14 as the key regulators of m6A RNA methy-
lation are expressed in the adult mouse heart (Figure 1A and online
supplementary Figure S9). Transcriptome-wide analysis of m6A
RNA methylation via m6A-specific methylated RNA immunopre-
cipitation followed by next-generation sequencing (MeRIP-Seq)17

revealed that 24% of all detected transcripts carry m6A marks
(n = 5). More specifically, we detected 3208 peaks linked to 2164
transcripts (Figure 1B and online supplementary Table S4). The qual-
ity of our data was confirmed by an unbiased motif search using
the detected m6A peaks as input that identified the previously
reported m6A consensus sequence RRACH (Figure 1C). Relative
quantification of m6A peaks across all transcripts showed a distri-
bution similar as in other tissues17–19 with an enrichment of m6A
toward the translation end site (Figure 1D).

The majority of the m6A-containing transcripts carried this mark
in the 5′UTR or 3′UTR and the coding sequence (CDS). Only a
negligible number of transcripts were exclusively m6A-methylated
in 5′UTR (n = 9) or 3′UTR (n = 163) (Figure 1E). A gene ontol-
ogy (GO) analysis revealed that transcripts with m6A in the
5′UTR and/or CDS were linked to energy metabolism, mito-
chondrial function and intra-cellular signalling, while transcripts
methylated in the 3′UTR mostly code for proteins involved in
pathways linked to more specific metabolic processes such as
‘acetyl-CoA or glycerol biosynthesis’ and ‘positive regulation of
protein dephosphorylation’ (Figure 1F).

Transcripts that carry m6A in the 5′UTR and CDS showed a mild
positive correlation of m6A marks with expression level (r = 0.10,
P = 5.86e-07; Figure 1G), whereas methylation marks within the
3′UTR showed a mild negative correlation (r = −0.08, P = 0.006;
Figure 1G). We also detected long non-coding RNAs with m6A
marks (online supplementary Figure S1A), but here m6A was not
correlated to its expression level (r = 0.06, P = 0.72; online supple-
mentary Figure S1B). A detailed annotation of the m6A-containing
non-coding peaks is found in online supplementary Table S4.

Cardiac hypertrophy and failure are
linked to substantial changes in m6A
Next, we studied m6A RNA methylation during the progression
of heart failure. Therefore we used the mouse model of

© 2019 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Figure 1 m6A RNA methylation in the healthy mouse heart. (A) Representative western blot images showing expression of Fto, Mettl3 and
Mettl14 protein in mouse heart tissue. (B) Pie and bar charts showing the amount and distribution of m6A RNA methylation in the mouse
heart. (C) Sequence motif identified within m6A peaks. (D) Distribution of m6A peaks across mRNA transcripts. (E) Venn diagram showing
methylation marks across transcript regions. (F) Heat map showing pathway analysis of transcripts that carry m6A marks in either 5′UTR and
CDS or 3′UTR. (G) Correlation analysis between transcript level and m6A methylation at 5′UTR and CDS (upper panel) and 3′UTR (lower
panel). n = 5 per group.

transverse aortic constriction (TAC) to induce pressure overload.3

One week after TAC mice responded with compensated
hypertrophy (Figure 2A), whereas after 8 weeks heart failure
developed (Figure 2B). In addition to m6A RNA methylation,
we also analysed expression changes from the same material
by RNA Seq. ..

..
..

..
..

..
..

..
.. We detected a number of differentially expressed genes either

1 or 8 weeks after TAC that were mainly linked to structural
cardiac plasticity pathways (n = 6 per group; online supplemen-
tary Figure S2, Tables S3 and S4). Using the same cut-offs as for
the detection of differential methylated transcripts (Log2FC>1,
Padj <0.05) we observed that at both time points after TAC

