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Preface
Investments in life science research hold the promise to improve disease treatment and 
preventive care, thereby increasing general health levels and life expectancy. A deeper 
understanding of the general and specific biological processes that underlie cellular 
(patho)physiology has already proven beneficial in the prevention and treatment of 
many, previously deadly, diseases. Sanitary improvements, vaccination, antibiotics and 
the cardiac pacemaker are among the abundant examples where insights in the disease 
mechanisms led to the reduction or eradication of previously common diseases. 
Consequently, this has resulted in a shift of the causes of mortality in the developed 
world from infectious diseases and acute events to more chronic diseases. Currently, the 
main causes of morbidity and mortality are represented by cancer, type II diabetes and 
chronic cardiovascular diseases like atherosclerosis, hypertension and heart failure. With 
increasing life expectancies and an ageing population, the need for treatment of these 
chronic diseases is increasing.

In the Netherlands cardiovascular diseases rank second among the general causes of 
mortality. As a whole its incidence has been decreasing over the period from 1991-2013 
(1, 2). This decrease in mortality is however mainly due to better treatment of acute 
cardiovascular events and masks the shift towards chronic heart disease like heart failure 
(2). The ageing population also puts more people at risk to develop heart failure. Chronic 
cardiovascular disease and heart failure in particular therefore pose an increasing socio-
economic burden to society, making prevention and treatment top priorities for research.

The research described in this thesis aims to provide better insights in the molecular 
biology underlying cardiac disease, and heart failure in particular. Hopefully some of 
these findings will eventually find their translation into clinical practice and contribute to 
improve patient care, while others provoke original thoughts that will stimulate additional 
research. 

-------

The doctor provides immediate care for the individual patient
The scientist seeks knowledge to help many in the long run

-
It is however the synergy between the two that holds the key to successful disease 

treatment
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Introduction
For our survival we depend on our ability to create and maintain a balanced internal 
environment, a process called homeostasis. Since we basically represent a (semi-) open 
system in relation to our external environment we require mechanisms to exchange 
nutrients and waste products. Therefore we have a dedicated circulatory system that 
allows the interaction of all the cells in our body with the external environment. The 
circulatory system connects to specialized organs that facilitate the exchange of nutrients 
and waste products. This can be illustrated by the uptake and transport of nutrients from 
the digestive tract. Other examples are the uptake of oxygen and release of carbon dioxide 
through the lungs and the excretion of excess nutrients and waste through the kidneys. 
All these organs work closely together to maintain a balanced internal environment. It is 
therefore not surprising that homeostatic imbalances lead to many forms of disease and 
can eventually be lethal. 

The circulatory system, a highly integrated system that maintains proper perfusion of the 
whole body, plays a central role in the maintenance of homeostasis. A basic circulatory 
system contains a pump, the circuitry and a carrier. In humans and other vertebrates, 
these are represented respectively by the heart, the vasculature and the blood. Since 
humans have a double circulatory system, blood flows from the systemic circulation to the 
heart, via its right atrium into the right chamber. From there it exits the heart to perfuse 
the lungs (the pulmonary circulation) and returns via the left atrium into the left chamber. 
The strong contractions of the left chamber drive the blood via the aorta into the systemic 
circulation.  
Whereas in a mechanical setting the pump, circuitry and carrier function independently 
from each other, in a living organism they interact and communicate with each other to 
provide every cell with its needs. A good example is the vascular response to exercise: 
blood vessels in the muscles dilate while blood vessels in the digestive tract constrict, 
thereby providing perfusion where and when it is needed (3-5). A similar example is the 
fast vaso-constrictive reflex upon a sudden decrease in blood pressure (3). Additionally, 
the long term regulation of the blood volume takes place through adjustments of fluid 
excretion by the kidneys (6). The circulatory system of a living organism is thus far more 
complex than its mechanical equivalent.

The continuously contracting heart respresents the driving force of blood flow through 
the vasculature. The heart regulates systemic perfusion through adjustment of cardiac 
output, which depends on stroke volume and heart rate. Peripheral perfusion can be 
stimulated through an increase in either stroke volume, heart rate or both. 
A main regulatory mechanism of cardiac output is neuronal stimulation by the sympathetic 
nervous system through release of the catecholamines adrenaline and noradrenaline. The 
sympathetic nervous system becomes active in times of stress and induces an increased 
heart rate, stroke volume and thus cardiac output (7).
The heart represents more than just a pump, a fact that is illustrated by its role as 
both a sensor and regulator of cardiac load. When cardiac load increases the atrial and 
ventricular cardiomyocytes release atrial natriuretic factor (ANF), a peptide that signals 
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to the kidneys to decrease the blood volume and thereby reduces the afterload (8). 
Besides ANF, the heart also secretes brain natriuretic peptide (BNP) which has a similar 
hypotensive function (9). By sensing and modifying hemodynamics, the heart performs a 
central role in maintaining proper circulation.

Heart Failure
The importance of balancing cardiac output with peripheral demand can be observed 
during prolonged states of imbalance. This imbalance results either from intrinsic 
dysfunction of the heart or from external factors (10-12). Intrinsic cardiac dysfunction 
directly affects the heart itself and can be caused by cardiomyocyte loss due to myocardial 
infarction, congenital malformations of the heart, genetic mutations in sarcomeric 
proteins, or dysfunction of the heart valves. External factors like hypertension can elevate 
the pressure gradient against which the heart has to work (afterload), therefore requiring 
greater cardiac force generation. All these factors have in common that they lead to 
maladaptive changes of the heart that eventually decrease its pumping capacity. When 
the pumping capacity drops below the threshold to maintain normal perfusion the heart 
goes into failure.
Heart failure is thus a disease state in which the heart is unable to maintain normal 
perfusion of the body. Since it often occurs due to left-sided cardiac dysfunction, where the 
left ventricle starts failing in the absence of right ventricular dysfunction, pressures rise 
in the lung circulation. This results in shortness of breath, fatigue, oedema and eventually 
coughing as a result of fluid accumulation in the lungs. The combined presence of several 
of these symptoms qualifies a patient for the diagnosis of heart failure. Alveolar fluid 
retention is usually the ultimate cause of death for the patient. Most often, heart failure is 
diagnosed relatively late in the disease progression when it becomes symptomatic. At this 
stage the disease cannot be cured and treatment focuses on the symptoms.

Hypertrophy
Given its central role in the circulatory system, a failing heart has severe consequences 
for the homeostasis of the body in general. It is therefore not surprising that the heart 
displays a well-developed capacity to adapt to changing conditions. Short term responses 
like sympathetic stimulation and ANF release have already been mentioned, but chronic 
cardiac or hemodynamic changes require a different kind of adaptation. The general 
response of any muscle towards a chronically increased workload is growth, also known 
as hypertrophy, and the heart forms no exception to this. Bigger muscles generate more 
contractile force and a larger heart muscle has a higher capacity to maintain cardiac 
output during increased workload (13).
Cardiac hypertrophy can be classified as either physiological (eccentric) or pathological 
(concentric) hypertrophy, or cardiac dilation. This distinction finds its origin in the 
gross morphological change of the heart and the subsequent effect on cardiac output 
(14). Eccentric hypertrophy results from exercise and the contractile units of the heart 
muscle cells, known as sarcomeres, are formed along both the length and width of the 
cardiomyocyte. Both heart chamber volume and wall thickness increase, thereby increasing 
cardiac output. In contrast, concentric hypertrophic growth shows increased ventricular 
wall thickness at the expense of chamber volume, mainly due to cardiomyocyte widening 

 1
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through parallel sarcomere deposition. Although this response can maintain cardiac 
output, it does this at the expense of the stroke volume and therefore requires a higher 
heart rate. Cardiac dilation results predominantly from lengthening of cardiomyocytes 
and leads to increased chamber volume combined with ventricular wall thinning. During 
cardiac dilation, heart function strongly decreases as contractile efficiency becomes low 
(14).

Heart cells
At the cellular level, the heart consists of different cell types. The heart muscle cells, called 
cardiomyocytes, and cardiac fibroblasts make up most of the cardiac volume. Vascular 
endothelial, neuronal and immune cells are present in much lower numbers. Although the 
latter also play very important roles in proper cardiac function, for the scope of this thesis 
we mainly focus on the cardiomyocytes and cardiac fibroblasts.

Cardiomyocytes make up most of the volume of the heart and constitute the engine of 
cardiac contractility. Cardiomyocytes contain the contractile machinery, regulatory 
pathways and energy-generating mitochondria that sustain constant contractions. 
The basic contractile unit of a cardiomyocyte is the sarcomere, which consists of actin 
and myosin filaments. Besides sarcomeres, cardiomyocytes contain a high number of 
mitochondria for energy production, an extensive sarcoplasmatic reticulum to regulate 
calcium release, multiple nuclei with DNA to store genetic information, the transcriptional 
and ribosomal machinery to translate this information into functional protein and many 
other organelles.
Cardiomyocyte contractility results from a process known as excitation-contraction 
coupling. Cyclic increases and decreases in intracellular calcium (Ca2+) levels induce 
the sarcomeric filaments to co-ordinately slide past each other, thereby contracting. 
Specifically, excitation-contraction coupling is initiated by extracellular Ca2+ slowly 
entering the cardiomyocyte via L-type calcium channels on the outer cell membrane, 
the sarcolemma. This initial rise in intracellular Ca2+ induces a fast release of Ca2+ that is 
stored in the sarcoplasmatic reticulum through the ryanodine receptors (15). The rising 
intracellular Ca2+ levels induce the contractile filaments of the sarcomere to contract. 
Finally the Ca2+ is pumped back again into the sarcoplasmatic reticulum by the SERCA 
pump so the contractile cycle can start over again (16).

Although cardiomyocytes make up most of the cardiac volume, it is the cardiac fibroblast 
which represents the most abundant cell type in the heart. Compared to cardiomyocytes 
they remain less well characterized but they do play an important role in cardiac disease. 
Furthermore, despite lacking a contractile machinery fibroblasts perform a specific role 
in cardiac (patho)physiology, such as the maintenance of the extracellular matrix. Most 
importantly with regards to cardiac dysfunction, the matrix secreting properties of cardiac 
fibroblasts place them centrally in the fibrotic response where collagens and other matrix 
proteins are deposited in the extracellular space. Fibrosis thus decreases tissue elasticity 
and as a consequence impairs cardiac contractility (17).
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Cellular phenotype and hypertrophic signalling
To understand how cells process the information they receive from the extracellular 
environment it is essential to take a closer look at their internal function. Every cell contains 
essentially the same genetic material and differences between cell types originate from 
the regulation of gene expression and protein activity. In its most basic simplification, 
genetic information is stored in the DNA of a cell and translated via RNA into protein, 
the functional actor that regulates cellular processes. Normal growth and development 
is an intricate process in which the environment interacts with the translation of genetic 
information into a cellular phenotype (i.e. the form and function of a cell). The phenotype 
of a cell is regulated by many intracellular signalling pathways and results from the 
transcriptional and regulatory interaction of thousands of genes and proteins. Any change 
in the cellular environment induces shifts in this regulatory balance, causing the cells to 
adapt to the altered conditions. If the environmental changes are such that they induce 
abnormal cellular function, the adaptation can lead to disease. 

Changes in the extracellular environment as a consequence of increased cardiac load can 
induce cardiac hypertrophy, which results from either proliferation (neoplasy), growth of 
existing cells (hypertrophy) or a combination of both. Generally, most cardiac growth is 
due to cardiomyocyte hypertrophy. Specifically, the gross changes of the hypertrophied 
heart result from cardiomyocytes increasing proportionally in length and width (eccentric 
hypertrophy), mainly widening (concentric hypertrophy), or predominantly increasing 
in length (cardiac dilation) (14). Recent studies found however evidence for a small 
contribution of cardiomyocyte proliferation to cardiac hypertrophy (18, 19). In contrast to 
cardiomyocytes, cardiac fibroblasts proliferate abundantly, but their volumetric increase 
does not significantly contribute to heart size nor does it improve cardiac contractility. It 
is thus the hypertrophic growth of cardiomyocytes that causes most of the compensatory 
growth of the heart muscle.

Insights in the molecular mechanisms underlying cardiomyocyte hypertrophy might 
provide the key to better treatment and prevention of heart disease. By now, several 
intracellular signalling cascades that regulate the hypertrophic response have been 
identified. These signalling cascades respond to cues from the extracellular environment, 
like changes in the levels of catecholamines and other hormones (i.e. adrenaline, 
angiotensin II, endothelin, transforming growth factor-β), small molecules (extracellular 
Ca2+-levels), and cellular stretch (11, 14, 20).
Changes in these factors are monitored by specific receptors, mainly receptor tyrosine 
kinases (RTKs) and G-protein coupled receptors (GPCRs), which transmit information 
about the changing environment to the interior of the cells (depicted in Figure 1) (14, 21). 
The receptors interact either directly or indirectly with intracellular signalling cascades, 
thereby regulating their activity. The main signalling cascades involved in cardiomyocyte 
hypertrophy revolve around protein kinase B (Akt/PKB), protein kinase A (PKA), protein 
kinase C (PKC), protein kinase D (PKD), and mitogen activated protein kinases (MAPK) (14, 
21). All these signalling cascades converge on a limited set of transcriptional regulators 
including transcription factors (NFAT, GATA4, MEF2, SRF and AP-1) (14, 22), signalling 
mediators (Ca2+, calcineurin, CamK) (14, 23-25) and chromatin regulators (HDACs) (14, 
23, 26). These factors ultimately determine the expression levels and the activity of 
regulatory and structural proteins, thereby governing hypertrophic growth (Figure 1).

 1
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Two main hypertrophic pathways implicated in physiologic hypertrophy are initiated 
by the binding of extracellular growth factors like insulin-like growth factor (IGF) or 
fibroblast growth factor (FGF) to receptor tyrosine kinases (RTKs). The binding results 
in the downstream activation of two separate signaling pathways: MAPK-signaling 
and Akt/PKB signalling. The MAPK pathway activates extracellular signal-regulated 
kinases (ERKs), p38, and c-Jun N terminal kinase (JNK) that in turn affect the activity 
of downstream transcriptional activators (14). Akt/PKB signalling induces hypertrophic 
growth by activation of mammalian target of rapamycin (mTOR), a key regulator of 
protein synthesis. In addition, Akt/PKB inhibits the activity of glycogen synthase kinase 
3-beta (GSK3b), a negative regulator of transcription factor GATA4 and NFAT activity (14).
Intracellular Ca2+ is crucial to maintain cardiomyocyte contractions via excitation-
contraction coupling, but it also affects hypertrophic signaling. Ca2+ plays a key role in 
the activation of one of the most intensely investigated hypertrophic signalling cascades: 
calcineurin-NFAT signaling (14, 21, 24, 25, 27, 28). Calcineurin has been identified as a 
Ca2+-activated phosphatase that regulates the entry of the transcription factor NFAT into 
the nucleus of the cell. Upon increased intracellular Ca2+-levels NFAT is dephosphorylated 
by calcineurin, enters the nucleus and activates transcription of the hypertrophic gene 
program, thereby inducing cardiomyocyte hypertrophy. Several other factors play a role 
in regulating the activity of the calcineurin-NFAT signaling cascade. For example, JNK has 
been identified as a negative regulator of NFAT activity, as it phosphorylates NFAT and 

Figure 1: Hypertrophic signalling pathways of the cardiomyocyte. Extracellular signals are transduced to the 
nucleus where they converge on a limited set of transcriptional regulators that regulate RNA transcription and 
thereby protein synthesis. On the left are pathways that have been implicated in adaptive hypertrophy while on 
the right are signalling pathways involved in mal-adaptive hypertrophy.
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thereby promotes its export from the nucleus (29, 30). In the same signalling pathway 
Cdc42 was identified as an activator of JNK, and its deletion resulted in increased NFAT 
activity (30).
Another signalling pathway, depicted in Figure 1, directly regulates intracellular Ca2+ 
levels, thereby indirectly activating calcineurin-NFAT signalling. The pathway is induced 
by the binding of catecholamines, angiotensin II or endothelin I to G-protein coupled cell 
surface receptors (14, 21). This binding results in the activation of small G-proteins that 
either activate adenylyl cyclase and protein kinase A (PKA) or phospholipase C (PLC). 
Activated PKA induces Ca2+-release from the sarcoplasmatic reticulum via the ryanodine 
receptors. This intracellular Ca2+ in turn activates calcineurin (25). PLC generates the 
second messengers inositol triphosphate and diacylglycerol. Inositol triphosphate 
induces a further release of intracellular Ca2+, while diacylglycerol activates protein 
kinase C, another mediator of the hypertrophic response (14). All these pathways have in 
common that they ultimately regulate the activity of transcription factors that induce the 
hypertrophic response.
In addition to the regulation of transcription factor activity, the accessibility of DNA to 
transcription factors can be affected by the conformation of chromatin, the packaged 
form of DNA (14, 26). Chromatin modulation affects the proteins that package DNA into 
a manageable volume. One of the main factors determining DNA accessibility is histone 
acetylation. When histones are acetylated, the DNA has an open conformation and 
transcription factors can bind to the genes. Upon deacetylation, chromatin condenses 
and becomes inaccessible. The acetylation state of histones is regulated by histone 
acetyltransferases (HATs) and histone deactylases (HDACs). A subclass of HDACs (HDACs 
type II) was found to regulate the hypertrophic response as mutant mice with inactive 
HDACs developed cardiac hypertrophy (26). The activity of HDACs also depends on 
intracellular Ca2+-levels, as their activity is regulated by the Ca2+-dependent proteins 
calmodulin and Calmodulin-dependent kinase (CamK) (23).

This description of the molecular signaling involved in cardiomyocyte hypertrophy is 
however far from complete and a gross simplification. Novel mechanisms of transcriptional 
and translational regulation have been discovered recently and add to the complexity of 
hypertrophic growth regulation. The traditional idea that genetic information simply 
flows from DNA, via RNA to protein has also been updated after the discovery of miRNAs. 
This has opened many new possibilities for the identification of therapeutic targets 
that might allow intervention with the hypertrophic response in order to improve the 
prognosis of heart failure.

Regulation of gene expression by microRNAs
MicroRNAs (miRNAs) represent one of the recent additions to the regulatory layers 
involved in cardiomyocyte hypertrophy. MiRNAs have been discovered in 1993 (33), but 
it has only been during the last 15 years that their full regulatory potential is appreciated.  
The unique property of miRNAs is that they control the translation of mRNA into protein 
(33, 34). A miRNA is a short ~22 nucleotide RNA sequence that is transcribed from 
nuclear DNA as a pri-miRNA (Figure 2). In the nucleus this primary transcript is processed 
by Drosha to a pre-miRNA which is exported into the cytoplasm. Subsequently, upon 
cleavage by Dicer, the ~22 nucleotide mature miRNA is incorporated in the RNA-induced 

 1
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silencing (RISC) complex. Based on the sequence of the specific miRNA, the RISC-complex 
can bind to the 3’-untranslated region (UTR) of mRNA transcripts via complementary 
base-pairing. Upon binding, the mRNA transcript is either cleaved and degraded, or its 
translation into protein is inhibited (Figure 2). MicroRNAs thereby act in the fine-tuning 
the amount of protein that is produced.
Several groups have identified miRNAs involved in cardiac hypertrophy and heart failure. 
Most of the current knowledge, especially with regards to their therapeutic potential for 

Figure 2: Biogenesis and mechanism of action of miRNAs. MiRNAs are encoded by nuclear DNA and transcribed 
as pri-miRNAs. These long transcripts with a 5’-cap and poly-A tail are processed by Drosha into pre-miRNAs 
that are exported from the nucleus into the cytoplasm. In the cytoplasm they are cut by Dicer into a ~22bp long 
duplex that contains the mature miRNA. This miRNA is subsequently incorporated in the RISC complex, which 
silences mRNA translation via degradation of the mRNA transcript or through translational inhibition.
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cardiac fibrosis, will be reviewed in Chapter 3 of this thesis. In relation to heart failure, 
miRNA-22 has been shown to induce hypertrophy via its down-regulation of the histone 
deacetylase HDAC4 and the metabolic regulator Sirt1 (35). In vivo down-regulation 
of miRNA-133 in mice by either decoy sequences or anti-miRNAs resulted in cardiac 
hypertrophy, while in vitro over-expression inhibited cardiomyocyte hypertrophy (36). 
In the same study miRNA-1 was identified as a potential regulator of cardiac hypertrophy 
and others have subsequently found that over-expression of miRNA-1 decreases pressure-
overload-induced hypertrophy in mice in vivo (37). These studies clearly illustrate the 
potential of miRNAs to regulate cardiomyocyte hypertrophy and several studies have 
already started to investigate the therapeutic possibilities of miRNA based treatments 
(38-40).

Treatment of heart failure
This brings us back to where it all started: basic research holds the promise to improve 
disease treatment and preventive care. Although we have witnessed a steady decrease in 
the mortality by cardiovascular diseases, the prevalence of heart failure is rising (1, 2). 
Current treatments mainly target the symptoms of heart failure instead of the underlying 
causes. ACE-inhibitors for instance decrease the circulating levels of angiotensin-
II, a hormone that induces vascular constriction. This results in a decreased blood 
pressure and thus a decrease in cardiac load. In addition, angiotensin-II by itself induces 
cardiomyocyte hypertrophy, so its inhibition might also be beneficial in this respect. 
Similar to ACE-inhibitors are the angiotensin receptor blockers that inhibit the effects of 
angiotensin-II. Likewise, other treatments based on diuretics focus on decreasing cardiac 
load by decreasing the blood pressure. All these therapies are usually supplemented with 
the use of beta-blockers like carvedilol or metoprolol. These inhibitors of β1-adrenergic 
signalling decrease the heart rate, thereby improving cardiac function. Beta-blockers 
also affect blood pressure as they inhibit the secretion of renin, a crucial regulator of 
angiotensin conversion, from the kidneys (41, 42). There is however still an increasing 
need for the proper treatment of heart failure. 