© 2019 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.
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Figure 2 Legend on next page.
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the number of transcripts with significant changes in m6A was
much higher than the number of differentially expressed genes
[Figure 2C and 2D; 1 week: 1638 transcripts differentially methy-
lated, 217 differentially expressed (online supplementary Figure S2
and Table S3); 8 weeks: 1215 transcripts differentially methylated
and 174 differentially expressed (online supplementary Figure S2
and Table S4)]. The global distribution of m6A marks across hyper-
and hypomethylation 1 week after TAC did not differ from control
(Figure 2E and 2G), whereas in case of 8 weeks after TAC a signifi-
cant shift toward hypomethylation specifically at the transcription
start site (TSS) was visible with an area under the curve (AUC) of
0.2733 (95% confidence interval 0.2731–0.2735) for hypomethy-
lation whereas AUC for hypermethylation at 5′UTR was 0.1617
(95% confidence interval 0.1614–0.1619) (Figure 2G). Transcripts
affected by m6A RNA methylation were substantially different from
the transcripts affected at the level of expression (online supple-
mentary Figure S3, Tables S3 and S4), suggesting that changes in
m6A RNA methylation and the regulation of transcript level likely
represent distinct cellular processes.

Next, we performed a GO analysis of differentially methylated
transcripts. Interestingly, only few pathways involved in contractile
or structural processes could be detected. However, both hypo-
and hypermethylated transcripts in case of heart hypertrophy were
enriched in GO categories linked to metabolic processes and gene
expression regulation such as ‘histone modification’ and ‘cellular
response to stress’ (Figure 2F). Additionally, hypermethylated tran-
scripts were linked to signalling pathways such as ERK1/2 signalling
(Figure 2F). The differentially methylated transcripts detected in the
heart failure model were also linked to metabolic processes and
mitochondrial functions and especially hypermethylated transcripts
were also involved in cardiac muscle development (Figure 2H).

m6A RNA methylation in the human
heart
The key enzymes, METTL3, METTL4 and FTO, were expressed
in the human heart (Figure 3A and online supplementary Figure
S9). MeRIP-Seq analysis from non-failing hearts (n = 5; online sup-
plementary Table S2) showed a substantial number of transcripts ..
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.. carrying m6A marks (Figure 3B and online supplementary Table S5)

and a motif search confirmed the previously described m6A RNA
methylation motif (Figure 3C).

The distribution of m6A along transcripts was similar to the
mouse (Figure 3D and online supplementary Figure S5). Also, in line
with the mouse data, most m6A marks occurred in the CDS and
5′UTR of the corresponding transcripts (Figure 3E). A substantial
number of transcripts carried m6A marks exclusively within the
3′UTR (Figure 3E). GO term analysis revealed that m6A contain-
ing transcripts encoded proteins linked to cardiomyocyte func-
tions such as ‘sarcomere organization’, intracellular signalling and
metabolic pathways (Figure 3F and 3G). Similar to the mouse data,
we observed a mild correlation of transcript levels and m6A RNA
methylation at the 5′UTR and CDS (r = 0.19, P = 3.85e-08), while
no significant correlation was seen for the 3′UTR (r = −0.05,
P = 0.3248) (Figure 3H). Comparison of the m6A-containing tran-
scripts detected in the healthy mouse and human heart revealed
a significant overlap of m6A-containing transcripts among the two
species (representation factor 7.6, P< 2.37e-21; Figure 3I). It has
to be mentioned that more m6A methylated transcripts were
detected in mouse heart when compared to the human heart
(Figures 1B and 3B). While these data likely reflect species differ-
ences, we cannot exclude that also methodological issues play a
role. For example, the preparation of tissue takes 5 min in case
of humans but less than 1 min in the mouse model, which corre-
lates with RNA integrity values [RIN; 9.00± 0.23 for mouse and
7.80± 0.57 for human (mean± standard deviation)]. Transcripts
that were m6A methylated in both mouse and humans mainly code
for proteins linked to metabolic processes, and heart and circula-
tion system development (Figure 3I).