Scope of this thesis
Since the advent of modern molecular biology in the 1970s a lot of insights have been 
gained in the inner workings of the cell. A deeper understanding of the molecular biology 
of heart failure might provide new therapeutic approaches to treat heart failure.
In this thesis we set out to identify novel regulators of cardiac hypertrophy. The thesis 
can broadly be divided in two parts. Part 1 (Chapters 1 and 2) focuses on in vitro studies 
of cardiomyocyte hypertrophy while part 2 (Chapters 3, 4 and 5) takes a closer look at 
the role of miRNAs in cardiac dysfunction. In Chapter 1 we describe the use of cultured 
neonatal rat cardiomyocytes as a tool to study cardiomyocyte hypertrophy. In Chapter 2 
we use this model system to perform a large-scale siRNA screen for the identification of 
novel regulators of the hypertrophic response. Chapter 3 reviews the therapeutic potential 
of miRNA-based interventions in cardiac fibrosis. Chapter 4 describes our findings with 
regard to in vivo miRNA-30c downregulation in mice, while Chapter 5 gives an overview 
of our in vivo findings for cardiac miRNA-30c over-expression. In the general discussion 
we place our findings in a broader perspective.
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Hypertrophy of cultured neonatal 
rat cardiomyocytes 
Optimizations for high throughput screening

Abstract
Neonatal rat cardiomyocytes represent a well-established model system to study the 
molecular biology of the heart. In this chapter we investigate the use of these cells as a 
model for cardiomyocyte hypertrophy. We used cell area as a functional read-out for the 
hypertrophic response, and set up the immune-histochemical detection of ANF expression 
as a marker for cardiomyocyte stress. The aim is to optimize the culture condition is such 
a way that it is suitable for high-throughput screening.
During these optimizations we found that culture conditions greatly affect the results 
of hypertrophy studies. Rich medium (containing bovine serum albumin) already 
induces cardiomyocyte hypertrophy, thereby preventing any further induction with 
pharmacological stimuli. For studies of the hypertrophic response it is therefore important 
to culture cells in a basal medium. Subsequently, we compared the effects of phenylephrine 
(PE), isoproterenol and Transforming Growth Factor-beta (TGFβ) on cardiomyocyte 
hypertrophy and found that stimulation with 50 µM PE or 25 µM Isoproterenol  induced 
a ~17% increase in cell size, while TGFβ induced a ~9% increase.
To validate the suitability of our model for large-scale siRNA screening we tested 
knockdown of KLF15, a repressor of cardiomyocyte hypertrophy. We achieved a 70% 
knockdown of KLF15 mRNA, which resulted in a 7% increase in cardiomyocyte size.
Our findings revealed the importance of culture conditions in cardiomyocyte hypertrophy. 
Moreover, the proof-of-principle experiments with KLF15 illustrate the suitability of 
cultured neonatal rat cardiomyocytes as a model system for hypertrophy research in 
large-scale screening assays.
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Introduction
Heart failure has been defined as a complex syndrome characterized by the inability 
of the heart to maintain sufficient cardiac output. It usually results from the structural 
or functional impairment of ventricular filling or ejection (1, 2). To maintain cardiac 
output during the progression towards heart failure the heart increases in size, a process 
known as cardiac hypertrophy (1). An increase in individual cardiomyocyte area, mainly 
due to increased assembly of the contractile apparatus, underlies this hypertrophic 
growth. Initially, this leads to improved contractile force generation, allowing the heart 
to maintain cardiac output (1-3). Chronic induction of hypertrophic growth eventually 
impairs cardiac function, thereby enhancing the progression towards heart failure. In fact, 
cardiac hypertrophy is considered an early predictor for the development of heart failure 
(1, 2, 4). 

The exact (patho)-physiological mechanisms underlying the induction of cardiac 
hypertrophy in vivo are not fully understood and likely to be complex. The observation 
that hypertrophy can be induced via systemic pharmacological stimulation (1, 5, 6) 
revealed the involvement of specific molecular signalling cascades in the activation of the 
hypertrophic response. In this regard, a role for adrenergic signalling was established 
through the use of phenylephrine, an α-adrenergic agonist that induces a potent 
hypertrophic growth response (6, 7). Binding of phenylephrine to the α-adrenergic 
receptor results in downstream activation of G-Protein Coupled Receptor GPCR signalling 
and induction of Ca2+-release. This eventually leads to the activation of pro-hypertrophic 
transcriptional activators that induce cell growth and hence cardiac hypertrophy (1). In 
vitro, phenylephrine was found to be one of the most potent inducers of hypertrophy in 
cultured cardiomyocytes (8).
Isoproterenol represents another pharmacological stimulus of the hypertrophic response 
in vivo and in vitro. Isoproterenol has two main physiological effects: it increases the heart 
rate and induces peripheral vasodilation (5). In vitro, treatment of cultured neonatal rat 
cardiomyocytes with isoproterenol induces cardiomyocyte hypertrophy via activation of 
GCPRs and their downstream targets (8).
TGFβ is a cytokine that can be secreted by many cell types under conditions of stress. 
In the heart, TGFβ is secreted by cardiomyocytes and cardiac fibroblasts and induces 
cardiomyocyte hypertrophy and fibroblast proliferation. The actions of TGFβ are mediated 
via several signalling cascades that induce downstream transcriptional activation of the 
hypertrophic gene program via AP-1 and GATA (9).
Further insights into the molecular mechanisms of hypertrophic signalling might therefore 
provide clues about both the beneficial and detrimental effects of hypertrophic growth, 
thereby opening up opportunities for specific targeting and intervention.
Cultured neonatal rat cardiomyocytes are the most widely used cell system to study 
cardiomyocyte hypertrophy in vitro. These cells can be cultured for up to one week 
while retaining both a contractile phenotype as well as the expression of cardiomyocyte 
markers like α-actinin, Atrial Natriuretic Factor (ANF), and Cardiac Troponin I (cTNI) 
(10). Neonatal cardiomyocytes undergo hypertrophic growth upon pharmacological 
stimulation, similar to cardiomyocytes in vivo (7, 8). Additionally, hypertrophic stimulation 
induces the so-called “hypertrophic gene program”, i.e. enhanced transcription of specific 
genes involved in contraction, calcium handling and metabolism, that it also observed 
in the in vivo failing heart (1, 11). Therefore, neonatal rat cardiomyocytes represent a 
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suitable model to further investigate many of the molecular signalling cascades involved 
in the hypertrophic response. 
Along with technological improvements high-throughput screening, new approaches 
to investigate the molecular mechanisms underlying cardiomyocyte hypertrophy have 
become available. One of these techniques employs short-interfering RNAs (siRNAs) to 
selectively down-regulate the expression of specific mRNA transcripts, an approach that 
has already helped to elucidate the signalling pathways that regulate the hypertrophic 
response before (12, 13). Developments in screening platforms and the availability of 
large siRNA libraries now provide the means to combine siRNA-mediated loss-of-function 
screening with high-content image acquisition and analysis.

Here we describe the optimization process for a siRNA-based loss-of-function screen with 
the aim to identify novel regulators of cardiomyocyte hypertrophy. Several reports have 
already established that high-content screening can be used in cultured cardiomyocytes 
to discover novel regulators of cardiomyocyte hypertrophy (8, 14). Jentzsch et al. 
applied high-content screening to identify novel microRNAs regulating cardiomyocyte 
hypertrophy while Bass et al. established the reliability of the approach we also followed. 
The key to success with this approach lies in using a biological relevant read-out that is as 
close to human physiology and pathology as possible. We therefore studied neonatal rat 
cardiomyocytes and characterized the induction of hypertrophy by comparing different 
pharmacological compounds and culture conditions. Subsequently, we optimized the 
siRNA transfection protocol in these cells, using siRNAs against KLF15 and myocardin 
as positive controls. As we previously identified KLF15 as a repressor of cardiomyocyte 
hypertrophy (15, 16), we validated our screening protocol by inducing an increase in 
cardiomyocyte size upon siRNA-mediated knockdown of KLF15.
In conclusion, our findings illustrate the feasibility of siRNA-mediated interference with 
the hypertrophic response, and therefore open the path for large-scale screening for novel 
genetic regulators of cardiomyocyte hypertrophy as described in Chapter 3.

Material and Methods
Experimental Animals
For these studies we used 1-3 days old Wistar rats. All animal experiments have been 
approved by the ethical committee on animal experimentation of the Academic Medical 
Center (AMC).

Neonatal Rat Cardiomyocyte Isolation
1-3 day old Wistar rats were sacrificed by decapitation. Hearts were removed and 
ventricles were minced into small pieces. Cardiomyocytes were isolated by enzymatic 
digestion in 1x HBSS (Sigma H4641) supplemented with 0,05% collagenase type I (Gibco 
17100-017), 0,05% pancreatin (Sigma P3292), 0,55 g/L D-glucose (Merck 104074), 
0,035% NaHCO3 (Merck 106329), 2 µg/ml DNAse (Sigma DN-25) and gentamycin 
1:1000 (Invitrogen 15750-045). To separate fibroblasts from cardiomyocytes, cells were 
pre-plated twice for 1 hour in plating medium (66% DMEM (Invitrogen 11966-025), 
17% medium 199 (Invitrogen 31153-026), 10% horse serum (Invitrogen 16050-0122), 
5% heat inactivated fetal calf serum (Invitrogen10270-106), 1,6 g/L D-glucose, 1:1000 
gentamycin and 1:100 penicillin/streptomycin (Invitrogen 15070-063)). Non-attached 
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cells (i.e. cardiomyocytes) were collected from the supernatant, counted and plated in 
plating medium on 1% gelatin-coated (Fluka 487240) plates at a density of 1 x 106 or 
5 x 104 cells per well for 6-well and 96-well optilux plates (BD 353948), respectively. 
After 48 hours, medium was replaced by cardiomyocyte medium (medium 199, 1:100 
HEPES (Invitrogen 15630-056), 1:100 NEAA (Invitrogen 11140-035), 1:100 L-glutamine 
(Invitrogen 25030-024), 0,35 g/L D-glucose, 2 µg/ml vitamin B12 (Sigma V2876) 
and 1:100 penicillin/streptomycin) for overnight serum starvation. All cultures were 
maintained at 37ºC and 5% CO2 in a humidified incubator. All culture media after the 
pre-plating were supplemented with 10 µM Ara-C (Sigma C1768) to prevent fibroblast 
proliferation.