Next, we performed MeRIP-Seq and RNA-Seq analysis of
non-failing and end-stage heart failure biopsies (n = 6 per group;
online supplementary Table S1). In line with the mouse data, we
observed that – using FDR <0.05 and two-fold change cut-off in
both cases – more transcripts displayed m6A methylation changes
(n = 1246) than genes that were differentially expressed (n = 228)
(Figure 4A; online supplementary Figure S6A and Table S4). The dif-
ferentially expressed genes were mainly linked to processes of

Figure 2 m6A RNA methylation changes associated with heart hypertrophy and heart failure. (A) Echocardiographic phenotyping 1 week
after transverse aortic constriction (TAC) (anterior wall thickness: sham 0.94 mm, TAC 1.31 mm, P = 0.0001; ejection fraction: sham 61%, TAC
59%, P = 0.6172). (B) Echocardiographic phenotyping 8 week after TAC (anterior wall thickness: sham 0.983 mm, TAC 1.351 mm, P = 0.0001;
ejection fraction: sham 59%, TAC 46%, P = 0.0002). Values represent mean± standard error of the mean (n = 6 animals per group except for
sham 8 weeks with 5 mice available). (C) Left panel: Bar chart showing the number of genes differentially methylated and differentially expressed
in the TAC model for cardiac hypertrophy. Right panel: Pie charts showing the distribution of m6A RNA methylation changes across hyper-
and hypomethylated transcripts. (D) Left panel: Bar chart showing the number of differentially m6A methylated and differentially expressed
genes in the TAC model for heart failure. Right panel: Pie charts showing the distribution of m6A RNA methylation changes across hyper-
and hypomethylated transcripts. (E) Distribution of hyper- and hypomethylated peaks along the gene body in the TAC model for cardiac
hypertrophy. (F) Gene ontology analysis (left panel) and integrated genome browser views of representative transcripts (right panel) hypo- and
hypermethylated in cardiac hypertrophy. (G) Distribution of hyper- and hypomethylated peaks along the gene body in heart failure. Significant
enrichment of hypomethylation at 5′UTR was observed [hypomethylation: area under the curve (AUC) = 0.2733, 95% confidence interval (CI)
0.2731–0.2735; hypermethylation: AUC = 0. 1617, 95% (CI 0. 1614–0. 1619]. (H) Gene ontology analysis (left panel) and integrated genome
browser views of representative transcripts (right panel) hypo- and hypermethylated in the TAC model for heart failure.
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Figure 3 m6A RNA methylation in the healthy human heart. (A) Representative western blot images showing expression of FTO, METTL3
and METTLl4. (B) Pie and bar charts showing the amount and distribution of m6A RNA methylation in the human heart. (C) Sequence
motif identified within m6A peaks. (D) Distribution of m6A peaks across mRNA transcripts. (E) Venn diagram showing m6A marks across
transcript regions. (F) Heat map showing pathway analysis of transcripts that carry m6A methylation marks in 5′UTR and CDS. (G) Heat map
showing pathway analysis of transcripts that carry m6A methylation marks in 3′UTR. (H) Correlation analysis between transcript level and m6A
methylation at 5′UTR and CDS (left panel) and 3′UTR (right panel). (I) Left panel: Venn diagram depicting a significant overlap (representation
factor 7.6, P< 2.37e-21) of genes encoding methylated transcripts in cardiac tissue of mice and humans. Right panel: Gene ontology categories
for transcripts commonly observed in the mouse and human heart.

structural plasticity such as ‘regulation of smooth cell prolifera-
tion’, ‘extracellular matrix organization’ as well as ‘metabolic func-
tion’ (online supplementary Figure S6A). Similar to our findings in
mice after 8 weeks of TAC (online supplementary Figure S3B), in
human failing heart tissue, genes differentially expressed were sub-
stantially different from the transcripts that underwent differential
m6A methylation (online supplementary Figure S6B and Table S5)
providing further evidence that changes in m6A methylation and
transcript level represent different cellular responses to cardiac
stress.

We found that hypermethylated transcripts were mainly linked
to processes that control the ‘response to muscle stretch’,
‘response to growth factor’ as well as ‘heart morphogenesis’
and metabolic processes (Figure 4B). Hypomethylated transcripts
were associated with ‘adrenergic receptor signalling in the heart’,
‘negative regulation of signal transduction’, mitochondrial function ..
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. and metabolic processes (Figure 4C). Comparison of differentially

m6A methylated transcripts detected in mouse and human heart
failure showed a significant overlap (403 transcripts, representa-
tion factor 7.8, P< 3.851e-251) (Figure 4D). These transcripts code
for proteins that are, for example, linked to ‘cardiac muscle dif-
ferentiation’ and metabolic processes (Figure 4D). Future research
is needed to analyse more heart biopsy material from patients. It
will be interesting to see if the degree of m6A RNA methylation
changes might be correlated to the severity of clinical parameters.

Differential m6A methylation during
heart failure is linked to transcripts
with altered polysome binding
The data obtained from the mouse model of heart failure and
failed human heart samples suggest that changes in m6A mRNA
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Figure 4 m6A RNA methylome in human end-stage heart failure. (A) Bar chart showing the number of transcripts differentially methylated and
differentially expressed when comparing cardiac tissue from healthy individuals to patients suffering from end-stage heart failure (n = 6/group).
(B) Upper panel: Pie chart showing the distribution of m6A RNA methylation changes across hypermethylated transcripts. Lower panel: Gene
ontology terms identified for hypermethylated transcripts in human heart failure. (C) Upper panel: Pie chart showing the distribution of m6A
RNA methylation changes across hypomethylated transcripts. Lower panel: Gene ontology terms identified for hypomethylated transcripts
in human heart failure. (D) Venn diagram showing the comparison of differentially methylated transcripts detected in end-stage human heart
failure to differentially methylated transcripts identified in the heart failure mouse model. The heat map shows the pathways represented by
commonly deregulated transcripts.

methylation might play a role in cardiac function. Generally, RNA
methylation has been associated with an altered mRNA decay
rate,20,21 suggesting that changes in m6A RNA methylation may
affect transcript levels. However, altered transcript levels are
unlikely to be the major cellular consequence of altered m6A RNA
methylation in the failing heart given that the vast majority of tran-
scripts that exhibited changes in m6A levels were not differentially
expressed (online supplementary Figures S3A,B and S4). In line with
these data, the correlation of differentially methylated transcripts
with their expression levels in mice and humans was not different
to genes at baseline expression (online supplementary Figure S3C).
Previous studies have also suggested that RNA methylation could
impact mRNA translation by affecting ribosome occupancy.22,23 To
analyse this further, we performed polysome profiling to compare
transcripts bound to translating ribosomes24 in mouse heart tissue
8 weeks post-sham/TAC.

We identified 225 transcripts that were significantly enriched or
depleted from polysome fractions 8 weeks after TAC (Figure 5A
and online supplementary Table S4). Transcripts depleted from
polysomes were almost exclusively linked to metabolic processes,
while those that were enriched mRNAs were involved in path-
ways such as calcium signalling, smooth muscle-related processes ..
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.. and apoptosis (Figure 5A). Differentially methylated and differen-
tially polysome-bound transcripts 8 weeks after TAC showed a
significant positive correlation of (r = 0.37, P< 2.2e-16; Figure 5B),
indicating an effect of m6A methylation on polysome binding. Inter-
estingly, this correlation was specific to transcripts that underwent
differential m6A methylation after TAC, since no such correlation
was observed in the sham control group (online supplementary
Figure S4).

In order to provide first evidence that altered polysome binding
could be a mechanism by which m6A RNA methylation impacts
on cardiac plasticity in the human heart as well, we compared
the 403 transcripts that exhibited altered m6A methylation in
both mouse and human heart failure (Figure 4D) with our mouse
polysome-bound transcripts and found a significant positive corre-
lation (Figure 5C). Enrichment analyses of these transcripts showed
pathways essential for cardiac function and metabolic processes
(Figure 5D). Furthermore, we verified differential m6A RNA methy-
lation by qRT-PCR analysis for Calm1 and some other mRNAs by
analysing input and m6A immunoprecipitated RNA samples from
heart tissue of mice after 8 weeks of TAC surgery with qRT-PCR
(Figure 5E and online supplementary Figure S8). mRNAs of the
selected candidate genes showed no change in RNA expression
while their methylation levels differed in the failing heart. Western

© 2019 The Authors. European Journal of Heart Failure published by John Wiley & Sons Ltd on behalf of European Society of Cardiology.