Stimulation and cardiomyocyte culture
After serum starvation, cardiomyocytes were cultured in either basal medium (medium 
199, 1:100 HEPES (Invitrogen 15630-056), 1:100 NEAA (Invitrogen 11140-035), 1:100 
L-glutamine (Invitrogen 25030-024), 0,35 g/L D-glucose, 2 µg/ml vitamin B12 (Sigma 
V2876) and 1:100 penicillin/streptomycin) or rich medium (4/5 DMEM (invitrogen 
11966), 1/5 medium 199 (invitrogen 31153-026), gentamycin 1:1000 (invitrogen 15750-
045), penicillin/streptomycin 1:100 (Invitrogen 15070-063), 1,6 g/L D-glucose (merck 
104074), 250 mU/L insulin (sigma I6634), 250 µM L-carnitine (sigma C0283) and 1% 
BSA (MP BioMed 160069) and treated with the pharmacological hypertrophic stimuli 
isoproterenol, phenylephrine or TGFβ. These stimuli were diluted in either basal or rich 
culture medium to a final concentration of 25 μM isoproterenol, 50 μM phenylephrine or 
10 ng/ml TGFβ and added to the cardiomyocyte cultures. Measurements were performed 
between 24 and 72 hours after stimulation as shown in figure legends.
siRNA Transfection
To ensure efficient siRNA knockdown we transfected cells with SMARTpools, a mix of 
4 siRNAs directed against the same mRNA. SMARTpools for rat KLF15 (L-080131-01), 
rat myocardin (L-080134-00) and a non-targeting control SMARTpool (D-001810-10) 
were obtained from Dharmacon. All SMARTpools were dissolved in 1x siRNA buffer 
(Dharmacon B-002000-UB) to a final 20 µM stock concentration and maintened at -80°C 
prior to use. Transfection efficiency was tested with the fluorescently labelled siGLO-red 
(Dharmacon D-001630-02).
NRCM (50.000 cells/well) were transfected with siRNAs (300 nM final concentration) 
in 96-well plates (BD bioscience 353948) in non-supplemented medium 199 using 
Lipofectamine 2000 (Invitrogen 11668-019), according to the manufacturer’s protocol. 
After 6 hours, medium was replaced with basal cardiomyocyte medium supplemented 
with Ara-C, in the presence or absence of 50 µM phenylephrine (Sigma P6126). Cells were 
subsequently cultured for 72 hours.

Quantitative Real Time PCR (qPCR)
For qPCR, RNA was isolated from siRNA transfected cardiomyocytes using TRIzol reagent 
(Invitrogen 15596-026), according to the manufacturer’s protocol. Subsequently, 200 ng 
RNA was treated with DNAse I (Invitrogen 18068-015) and cDNA was synthesised using 
Superscript II reverse transcriptase (Invitrogen 18064-071). Prior to qPCR analysis, cDNA 
was diluted 4 times with milliQ water. qPCR was performed on a Lightcycler 480 (Roche) 
using SYBR green (Roche 04887352001), according to the manufacturer’s protocol. 
The following primers for rat KLF15 (Forward: CCAAGAGCAGCCACCTCAAG; Reverse: 
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Figure 1: Image analysis workflow. Images were acquired in three fluorescent spectra, specific for DAPI (blue), 
α-actinin (green) and ANF (red) (panel 1). Individual cells were detected based on DAPI-positive nuclei (panel 
2). Cardiomyocyte area was measured by determining the α-actinin positive area per nucleus (panel 3). The 
algorithm excluded cells crossing the image boundaries (panel 4), and was optimized to avoid analysis of 
apoptotic or necrotic cells, cells without nuclei and staining or image artefacts. The level of ANF expression was 
quantified based on the average signal intensity in the perinuclear area. Local background intensity was based 
on the average signal in the periphery of the cells and subtracted from the perinuclear intensity to improve the 
specificity (panel 5). Panel 6 shows a close-up of the cardiomyocytes stained with α-actinin (green) and ANF 
(red).

TCGCATACGGGACACTGGTA) and myocardin (Forward TGGGGCCAACGTTTTCAATTCC; 
Reverse TCCATCTGCTGACTCCGAGTC) were used. Quantification of the results was 
performed using LinReg PCR analysis software [8].
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Cell Fixation and Staining
All reagents and antibodies were dissolved in PBS and cells were washed twice with PBS 
between every step. After the indicated incubation times, cells were washed twice with 
PBS, fixated for 10’ with 4% PFA (Merck 104005) and permeabilised for 10’ with 0,1% 
triton X-100 (Sigma X100). Cells were then incubated for 1 hour at 37ºC with primary 
antibodies for α-actinin-2 (Epitomics 2310-1) and ANF (Millipore CBL66) diluted 1:800 
and 1:1000, respectively, followed with incubation for 1 hour at 37ºC with the secondary 
antibodies AlexaFluor-488 goat-α-rabbit (Invitrogen A11008) and AlexaFluor-568 goat-
α-mouse (Invitrogen A11004) diluted 1:400. Subsequently, nuclei were stained for 10’ at 
37ºC using 250 ng/ml DAPI (Sigma D9542) or 125 nM SYTOX-Green (Molecular Probes 
S7020). Cells were washed twice with PBS and stored in 50% glycerol (Scharlau GL0026)/
PBS at 4ºC for further analysis.

Image acquisition and analysis 
Cell images were acquired with the Operetta high-content imaging platform (Perkin Elmer, 
non-confocal) and analysed with Harmony software (Perkin Elmer). Image analysis was 
performed on unprocessed image files. The relative intensities of composite images have 
been altered for clear illustration.

Statistics
All data are represented as mean +/- standard error of the mean (s.e.m.), unless mentioned 
otherwise. A p-value of ≤ 0,05 was used as a cut-off to indicate statistical significance.
 

Results
Quantification of cardiomyocyte hypertrophy 
To assess the hypertrophic response of cultured cardiomyocytes we used the Operetta 
high content screening platform in combination with Harmony software for automated 
image acquisition and analysis. The hypertrophic response was quantified via two 
independent parameters: cardiomyocyte surface area and perinuclear ANF expression. 
Immunocytochemical staining for α-actinin provided a cardiomyocyte-specific area 
marker, while staining for ANF showed activation of the hypertrophic gene program. The 
staining for α-actinin also provided information on the culture purity as we could derive 
the ratio of α-actinin positive cells to total cells.
Figure 1 schematically represents the image analysis workflow. In brief, images were 
acquired in three fluorescent spectra, specific for DAPI, α-actinin and ANF (panels 1 and 
6). Individual cells were detected based on DAPI-positive nuclei (panel 2). Cardiomyocyte 
area was determined by quantification of the α-actinin positive area per nucleus (panel 
3). The algorithm excluded cells crossing the image boundaries (panel 4), and was 
optimized to avoid analysis of apoptotic or necrotic cells, cells without nuclei and staining 
or image artefacts (data not shown). The level of ANF expression was quantified based on 
the average signal intensity in the perinuclear area (illustrated in panels 5 and 6). Local 
background intensity was based on the average signal in the periphery of the cells and 
subtracted from the perinuclear intensity to improve the specificity (panel 5). 

Culture conditions affect neonatal rat cardiomyocyte growth
Neonatal rat cardiomyocytes have the capacity of hypertrophic growth in vitro under 
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specific culture conditions. To find the optimal culture conditions to study cardiomyocyte 
hypertrophy, we assessed whether two different medium compositions had an effect 
on the induction of hypertrophy. We therefore cultured neonatal rat cardiomyocytes in 
serum-free basal, or rich medium. The media differ, besides small differences in ionic 
composition, for the presence of insulin, L-carnitine and bovine serum albumin (BSA), a 
protein complex known to contain growth factors, macromolecules and nutrients. 
In basal medium, cell sizes remained approximately 1000 μm2 for at least 72 hours after 
plating (Figure 2A). In contrast, cardiomyocytes cultured in rich medium rapidly increased 
in size after plating, even in the absence of pharmacological stimulation. Typically, they 
increased from 1700 μm2 at 24 hours to 3050 μm2 at 72 hours (Figure 2A), which is 
approximately 3-fold larger than cells cultured in basal medium. These results indicate 
that neonatal rat cardiomyocytes have the capacity to undergo hypertrophy in vitro and 
that the extent of hypertrophy strongly depends on the composition of the medium.
We simultaneously evaluated the purity of cardiomyocyte cultures in basal and rich 
culture medium by dividing the αACTN positive cells by the total number of DAPI positive 
nuclei (Figure 2B). Cultures in basal medium showed ~5% non-cardiomyocytes, while in 
rich medium we found ~13% non-cardiomyocytes (Figure 2C).

Figure 2: Culture conditions affect neonatal rat 
cardiomyocyte growth. Cell growth and purity 
is affected by the culture medium. (A) Over 72 
hours, cardiomyocyte area does not increase when 
cultured in basal medium, while it almost triples 
in rich culture medium (N=4). (B) Microscope 
image of cardiomyocyte cultures stained for  DAPI 
(blue) and α-actinin (green). (C) Percentage of non-
cardiomyocyte cells present in cultures with basal or 
rich medium (N=3). * denotes a p-value < 0.05 and 
error bars represent standard error of the mean.

Induction of hypertrophy by pharmaco-
logical stimuli 
Since medium composition by itself already 
has a profound effect on cardiomyocyte 
hypertrophy we set out to study its 
interaction with pharmacologically-
induced hypertrophy. We evaluated 
cardiomyocyte area after 72 hours of 
treatment with 25 μM isoproterenol, 50 
μM phenylephrine or 10 ng/ml TGFβ 
in either basal or rich medium. When 
cardiomyocytes were cultured in basal 
medium, treatment with hypertrophic 
stimuli induced an increase in cell 
area by ~17% upon stimulation with 
isoproterenol and phenylephrine and ~9% 
with TGFβ (Figure 3A). Interestingly, none 
of these hypertrophic stimuli induced 
cardiomyocyte hypertrophy when cells 
were cultured in rich medium, as indicated 



33

Figure 3: Pharmacologically induced cardiomyocyte 
hypertrophy. (A) Cell area after 72 hours in basal medium 
in the presence of three different hypertrophic stimuli 
(N=4). (B)  Cell area after 72 hours in rich medium in the 
presence of three different hypertrophic stimuli (N=4). 
Concentrations of the stimuli: 25 μM isoproterenol, 50 
μM phenylephrine or 10 ng/ml TGFβ. * denotes a p-value 
< 0.05 and error bars represent standard error of the 
mean.