RNA methylation in the heart 61

stem cell division
regulation of extrinsic apoptotic signaling pathway in absence of ligand
regulation of calcium ion transmembrane transporter activity
positive regulation of actin filament bundle assembly
neuromuscular junction development
negative regulation of smooth muscle cell proliferation
regulation of calcium−mediated signaling
positive regulation of smooth muscle cell migration
response to ischemia
sclerotome development

regulation of vasoconstriction
cellular carbohydrate biosynthetic process

response to cAMP

unsaturated fatty acid biosynthetic process

fatty acid catabolic process

transmission of nerve impulse

fructose metabolic process

−20 0 20
(log p−values)

−2 0 2

sham TAC

A

mRNAs enriched in polysomal fraction

mRNAs depleted from polysomal fraction

z-score

B

0
60

C

orthologous genes diff. methylated 

in human samples

r = 0.27
p-value = 2.88e-08

orthologous genes diff. methylated 

in mouse samples

r = 0.34
p-value < 2.2e-16

−1

0

1

2

−3 0 3 6

log2fc in methylation

lo
g

2
fc

 i
n

 t
ra

n
s
la

ti
o

n

log2fc in methylation

lo
g

2
fc

 i
n

 t
ra

n
s
la

ti
o

n

r = 0.37

p-value = 2.2e-16

−1

0

1

2

−3 0 3 6

vasculogenesisvasodilation
protein

dephosphorylation

D

fatty acid

beta-oxidation using 

acyl-CoA dehydrogenase

generation of

precursor metabolites

and energy

cardiac muscle

tissue

development

muscle system

process

orthologous genes diff. methylated in human samples

E F

NH HF
0.0

0.5

1.0

1.5

C
A

L
M

1
/G

A
P

D
H

* 0.01

NH HF
0

1

2

IP
e
d

/i
n

p
u

t

* 0.05

NH HF
0.0

0.5

1.0

1.5

n
rc

# 0.06

m6A levels

(qRT-PCR)

MeRIP

protein levels

(wb)

expression levels

(nrc)
m6A levels

(qRT-PCR)

MeRIP

sham TAC
0.0

0.5

1.0

1.5

C
a
lm

1
/G

a
p

d
h

* 0.03

sham TAC
0

1

2

3

4

5

IP
e
d

/i
n

p
u

t

# 0.06

sham TAC
0.0

0.5

1.0

1.5

n
rc

 # 0.79

protein levels

(wb)

expression levels

(nrc)

CALM1
[0 - 3.00]

[0 - 3.00]

refN
o

rm
a

li
z
e

d
 

a
g

a
in

s
t 

In
p

u
t

NH

FH

hypomethylated

peaks

refN
o

rm
a

li
z
e

d
 

a
g

a
in

s
t 

In
p

u
t

sham8w

TAC8w

hypomethylated

peaks

Calm1[0-16]

[0-16]

[0-16]

[0-16]

[0-7]

[0-7]

[0-7]

[0-7]

[0-1.5]

[0-1.5]
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blot analysis of Calm1 and Smyd1 proteins revealed decrease levels
as well (Figure 5E and online supplementary Figure S8). The same
results gave analysis of human heart samples – mRNA levels of
CALM1 was not affected in failed heart tissue while hypomethyla-
tion revealed by MeRIP was confirmed with qRT-PCR and the pro-
tein level decreased significantly (Figure 5F). In summary, these data
suggest that altered m6A methylation of mRNA affects polysome
binding of the corresponding transcripts in the heart and thus has
an impact on proteostasis in a transcription-independent manner.

Fto-knockout mice show a worsened
cardiac phenotype
To provide further evidence that m6A levels play a role in normal
cardiac function, we generated mice that lack m6A demethylase Fto ..
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.. in cardiomyocytes (Fto-KO) (Figure 6A and online supplementary

Figure S10). Compared to Cre– wild-type (wt) and Cre+ wt
control mice, Fto-cKO mice showed a more severe reduction in
ejection fraction (16.2% and 22.25% vs. 8.01%, Cre– wt and Cre+
wt vs. Fto-cKO, respectively) and a higher degree of dilatation upon
TAC surgery (4.85 and 4.52 mm vs. 5.54 mm, Cre– wt and Cre+
wt vs. Fto-cKO, respectively) (Figure 6B–E). Thus, cardiac function
depends on the presence of the Fto demethylase and the cellular
m6A landscape.

Discussion
Our study reveals that (i) m6A RNA methylation is altered in
heart hypertrophy and heart failure; (ii) m6A RNA methylation
degree positively correlates with ribosomal occupancy, leading to
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increased and decreased protein levels for hyper- and hypomethy-
lated transcripts, respectively; (iii) m6A RNA methylation levels
affect protein abundance of genes that do not change their mRNA
levels, pointing to the transcription-independent mechanism of
translation regulation; (iv) modulation of the m6A RNA system
by cardiomyocyte specific knockout of the demethylase Fto leads
to a faster progression of heart failure with significant reduction in
ejection fraction and increased dilatation.

Changes in transcriptome
and epitranscriptome in heart failure
When we investigated m6A RNA methylation during heart failure
development, we found that the number of RNAs with altered
methylation levels was much higher than the number of genes that
change their mRNA levels, meaning that changes in m6A RNA
methylation exceed changes in gene expression. It is important
to note that we applied the same cut-off to determine signifi-
cant changes in either gene expression or m6A RNA methylation,
thereby allowing a direct comparison. Interestingly, changes in m6A
RNA methylation mainly occur in transcripts coding for proteins
involved in cardiac signalling and metabolic processes whereas
changes in gene expression were mainly linked to structural
targets. Therefore, m6A RNA methylation is likely to influence
the very early steps of gene expression regulation since tran-
scripts encoding several transcription factors (FOXO1, FOXO4,
ELF2, EIF5a), epigenetic proteins (SMYD1, DICER1, RBM20)
and corresponding regulators of signalling pathways up-stream of
gene expression (for example ERK and MDM2) are differentially
methylated. Small changes in the expression of these ‘regulatory’
targets might lead to more profound changes of their downstream
targets and therefore m6A RNA methylation could have a larger
impact on the cardiac phenotype.

Transcription-independent effect of m6A
RNA methylation
As m6A RNA methylation is present and furthermore changes also
in transcripts that do not change their mRNA levels, m6A RNA
methylation could affect mRNA translation and hence the pro-
teome independent of transcription. For example, we could show,
that the protein abundance of calmodulin 1 (Calm1) – a member
of the important CaMKII signalling pathway – is reduced while its
mRNA level is unaffected but m6A RNA methylation decreases.
This shows that until now, the focus on RNA expression regulation
is insufficient to describe the changes in protein abundance and
that additional mechanisms – like m6A RNA methylation – can
contribute to changes in the levels of proteins and, in our case,
to heart failure development. This could also help to explain the
often observed discrepancy between disease-associated changes in
mRNA levels and the corresponding protein level.25,26

Biological importance of m6A RNA
methylation
We reasoned that m6A marks on different regions of tran-
scripts might have diverse influence on mRNA, like RNA stability, ..
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.. transport, ribosomal binding and decay. To our knowledge this is
one of the first studies showing a link between transcript levels and
the extent of m6A methylation at 5′UTR and CDS but not 3′UTR
and non-coding RNAs. m6A RNA methylation was described to
play a role in promoting mRNA decay.21 The correlation of m6A
RNA methylation and transcript levels in cardiac tissue is however
comparatively small, suggesting that m6A RNA methylation in the
heart does not have a major effect on RNA decay. Indeed, studies
in other tissues reported that m6A RNA methylation also affects
processes such as translation initiation and/or efficiency.22,23 Since
we found a correlation between m6A RNA methylation and ribo-
somal occupancy, we believe that this mechanism is present in the
heart. Also m6A RNA methylation can affect other RNA-based
processes, for example RNA transport.14,27,28 These different con-
sequences of m6A RNA methylation are most likely mediated by
specific m6A RNA methylation reader proteins10,20 but the details
of such a regulation are currently not well understood. More
research is needed to increase the understanding of the functions
of m6A methylation in the heart and the mechanisms by which
these effects are exerted.