We characterized the effects of hypertrophic stimulation on cardiomyocyte morphology. 
Unstimulated cardiomyocytes in basal medium have an irregular shape and borders 
(Figure 4A). Treatment with isoproterenol induces an increase in cardiomyocyte size with 
the maintenance of the irregular shape (Figure 4B). Treatment with phenylephrine induces 
a large increase in cardiomyocyte size, with cells having a spindle-shaped hypertrophic 
phenotype (Figure 4C). TGFβ gives an intermediate phenotype between isoproterenol and 
phenylephrine, with a clear increase in cell area combined with a more irregular shape 
(Figure 4D). Thus, the induction of hypertrophy by different pharmacological stimuli 
results in cells with distinct morphological phenotypes.

Knockdown of KLF15 induced cardiomyocyte hypertrophy
To validate our experimental conditions for their suitability in large-scale siRNA screening 
we took KLF15 to show proof of principle. KLF15 has been identified in our laboratory 
as an inhibitor of cardiomyocyte hypertrophy (15, 16). Via its interaction with myocardin 
it prevents transcriptional activation of SRF-dependent gene expression, and thereby 
activation of the hypertrophic gene program. We tested whether decreased expression 
levels of KLF15 would be sufficient to induce cardiomyocyte hypertrophy in vitro. 
We initially optimized transfection of cultured neonatal rat cardiomyocytes with 
a fluorescent-labeled siRNA, siGLO, to achieve ~90% transfection efficiency in 
cardiomyocytes (Figure 5A). To test the effectiveness of siRNA-mediated knock-down we 
subsequentely transfected cardiomyocytes with siRNA against myocardin and KLF15. 
This resulted in a significant 80% and 70% downregulation of the respective mRNA 
transcripts (Figure 5B). Furthermore, the 70% downregulation of KLF15 was sufficient 
to induce cardiomyocyte hypertrophy as evident from a significant ~7% increase in 
cardiomyocyte area (Figure 5C), thereby establishing the feasibility of siRNA-mediated 
loss-of-function screening for regulators of cardiomyocyte hypertrophy.

 2by the lack of an increase in cell area (Figure 
3B). Again, the area of cardiomyocytes 
cultured in rich medium is almost three 
times as large as the cardiomyocytes cultured 
in basal medium (Figure 3B). These findings 
further illustrate the importance of medium 
composition for the pharmacological 
induction of hypertrophy in cardiomyocytes. 
Based on these results, we decided to perform 
the following experiments in basal medium 
in order to further characterize the effect of 
hypertrophic stimuli. 

Morphology of hypertrophic cardiomyocytes
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Discussion
In this chapter we described a method that combines several technologies to interfere 
with, and quantify the hypertrophic response of neonatal cardiomyocyte with the goal to 
perform loss-of-function screening for novel regulators of cardiomyocyte hypertrophy. 
We quantified the hypertrophic response using two relevant parameters for hypertrophic 
growth and induction of the hypertrophic gene program (i.e. cell area and ANF expression 
respectively). 
Cell area represents the most direct measurement of cardiomyocyte hypertrophy. Cell 
area can also be conveniently quantified by α-actinin staining. The advantages of this 
staining are the selective expression of α-actinin in cardiomyocytes, and its localization 
in the whole cytoplasm. It thereby provides specificity for both cell type and area. Using 
this methodology, we showed that cardiomyocytes can grow in vitro, depending on the 
composition of the culture medium. While cells cultured in basal medium maintain a 
constant cell area, we found that rich medium induces a doubling in cell area between 24 
and 72 hours. Interestingly, we found no additional effect of pharmacological stimulation 
in rich medium, compared to a 10-20% increase in cardiomyocyte area in basal medium. 
This indicates that cardiomyocytes cultured in rich medium have either reached their 
maximum area, or that the medium and pharmacological stimuli act on the same signaling 
pathways which are already fully activated. The hypertrophic response of cardiomyocytes 

Figure 4: Morphology of hypertrophic cardiomyocytes. Microscope image of cardiomyocyte culture stained for 
DAPI (blue) and α-actinin (green) after 72 hours of cell culture in the presence of pharmacological induction of 
cardiomyocyte hypertrophy. Concentrations of the stimuli: 25 μM isoproterenol, 50 μM phenylephrine or 10 ng/
ml TGFβ.
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Figure 5: Knockdown of KLF15 induced cardiomyocyte 
hypertrophy. (A) Optimization of neonatal rat 
cardiomyocytes transfections with the fluorescent-labeled 
siRNA siGLO (red) to achieve ~90% efficiency. Cells 
are counter-stained with DAPI (blue). (B) Knockdown 
efficiency compared to siCon, as validated by qPCR 
for myocardin and KLF15 (GAPDH-corrected) (N=3). 
(C) Knockdown of KLF15 results in ~7% increase of 
cardiomyocyte area compared to siCon (N=4). * denotes a 
p-value < 0.05 and error bars represent standard error of 
the mean.

in vitro thus highly depends on medium composition, illustrating the importance of 
culturing these cells in a basal medium.
Perinuclear ANF expression is a commonly used parameter for activation of the 
hypertrophic gene program. Although usually quantified at the mRNA level by qPCR, 
we choose an immuno-cytochemical approach. The perinuclear expression pattern that 
we observed is in line with previous findings in cultured cardiomyocytes, were ANF 
expression was also clustered around the nucleus (17). As the staining proved sensitive 
to variation within and between wells, we developed an algorithm for local background 
correction that provides consistent measures for ANF expression levels. 
The intensity of the α-actinin staining could present another parameter to quantify the 
hypertrophic response. However, in line with the ANF staining, α-actinin staining intensity 
was sensitive to variation within and between cells. Unlike the analysis algorithm for 
ANF, we were unable to develop a reliable local background correction for the α-actinin 
staining. Therefore, we did not incorporate cellular α-actinin intensity in our analysis.

Adult cardiomyocytes are terminally differentiated cells with a contractile phenotype 
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and electrophysiological characteristics that 
cannot be maintained in culture easily. There 
are also cardiomyocyte-derived cell lines that 
maintain cardiomyocyte features in culture. 
HL1 cells for instance, can acquire a contractile 
phenotype when cultured under differentiating 
conditions (18). However, the necessity to grow 
confluent layers before differentiation makes 
these cells unsuitable to study the process of 
cardiomyocyte hypertrophy, which can only be 
reliably quantified on individual cells.
In contrast, freshly isolated neonatal rat 
cardiomyocyte represent a more relevant 
model to study cardiac hypertrophy. These 
cells have a contractile phenotype, can be 
pharmacologically induced to hypertrophic 
growth, and can be kept in culture as individual 
cells or as small clusters (7, 10). Also, the 
experimental conditions are controllable, 
and techniques are available to alter gene 
expression levels in these cells in vitro. The co-
culture with small numbers of fibroblasts adds 
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to the relevance, as interactions between the two cell-types have been shown to affect the 
physiology of the cardiomyocyte (19). As an additional advantage neonatal cardiomyocytes 
are mono-nucleated, in contrast to the multi-nucleated adult cardiomyocytes (20, 21). 
This allows us to use the nuclei in order to identify the individual cardiomyocytes. 
The use of neonatal cardiomyocytes cultures has led to many breakthroughs in the 
identification of hypertrophic signaling pathways. For example, the signalling underlying 
calcineurin-NFAT induced hypertrophy was partly established through the use of these 
cells and validated in vivo (22-24). Also, the mechanisms of PE-induced hypertrophy via 
adrenergic signaling were elucidated partly in neonatal cardiomyocytes (7, 25). This 
evidence underscores the suitability of these cells as a model for hypertrophy research.
There are however several limitations to the use of neonatal rat cardiomyocytes as a 
model system. First of all, neonatal cells are almost solely dependent on glucose as energy 
substrate.  In vivo the intact heart preferentially uses fatty acids, which shifts to the use 
of glucose during the development of heart failure (26). Whether this effect is a cause 
or a consequence of heart failure still remains to be determined. However, the absence 
of physiological fatty acid oxidation in neonatal cardiomyocytes sets limitations to the 
translation of findings to the in vivo situation. Secondly, the absence of an extracellular 
matrix in neonatal cardiomyocyte cultures might alter the behavior of these cells in 
vitro. For example, stretch-induced activation of hypertrophic signaling cascades at least 
partially originates from interactions with extracellular matrix proteins (27). Also, the 
lack of a 3D tissue surrounding the cardiomyocytes has profound effects on their growth, 
as the available space in culture is only restricted by interactions with other cells.

Our studies highlight several important aspects of the hypertrophic response of 
cultured cardiomyocytes. First of all, the culture medium itself acts as one of the most 
important determinants of cardiomyocyte growth. The almost 3-fold bigger cell area 
for cardiomyocytes cultured in rich medium illustrates the capacity of these cells to 
grow in vitro. However, it also puts restrictions on additional growth upon stimulation 
with pharmacological inducers of hypertrophy like PE, isoproterenol and TGFβ. In rich 
medium, these compounds were unable to induce an additional increase in cell area. It 
seems that after 72 hours of culture in rich medium, cardiomyocytes have reached their 
maximum cell size. It would be interesting to perform an extensive analysis of growth 
kinetics during earlier time points to elucidate the relative contribution of hypertrophic 
stimulation and medium composition to the final cell area. The fact that the observed cell 
area is highly dependent on medium composition, the nature of the hypertrophic stimulus, 
and the exact timing of the measurement illustrates that the direction of an observed 
effect (i.e. increase or decrease) is much more important than the observed effect size in 
hypertrophy research. 
It is also interesting to note that the medium composition has an effect on the percentage 
of non-myocytes in the culture. Rich medium seems to facilitate proliferation of non-
cardiomyocytes, most likely cardiac fibroblasts. Other research groups have shown 
the importance of cardiomyocyte-fibroblast interaction in cell culture, and the relative 
number of cardiac fibroblasts can have profound effects on the hypertrophic response of 
cardiomyocytes (19). Standardization of the percentage of non-cardiomyocytes therefore 
represents a factor to take into account when performing hypertrophy studies.