Mechanisms underlying m6A RNA
methylation changes
Our study, showing differential m6A methylation in cardiac tissue
in case of heart failure, is in agreement with recent reports.15,29,30

Mathiyalagan et al.15 showed that m6A methylation is involved
in the regeneration of the infarct/peri-infarction area, whereas
Dorn et al.29 and Kmietczyk et al.30 reported that the hypertrophic
response is altered in Mettl3-knockout mice leading to heart fail-
ure after TAC. This is interesting since our study shows that
also Fto-cKO leads to a faster progression of heart failure with
reduced hypertrophy. Therefore, deletion of the RNA methyl-
transferase (Mettl3) as well as the RNA demethylase (Fto) may
impair the response to pressure overload. These data are in line
with our observation that hyper- and hypomethylated transcripts
are detected in response to heart insufficiency and suggest that
the regulatory function of m6A RNA methylation is complex. We
speculate that disturbance in either direction is linked to com-
promised cardiac function. It will be interesting to study to what
extent other factors, including genetic predisposition, influence the
direction and degree of m6A RNA methylation changes in cardiac
diseases, thereby offering the possibility for stratified therapies.
Moreover, since it has been shown that m6A methylation can have a
stimulatory23 or an inhibitory effect31 on translation, probably the
location of the methylation mark within a transcript might deter-
mine the functional consequences. Further research is needed to
study these possibilities.

One approach would be to elucidate the mechanisms that
lead to altered m6A RNA methylation in cardiac diseases. We
did not observe any changes of mRNA or protein levels of the
key regulators of m6A RNA methylation (online supplementary
Figure S7). The only exemption was a decrease of METTL3 protein
in human tissue from heart failure patients, suggesting that the
manipulation of Mettl3 and its counterplay Fto in a cell-specific
and temporally-controlled manner in mice and in human-induced
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pluripotent stem cell-derived cardiomyocytes might be a suit-
able approach for further studies. However, these regulators of
m6A RNA methylation are also regulated via post-translational
modifications13,32 and in case of FTO, shuttling between nucleus
and cytoplasm has been reported.33 Whether any of these
processes could explain the changes in m6A RNA methylation
alteration during heart failure development remains to be
investigated.

In conclusion, our data shows that m6A RNA methylation is
deregulated during heart failure progression. m6A RNA methyla-
tion changes are linked to changes in protein translation, even for
genes that do not change their mRNA levels. This uncovers a new
mechanism of translation regulation, independent of transcription.
Therefore, our data suggest that modulation of epitranscriptomic
processes, such as m6A RNA methylation, might be an interesting
target for therapeutic interventions.

Clinical perspective
Here we could show that methylation of RNA is changed in cardiac
hypertrophy and heart failure. We suggest a novel mechanism
where RNA methylation influences RNA–ribosome interaction
and leads to a change in protein expression and heart failure
progression. Importantly, this is also true for targets that show
no change in RNA expression level. This shows that protein
expression regulation in heart failure occurs partially only on
the translational level and without changes in DNA to RNA
transcription. Therefore, this novel mechanism opens potential
new treatment options for heart failure.

Supplementary Information
Additional supporting information may be found online in the
Supporting Information section at the end of the article.
Methods S1. Supplementary methods.
Figure S1. m6A landscape of non-coding RNA. (A) 1.15% of all
detected m6A peaks in normal heart tissue of mouse (n = 3208)
were mapped to non-coding RNA (n = 37). (B) Correlation
analysis between the methylation levels of non-coding RNA
and transcript abundance of the same molecules. In contrast
to the finding for 5′UTR and coding sequence, no relationship
was revealed for non-coding RNAs between these two values
(r = 0.06, P = 0.7188).
Figure S2. Gene expression changes in hypertrophic and failing
heart of mouse. (A) RNA-Seq followed by differential gene expres-
sion revealed 73 genes upregulated and 83 genes downregulated
after 1 week of TAC surgery (Log2FC>1, Padj< 0.05). Lower
part shows GO categories identified for deregulated genes. (B)
Eight weeks after TAC surgery, 144 genes showed increased levels
of transcripts while 91 genes were detected with reduced tran-
script abundance. Pathway analysis of differentially expressed genes
showed that both metabolic and cardiac function are affected. (C)
Venn diagram showing that 71 genes were differentially expresses ..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