Through our knockdown experiments using siRNAs against KLF15 we have shown that 
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our experimental setting is suitable for loss-of-function screening to investigate effects 
on the hypertrophic response. The observation that knockdown of KLF15 indeed induced 
hypertrophic growth confirms our hypothesis that this gene acts as a repressor of 
cardiomyocyte hypertrophy. Mechanistically, these studies revealed that KLF15 normally 
binds to myocardin, a transcriptional co-activator of cardiomyocyte growth. It thereby 
prevents the interaction of myocardin with other transcription factors like SRF and hence 
the induction of hypertrophy (15, 16). 
Combining this siRNA-mediated knockdown approach with large-scale siRNA libraries 
and high-throughput screening allows the functional evaluation of individual genes in the 
hypertrophic response of cardiomyocytes. Our results with large-scale screening are the 
subject of the next chapter.
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A high-content siRNA screen for 
the identification of regulators of 
cardiomyocyte hypertrophy
Abstract
Here we present the results of our search for novel regulators of cardiomyocyte 
hypertrophy using a siRNA screen in cultured neonatal rat cardiomyocytes. We use a high 
throughput screening platform to evaluate the effect of siRNA transfection on both cell area 
and ANF expression, in the presence and absence of phenylephrine (PE) as a hypertrophic 
stimulus. Cell area and ANF expression were used as independent parameters to quantify 
the hypertrophic response, either functionally or at the transcriptional level respectively. 
During the course of this screen we were also able to assess the stability of neonatal 
cardiomyocytes as a model system for large-scale screening.
After the completion of two successive rounds of screening we identified 34 candidate 
regulators of the hypertrophic response. The candidates include the known regulator 
NFATc4, but also two genes that have already been linked to cardiac hypertrophy (MLXIP 
and PDIA2). In addition we identified several interesting candidate genes of which the 
link to cardiomyocyte hypertrophy remains to be established.
Our 34 final candidate genes provide a good starting point for further validation of their 
role in cardiomyocyte hypertrophy. Future validation experiments will therefore provide 
more insights in the suitability of our model system to uncover the mechanisms of the 
hypertrophic response in neonatal rat cardiomyocytes.
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Introduction
The heart deals with fluctuations in cardiac load, resulting from activity and exercise, 
through adjustment of the stroke volume and heart rate. The range within which the heart 
can cope with these fluctuations is called the cardiac reserve. Chronic cardiovascular 
abnormalities like myocardial infarction, hypertension and aortic stenosis extend cardiac 
load beyond its normal range, thereby decreasing the cardiac reserve. Extended periods 
of cardiac overload evoke a remodeling process which eventually impairs cardiac function 
(1). Cardiac hypertrophy represents one of the reactive processes which the heart uses 
to adapt to a chronically increased workload. At the cellular level, this leads to increased 
production of contractile elements in individual cardiomyocytes. The increase in 
sarcomeric proteins allows higher contractile force generation, and results in an increase 
in cardiomyocyte size (2). Several extra- and intra-cellular factors regulate hypertrophic 
growth via the activation of hypertrophic signaling cascades (3-5). An increased cardiac 
workload results for example in elevated intracellular Ca2+-levels, release of extracellular 
growth factors and activation of mechano-sensors (4). In the cardiomyocyte, all these 
factors regulate intracellular signaling cascades and induce growth by activation of the 
so-called hypertrophic gene program. This hypertrophic gene program is characterized 
by the induction of a set of fetal genes that are normally only expressed in the embryonic 
heart but become re-expressed during cardiac overload. The set of fetal genes includes, 
among others, atrial natriuretic factor (ANF), brain natriuretic peptide (BNP), β-myosin 
heavy chain (β-MHC) and α-skeletal muscle actin (ASKA) (6).

Although overload-induced cardiac hypertrophy maintains cardiac output in the short-
term, chronic activation of the hypertrophic response results in cardiac dysfunction. This is 
evident from several mouse models in which altered expression of proteins in hypertrophic 
pathways, like NFAT and calmodulin kinase (CamK), leads to cardiac dysfunction (7, 8). 
Therefore, the resulting cardiac dysfunction can be seen as the maladaptive result of an 
initially benign hypertrophic response (5). The presence of several signaling cascades 
underlying cardiomyocyte hypertrophy makes it tempting to speculate about the existence 
of other regulators of the hypertrophic response, potentially in pathways that do not 
induce maladaptive side effects. The identification of such regulators has tremendous 
potential for therapeutic intervention (3).

Comparative gene and protein expression analysis provide powerful tools to gain insights 
in these molecular pathways, but they lack one crucial feature to explain the mechanisms 
of disease: they do not provide insight in causality. Those approaches are therefore less 
suitable for the identification of novel regulators of cardiomyocyte hypertrophy. Causality 
can however be investigated by assessing the hypertrophic response of cardiomyocytes 
after knocking down specific mRNA transcripts using short interfering RNAs (siRNAs). 
Recent advances in integrated high-content imaging platforms also allow the automation 
and standardization of image acquisition and analysis, making functional screening for 
cardiomyocyte hypertrophy feasible (9, 10). This approach has already been taken by 
other groups to study the effects of microRNAs on the hypertrophic response of neonatal 
rat cardiomyocytes (NRCM) (10).

Here we describe an unbiased high-content screen in cultured NRCMs to identify novel 
regulators of cardiomyocyte hypertrophy, based on the methods and principles that were 
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described in Chapter 2. This unbiased screen combines high-content imaging, siRNA 
technology and neonatal rat cardiomyocytes in a functional assay. To study the effects 
on the induction of hypertrophy in neonatal rat cardiomyocytes, we knocked down 
the expression of about 2000 genes individually through the use of siRNA SmartPools 
(Dharmacon). We took a dual approach, measuring changes in both cell surface area and 
ANF expression as parameters for the physical hypertrophic response and activation of the 
hypertrophic gene program respectively. Hypertrophy is defined by a change in cell size, 
which could be calculated based on the α-actinin (ACTN2) positive area. Additionally, we 
quantified the perinuclear ANF expression as a read-out for the transcriptional activation 
of the hypertrophic gene program (3, 11). The use of ANF as a marker for hypertrophy has 
not been reported previously in large-scale screens and has proven a valuable addition 
for the estimation of the hypertrophic response, especially in combination with cell area 
measurements. The quantification of two independent outcome parameters can provide 
new insights in the signaling pathways that underlie the hypertrophic response. These 
insights may eventually find their use in clinical practice, either as clinical targets for 
improved treatment, or as diagnostic markers for early detection.
In this screen we identified DCAF6, FMOD, Kif18, TUBB5, GTF3C1, BAD and several others 
candidate genes that might prove very interesting potential regulators of cardiomyocyte 
hypertrophy. Our findings, however, also illustrate the care that has to be taken in setting 
up and interpreting large-scale siRNA screens.
 

Materials and Methods
Experimental Animals
All animal experiments have been approved by the ethical committee on animal 
experimentation of the AMC.

Neonatal Rat Cardiomyocyte Isolation
1-3 day old Wistar rats were sacrificed by decapitation. Hearts were removed and 
ventricles were minced to small pieces. Cardiomyocytes were isolated by enzymatic 
digestion in 1x HBSS (Sigma H4641) supplemented with 0.05% collagenase type I (Gibco 
17100-017), 0,05% pancreatin (Sigma P3292), 0,55 g/L D-glucose (Merck 104074), 
0.035% NaHCO3 (Merck (106329), 2 µg/ml DNAse (Sigma DN-25) and gentamycin 
1:1000 (Invitrogen 15750-045). To separate fibroblast from cardiomyocytes, cells were 
pre-plated twice for 1 hour in plating medium (66% DMEM (Invitrogen 11966-025), 
17% medium 199 (Invitrogen 31153-026), 10% horse serum (Invitrogen 16050-0122), 
5% heat inactivated fetal calf serum (Invitrogen10270-106), 1,6 g/L D-glucose, 1:1000 
gentamycin and 1:100 penicillin/streptomycin (Invitrogen 15070-063)). Cells from the 
supernatant were collected, counted and plated in plating medium on 1% gelatin (Fluka 
487240) coated plates at a density of 1 x 106 or 5 * 104 cells per well for 6-well and 96-
well optilux plates (BD 353948) respectively. After 48 hours, medium was replaced by 
cardiomyocyte medium (medium 199, 1:100 HEPES (Invitrogen 15630-056), 1:100 NEAA 
(Invitrogen 11140-035), 1:100 L-glutamine (Invitrogen 25030-024), 0,35 g/L D-glucose, 
2 µg/ml vitamin B12 (Sigma V2876) and 1:100 penicillin/streptomycin) for overnight 
serum starvation. All cultures were performed at 37ºC and 5% CO2 in a humidified 
incubator and the culture media after pre-plating were supplemented with 10 µM Ara-C 
(Sigma C1768) to prevent fibroblast proliferation.
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siRNA Library and Transfection
A custom SMARTpool siRNA library, SMARTpools for KLF15 (L-080131-01), myocardin 
(L-080134-00) for the rat genome and a non-targeting control SMARTpool (D-001810-10) 
were obtained from Dharmacon. The library contained all available siRNA SMARTpools 
for the rat genome at the time of ordering. All SMARTpools were dissolved as 20 µM 
stocks in 1x siRNA buffer (Dharmacon B-002000-UB). Transfection efficiency was tested 
with the fluorescently labelled siGLO-red (Dharmacon D-001630-02).
In 96-well plates (BD bioscience 353948) NRCM (50.000 cells/well) in non-supplemented 
medium 199 were transfected with siRNAs (300 nM final concentration) using 
Lipofectamine 2000 (Invitrogen 11668-019). After 6 hours, the transfection medium 
was replaced with cardiomyocyte medium supplemented with Ara-C, in the presence or 
absence of 50 µM phenylephrine (PE) (Sigma P6126). Cells were subsequently cultured 
for 72 hours.
 
Cell Fixation and Staining
All reagents and antibodies were dissolved in PBS and cells were washed twice with PBS 
between every step. After the indicated incubation times, cells were again washed twice 
with PBS, fixated for 10’ with 4% PFA (Merck 104005) and permeabilised for 10’ with 
0,1% triton X-100 (Sigma X100). Primary antibodies for α-actinin-2 (Epitomics 2310-1) 
and ANF (Millipore CBL66) were diluted 1:800 and 1:1000 respectively and incubated for 
1 hour at 37ºC. Secondary antibodies AlexaFluor-488 goat-α-rabbit (Invitrogen A11008) 
and AlexaFluor-568 goat-α-mouse (Invitrogen A11004), both diluted 1:400, were 
incubated for 1 hour at 37ºC. Subsequently, nuclei were stained for 10’ at 37ºC using 250 
ng/ml DAPI (Sigma D9542) or 125 nM SYTOX-Green (Molecular Probes S7020). Finally, 
cells were washed twice with PBS and stored in 50% glycerol (Scharlau GL0026)/PBS at 
4ºC.

Image Acquisition and Analysis
Cell images for screening were acquired with the Operetta high-content imaging platform 
(Perkin Elmer) and analysed with Harmony software. The image acquisition and analysis 
procedure was performed as described in Chapter 2. In brief, nuclei were identified based 
on the DAPI channel. Subsequently individual cell areas were determined based on the 
α-actinin positive area per nucleus. Background corrected perinuclear ANF intensity 
was acquired by subtracting the cell border intensity from perinuclear intensity in the 
ANF-channel. The analysis algorithm was further optimized to exclude border objects, 

Figure 1: Plate layout for the siRNA 
screen. The screen was performed 
in 96-well plates according to the 
following layout. Transfections were 
performed in octuplicates for each 
siRNA, with half of the conditions 
receiving treatment with 50 µM PE. 
Eight different siRNAs were tested on 
a plate (left to right), while a negative 
control siRNA was included on the left 
of each plate (top to bottom).
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apoptotic cells, cells without nuclei and staining or imaging artefacts. 
All other images were acquired using an inverted microscope (Leica DMIL) and camera 
(Leica DFC320). Image analysis was performed on unprocessed image files. The relative 
intensities of composite images have been adjusted for clear illustration.

Data analysis
All statistical tests were performed within plates between siCon (the non-treated control 
siRNA quadruplicates) and siX (the non-treated experimental siRNA quadruplicates) or 
siCon+PE and siX+PE (both conditions treated with PE). Samples were excluded if siCon 
on the respective plate did not pass the quality control criteria: increase in cell-size or 
ANF expression upon PE treatment. For general comparisons, inter-plate variation was 
normalized based on the whole-plate median. 
Initial candidates were selected based on p-values ≤0.05 (two-tailed Student’s T-test with 
unequal variance, moderated for false discovery rate according to Benjamini-Hochberg 
(12)). 228 genes were selected for validation, a set comprised of 8 internal controls, 
28 from an overlapping analysis, 61 that showed effects both for area and ANF, and the 
remaining were selected in equal numbers from the area and ANF groups based on the 
maximum fold-change.
A candidate was validated if it showed a p-value ≤0.05 and maintained directionality with 
regard to the original screen during the validation screen.

Pathway analysis and expression profiling
Pathway analysis was performed on candidate genes from the initial screen (i.e. passing 
quality control and showing a significant effect with a p-value <0,05) using the web-based 
DAVID functional annotation tool version 6.7 (13, 14).
Gene expression profiling for the relevant siRNAs was performed by searching for the 
terms “cardiac” and “cardiomyocyte” in the NCBI Geo Datasets (15, 16).

Statistics
All data are represented as mean +/- standard error of the mean (SEM) unless mentioned 
otherwise. A p-value of ≤0,05 was used as a cut-off to indicate statistical significance.

Figure 2: Effects of PE in the primary and 
secondary screen. The overall PE-effect on cell area 
and ANF expression of the siCon-treated conditions 
of all plates (N=251 for primary screen and N=32 
for secondary screen). Data are normalized to non-
treated siCon. * denotes a p-value < 0.05 and error 
bars represent standard error of the mean.

Results
Characteristics of the screen
In this screen we evaluated the effect of 
mRNA knockdown of 1984 individual 
genes on the hypertrophic response of 
cultured neonatal cardiomyocytes. In 
the previous chapter we described the 
optimization of cardiomyocyte culturing 
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conditions, transfections and the induction of hypertrophy that were used for this siRNA 
screen. Cells were cultured in 96-well plates at a density of 40.000 cells per well, creating a 
layer of single cells or small clusters (Chapter 2, Figure 2B). Plate design was standardized 
to facilitate convenient cell culture and transfection conditions for large scale screening 
(Figure 1). Transfections were performed in octuplicates, with half of the conditions 
receiving control treatment and the other half 50 µM PE to induce a hypertrophic response 
in the cardiomyocytes. After 72 hours, cell area and ANF expression were quantified 
by immuno-cytochemical staining for ACTN2 and ANF. Image acquisition and analysis 
(Operetta system, Perkin Elmer) was performed as described in the previous chapter. 
The full screen consisted of an initial screen in which 1984 different siRNA pools were 
transfected in 251 96-well plates, and a secondary screen in which 240 candidates of the 
initial screen were re-tested in one batch of 32 plates using the same conditions.

Quality control
We used the hypertrophic effect of PE on both cell area and ANF expression in the presence 
of a non-targeting control siRNA (siCon) as a measure for quality control. On every 96-
well plate, we allocated 8 wells for siCon (4 wells without PE and 4 wells PE-treated). 
Only plates in which PE induced a statistically significant increase in siCon wells (p-value 

Figure 3: Data normalization for control treatments. Area and ANF values were normalized for inter-plate 
comparisons according to the median of all raw values in a plate. Raw measurements were scaled around zero. 
The mean for each unstimulated treatment was subsequently added to represent the actual range. (Top panels) 
SiCon values for cell area before (left) and after (right) normalization. (Bottom panels) SiCon values for ANF 
expression before (left) and after (right) normalization.
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< 0,05) were included in the further analysis. 1642 (83%) genes passed quality control for 
cell area with an average 1,52 (+/- 0,01)-fold increase upon PE treatment (Figure 2). For 
ANF expression 1340 (68%) genes passed quality control with an average 1,66 (+/- 0,01)-
fold increase upon PE treatment (Figure 2).

Normalization
Data were normalized for inter-plate comparisons. We chose to normalize according to the 
median of all raw values in a plate, as this method is less affected by deviant values from 
individual outliers on a plate. This approach scales all raw measurements to the median 
of the plate, resulting in values centered around zero. The results of this normalization 
procedure on the siCon treatment with and without PE are shown in Figure 3 for cell area 
and ANF expression.

Results initial screen
Candidates constitute all siRNAs that passed quality control and showed a significant 
effect (p-value <0,05), either on cell surface area or ANF expression, or both. Table 1 
shows the top five candidates on cell area and ANF expression for each condition, based 
on the fold-change of the effect.

Table 1: Top five highest fold-change siRNAs for cell area and ANF expression in the initial screen. Numbers 
between brackets represent the normalized fold-change for each gene.

Table 2: Overview of the total number of screened genes and the number of genes that passed quality control 
during the initial and secondary screen. 
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Table 3: Differentially regulated pathways for cell area in the absence of PE, based on candidates of the initial 
screen. Count represents the number of differentially expressed genes in the given pathway and p-value 
indicates significance level.

Table 4: Differentially regulated pathways for cell area in the presence of PE, based on candidates of the 
initial screen. Count represents the number of differentially expressed genes in the given pathway and p-value 
indicates significance level.
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Table 5: Differentially regulated pathways for ANF expression in the absence of PE, based on candidates of the 
initial screen. Count represents the number of differentially expressed genes in the given pathway and p-value 
indicates significance level.

Table 6: Differentially regulated pathways for ANF expression in the presence of PE, based on candidates of the 
initial screen. Count represents the number of differentially expressed genes in the given pathway and p-value 
indicates significance level.
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Cell area
In the absence of PE, we identified 296 siRNAs in the initial screen that induced a significant 
change in cell area. In the presence of PE, 354 genes induced changes in cell area. These 
numbers represent respectively 18,0% and 21,6% of the 1642 siRNAs that passed quality 
control (Table 2). Pathway analysis for the candidate regulators that affected cell area in the 
absence of PE revealed enrichment of genes involved in several cancer signaling pathways 
(prostate, non-small cell lung cancer, colorectal and glioma), mTor signaling, regulation of 
the actin cytoskeleton and Wnt signaling (Table 3). Pathway analysis on regulators of cell 
area in the presence of PE revealed effects of siRNAs that target genes in processes like 
MAPK and Wnt signaling, focal adhesion, regulation of the actin cytoskeleton as well as 
several cancer pathways (colorectal, pancreatic and endometrial) (Table 4).

ANF expression
ANF expression under basal conditions (i.e. without PE) was significantly altered after 
transfection with 321 different siRNA pools (24,0% of all the siRNAs that passed quality 
control). In the presence of PE, ANF expression was found to be regulated by 340 siRNA 
pools (25,4% of the genes that passed quality control). Similar to cell area, pathway analysis 
revealed enrichment of several cancer signaling pathways (prostate, renal cell carcinoma) 
in the potential regulators of ANF expression under basal conditions. In addition, 
processes like focal adhesion, T-cell signaling, regulation of the actin cytoskeleton and 
other signaling pathways (ErbB, Toll-like receptor, neurotrophin, MAPK and B-cell) might 
be involved in the regulation of ANF expression (Table 5). Upon PE treatment, the affected 
pathways included apoptosis, MAPK signaling, p53 signaling and again several signaling 
pathways involved in cancer (small cell lung and prostate cancer) (Table 6). Interestingly, 
siRNAs targeting STAT3, CAMK4 and GCGR diminished the increase in cell size and ANF 
expression upon PE treatment, as compared to siCon. DRD3 on the other hand induced an 
increase in ANF expression in both the absence and presence of PE (Table 1).

Candidate selection for the validation screen
Out of all the candidates we selected 228 siRNA pools for re-screening. This set included 
all 69 candidates that showed an effect on both cell area and ANF expression in the initial 
screen, 81 candidates for cell area only and 78 candidates for ANF expression only. The 
latter two groups were selected from the two candidate lists because of their significance 
(p-value<0.05) and high fold-changes. The set of genes contained several siRNAs 
that could act as positive controls for the efficacy of our screen because of their well-
established effect on cardiomyocyte hypertrophy. They include the transcription factor 
Nuclear Factor of Activated T-cells C4 (NFATC4), the calcium/calmodulin-dependent 
protein kinase IV (CaMK4) and the adrenoceptor alpha 2B (ADRA2B), which is however 
not the main PE-receptor (17, 18). In contrast to the initial screen, all candidate siRNA 
pools were transfected in a single batch of isolated cardiomyocytes, randomly spread 
over 96-well culture plates, following the plate design of the initial screen. The validation 
screen followed the same protocol as the initial screen. 
As can be appreciated from Table 2, a much higher percentage passed quality control in 
the validation screen compared to the initial screen. For cell area without PE 62 out of 
65 siRNAs passed QC (95,4%), and 120 out of 129 (93%) passed QC upon PE treatment. 
The numbers for ANF expression are 80 out of 82 (97,6%) and 112 out of 118 (94,9%) in 
the absence and presence of PE respectively. The average PE effects on cell area and ANF 
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expression were also substantially stronger in the secondary screen, with a fold change 
for cell area of 1,81 +/- 0,074 and for ANF of 2.23 +/- 0,31 upon PE treatment (Figure 2).