.. 1 week and 8 weeks after TAC surgery. Gene enrichment anal-
ysis indicated that those genes participate in important cardiac
pathways.
Figure S3. Differentially methylated transcripts outnumber dif-
ferentially expressed RNAs. (A) One week after TAC surgery
217 genes showed deregulation at the transcript levels while
RNAs generated from 1611 loci were detected as differentially
methylated. Only 78 genes encoded transcripts differentially
expressed and differentially methylated at the same time
(Log2FC> 1, Padj< 0.05 cut-offs were used for both, differential
expression and differential methylation analysis). (B) Left panel: 47
genes showed differential methylation and differential expression
8 weeks after surgery compared to their control group. Many
more genes with differentially methylated RNAs (n = 1182) than
differentially expressed (n = 174) were detected. Right panel:
Venn diagram of differentially methylated, differentially transcribed
and differentially translated genes in the heart failure model.
(C) Correlation analysis between the levels of methylation and
abundance of transcripts that changed their methylation degrees
in failed heart tissue in mouse (left panel) and human (right panel).
Figure S4. Analysis of correlation between the levels of methy-
lation and polysome occupancy in healthy heart tissue of mouse.
No correlation (r = 0.003, P = 0.8765) was revealed between the
levels of RNA N6A methylation and polysome binding for those
RNAs in control group of mouse.

Figure S5. Epitranscriptome of human heart tissue. (A) Distribu-
tion of m6A peaks across lncRNA. (B) No correlation was found
between the levels of methylation and abundance for non-coding
RNAs (r = –0.09, P = 0.6895). (C) Guitar plots showing distribu-
tion of peaks with gained and lost methylation levels in human
patients with heart failure.

Figure S6. Changes in transcriptome of heart tissue in human
patients. (A) Differential gene expression analysis revealed 228
genes with altered transcript levels (Log2FC> 1, Padj< 0.05).
mRNAs from only 30 loci were differentially methylated at the
same time (B). As shown in the mouse model of heart failure,
in human patients in compromised heart tissue much more tran-
scripts show differential methylation (n =1249) than differential
expression (n = 228). Pathway analysis of differentially expressed
genes revealed importance of those proteins in organization of
actomyosin structure, response to stress and formation of extra-
cellular matrix.

Figure S7. Expression of members of m6A machinery. (A)
RNA-Seq data did not reveal differential expression of m6A writ-
ers, readers and erasers in mouse model of heart hypertrophy (A)
and heart failure (B). No changes were detected on the level of
proteins for Fto, Mettl14 and Mettl16 genes while Mettl3 showed
mild reduction of protein levels in mouse failing heart samples.
(C) RNA expression analysis of different genes related to m6A
in human samples lead to no drastic changes in transcript levels
in human failing heart samples. Western blot analysis of METTL3,
METTL14 and FTO protein showed no difference in abundance
between healthy and failed human heart tissue.

Figure S8. Verification of differential m6A methylation by
qRT-PCR. Smyd1, Gata6 and Rnd3 transcripts were selected
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to verify MeRIP data by qRT-PCR of m6A immunoprecipitated
samples from heart RNA obtained from the new batch of animals
8 weeks after TAC surgery(n = 4 per group). mRNAs from Smyd1

and Gata6 showed hypomethylation, while for Rnd3 mRNAs hyper-
methylation was confirmed by showing increased trend of ratio of
IPed/input in TAC mice compared to sham animals. Western blot
analysis of Smyd1 protein revealed reduction.
Figure S9. Western blot analysis of m6A RNA machinery.
Full western blots are provided for main members of RNA
methyltransferase and RNA demethylase for both mouse and
human heart tissues.
Figure S10. Generation of Fto-cKO mice. A machinery. (A)
qRT-PCR analysis shows reduction of Fto mRNA by 80% in
heart tissue of Fto-cKO mice. (B) Western blot analysis revealed
depletion of Fto protein from isolated cardiomyocytes of Fto-cKO
animals, whereas in protein extract from the whole left ventricle
contains some detectable Fto protein.
Table S1. Patient characteristics and received treatments.
Table S2. Parameters of healthy human donors.
Table S3. m6A RNA methylation in mouse heart hypertrophy.
Lists of differentially methylated and differentially expressed genes
are provided
Table S4. m6A RNA methylation in mouse heart failure. Lists
of differentially methylated and differentially expressed genes are
provided. Transcripts showing differential polysome binding are
listed
Table S5. m6A RNA methylation in huma heart failure. Lists
of differentially methylated and differentially expressed genes are
provided
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