Candidate regulators of cardiomyocyte hypertrophy
Final candidates constitute all genes in which the siRNA pool passed quality control and 
caused a significant effect that could be reproduced in the secondary screen. Out of a total 
of 11 candidates with a significant effect on cell area, 5 maintained directionality (same 
direction of the effect in the initial and secondary screen). For ANF expression, 30 out of 
43 candidates maintained directionality. Since Tfapa2 was validated as a regulator of ANF 
expression both under basal and PE stimulated conditions, this resulted in a final list of 
34 regulators of the hypertrophic response in cultured neonatal cardiomyocytes (Table 
7). Out of our selection of known regulators of cardiomyocyte hypertrophy, only Nfatc4 
showed a consistent effect as its transfection decreased the induction of ANF expression 

Table 7: List of final candidates for cell area and ANF expression, based on significance and maintenance of 
directionality. Candidate genes in white showed a decrease in cell area or ANF expression, while candidates in 
grey induced an increase.
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upon PE-stimulation. ADRA2B consistently diminished the effect of PE on cell area but its 
effect did not reach statistical significance in the secondary screen (p-value 0,055).  
SiRNA pools that consistently caused a significant alteration of the hypertrophic response 
in both the initial and the secondary screen are listed in Table 7. Transfection with siRNAs 
against DCAF6, TUBB5 and Kif18 induced a decrease in cell area under basal conditions 
(i.e. in the absence of PE). Transfection of GTF3C1 and BAD siRNAs increased the cell area 
in the presence of PE. Out of the 30 validated regulators of ANF expression only FMOD 
caused an increase in expression while all the others reduced expression relative to the 
control condition.
Figure 4 shows the raw values from the secondary screen for DCAF6, GTF3C1, NFATC4 and 
FMOD as representative examples of final candidate genes. The validation rate was most 
successful for genes that have initially been selected based on the ANF effect (21,8%) or 
for effects both on ANF and area (15,9%). Genes selected for their effect on cell area only 
have a validation rate of 7,4% (Figure 5).

Figure 4: Absolute values for cell area or ANF expression for four selected candidates. The figure shows the non-
normalized, absolute values for cell area and ANF expression from the secondary screen with means and s.e.m. 
for the cell area of DCAF6 and GTF3C1 (top panels) and ANF expression of NFATC4 and FMOD (bottom panels). 
* denotes a p-value < 0.05 and error bars represent standard error of the mean.
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Discussion
By screening 1984 genes through a high-content siRNA approach, we identified 34 
genes as potential regulators of cardiomyocyte hypertrophy. While this is the first 
unbiased large-scale screen in neonatal cardiomyocytes using siRNA technology, other 
research groups have previously used neonatal cardiomyocytes to study the hypertrophic 
response in larger screens (9, 10). The investigations of Bass et al. provide insights in the 
methodology for high-throughput screening for pharmacologically induced hypertrophy. 
Their experiments validated the automated cell area quantification by comparing it with 
manual techniques (9). The study of Jentzsch et al. applied a similar approach in a screen 
for the effect of miRNAs. They followed up their initial findings with a validation via 
independent experiments, thereby revealing a role for eight miRNAs in cardiomyocyte 
hypertrophy, including miRNA-30c (10).
We selected PE as an inducer of cardiomyocyte hypertrophy for our screen as this proved 
to give the most consistent results during the optimization phase (Chapter 2). PE is an 
α-adrenergic agonist that binds to G-protein coupled receptors, activating downstream 
signaling cascades that eventually result in the induction of a hypertrophic response (5). 
In this respect it is of relevance that ADRA2B, one of the alpha-adrenergic receptors, shows 
up in the list of repressors of hypertrophy (although not reaching statistical significance 
in the validation screen with a p-value of 0,055). However, it should be mentioned that 
PE is an alpha-1 adrenergic agonist, while ADRA2B belongs to the alpha-2 receptors. The 
exact underlying mechanism for this finding remains therefore to be clarified.

The analysis of the screen was subdivided in four categories: quantification of cell area and 
ANF expression, both in the absence and presence of PE as a hypertrophic stimulus. This 
allowed us to investigate two quantifiable outcomes of hypertrophic activation: cell area 
as a functional outcome in the form of cardiomyocyte hypertrophy and ANF expression 
for the early transcriptional activation of the hypertrophic gene program.

Validated candidates based on changes in cell area
For cell area we identified DDB1 and CUL4 Associated Factor 6 (DCAF6), Tubulin Beta 
4A (TUBB5) and Kinesin Family Member 18A (Kif18a) as inducers of cardiomyocyte 
hypertrophy under basal conditions, as transfection with siRNAs caused smaller cell sizes. 
DCAF6, also known as NRIP, has previously been identified as a direct binding partner 
of calmodulin, thereby activating calcineurin signaling (19). Although no studies have 
been undertaken with regard to cardiomyocyte hypertrophy, we found that inhibition 

Figure 5: Validation rates for selection criteria. 
Based on their selection on changes in cell area, 
ANF expression or both during the initial screen, 
the graph shows the percentage of validated 
candidates during the secondary screen.
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of DCAF6 resulted in smaller cells indicating that it acts as an inducer of hypertrophic 
growth, possibly via stimulation of calmodulin activity. TUBB5 is a structural component 
of microtubules and plays a role in microtubule assembly and function. To date TUBB5 
has not been linked to cardiomyocyte hypertrophy or heart disease although it has been 
studied extensively in neurons of the central nervous system (20). KIF18A is a member of 
the kinesins, proteins involved in microtubule assembly and movement along these fibers 
(21). Although this protein has not been associated with heart disease, it might influence 
cardiomyocyte structure and stability via its effect on the microtubular cytoskeleton.
The siRNA pools against General Transcription Factor IIIC (GTF3C1) and BCL2-associated 
agonist of cell death (BAD) induced an increase in cell size in the presence of PE. They 
thereby represent endogenous inhibitors of the hypertrophic response, as repression 
of their function through siRNA transfection aggravates cardiomyocyte hypertrophy. 
GTF3C1 is part of the RNA polymerase III complex that transcribes housekeeping RNAs, 
among which are 5S rRNA, tRNAs and other small RNAs, including several miRNAs (22). 
It becomes easy to speculate about the potential effects of deregulation of this complex, 
but additional studies are required to establish the role of GTF3C1 in cardiomyocyte 
hypertrophy. BAD is an activator of apoptosis, and its inhibition was found to increase 
the hypertrophic response during PE stimulation in our screen. BAD activity is regulated 
by calcineurin (23, 24), and it would be interesting to investigate if the hypertrophic 
effects that have been attributed to NFAT might partially be attributable to an apoptosis-
independent effect of BAD. Follow-up studies are therefore required to determine the 
exact nature of the role of BAD.

Validated candidates based on changes in ANF expression
A group of 20 genes was found to decrease ANF expression under basal conditions 
(Table 7). Although this is by far the largest group with the highest validation percentage 
(32,5%), there are some reasons to be careful in the interpretation of these results as ANF 
expression was found to be very low, even close to the background signal under basal 
conditions. Down-regulation of ANF expression under these conditions may therefore not 
be very reliable and relevant in respect to cardiomyocyte hypertrophy.
Still, transfection with siRNA against transcription factor AP-2 alpha (Tfap2a) decreased 
ANF expression, both in the absence and presence of PE. This observation does indicate 
that this transcription factor might actually be a real activator of ANF transcription.
The final group of 10 candidate genes regulated ANF expression in the presence of PE. 
Although 9 out of 10 genes decreased ANF expression, this represented a decrease from 
a genuine induction, unlike the decreases observed under basal conditions. Transfection 
of siRNA against fibromodulin (FMOD) increased ANF expression, thereby identifying 
this gene as a potential repressor of ANF expression. FMOD is a secreted protein that 
forms part of the extracellular matrix. It has been show to sequester TGFβ (an inducer of 
hypertrophy) in wound healing, so its pro-hypertrophic effect on ANF expression might 
result from more TGFβ stimulation on the cells (25). The 9 potential activators of ANF 
expression include genes that have already been implied in cardiac hypertrophy as well 
as some interesting novel candidates. The finding that knockdown of NFATc4, results in 
decreased ANF expression is in line with our expectations, as this protein from the NFAT 
family acts as an activator of cardiomyocyte hypertrophy (26). Interestingly, a SNP in one 
of the other 9 potential activators of ANF expression, MLX Interacting Protein (MLXIP) has 
been associated with chronic heart disease in a Chinese Han population, although they 
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also found an additional interaction of the SNP with hypertension (27). SF3A1 is a splicing 
factor that affects general splicing events, thereby potentially regulating the hypertrophic 
response of cardiomyocytes (28). TFAP2A is a transcriptional activator of AP-2. AP-2 
regulates gene transcription of the ANF promotor, as two binding sites were identified in 
the upstream silencer region (29). Tyrosine Hydroxylase (TH) is the rate-limiting enzyme 
for catecholamine synthesis in the central nervous system (30). Its direct effect on the 
cardiomyocyte remains however to be established. The PDIA2 protein resides in the 
endoplasmatic reticulum and is involved in protein folding. Although haplotype variations 
were found to be associated with bicuspid aortic valves (a deadly congenital heart disease), 
it has not been linked to any process in cardiomyocyte hypertrophy (31). The Thyrotropin 
Releasing Hormone Receptor (TRHR) mediates the effect of Thyrotropin Releasing 
Hormone. In vivo inhibition of TRH in the heart suppressed the hypertrophic response 
in spontaneous hypertensive rats, indicating that knockdown of the receptor might also 
confer protection against cardiac hypertrophy (32, 33). PLA2G12B is a phospholipase, 
involved in the release of fatty acids like arachidonic acid from phosphatidylcholine. 
Arachidonic acid might regulate cardiac hypertrophy indirectly (34). Finally, NEDD9 is a 
scaffolding protein in the integrin pathway that is expressed in cardiac progenitor cells, 
and it might be involved in cellular adhesion (35).
This set of 34 candidate genes represents a good starting point for further investigation 
into the exact roles and mechanisms by which these genes regulate the hypertrophic 
response. The candidate list contains several interesting leads like DCAF6, FMOD and 
MLXIP that should certainly be followed up, but the list also contains genes of which little 
is known in relation to heart disease and cardiomyocyte hypertrophy. Of all candidates, 
but especially the group of novel genes, it is important to validate the knockdown and 
the observed effects in independent experiments. Furthermore, to check for false-positive 
findings, it is also important to clearly establish the expression of novel candidates in the 
cardiomyocyte directly via gene expression analysis and immunohistochemistry. 

Study limitations
Due to standardization of our experimental setup we limited the opportunities to discover 
all potential regulators of cardiac hypertrophy. For example, the timespan of 72 hours of 
siRNA knockdown might not be sufficient to reveal effects of proteins with a long half-life. 
In addition, siRNA technology does not induce complete inhibition of gene expression. 
If the low remaining mRNA, and hence protein levels are sufficient to mask any effect, 
the gene will not show up as a candidate from our screen. Additionally, the timing of PE 
addition in relation to the siRNA transfection might not be optimal with regard to half-life 
of all proteins investigated (36). It has been established before, and confirmed during 
our screen optimization (described in Chapter 2), that cell culturing conditions strongly 
influence the hypertrophic response, with slight differences in cell density already 
affecting the hypertrophic response (37, 38). These limitations all decrease the sensitivity 
of the screen, thereby lowering the percentage of true regulators present in the screen 
that ultimately end up in the candidate list.

A closer look at the number of candidates in the two independent screens also provides 
insights in the robustness of the methodology. A first hint that we have to be careful with 
the interpretation of the results is presented by the percentage of identified candidates in 
the initial and secondary screen. If we assume a random selection of genes in the initial 
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input, we would expect enrichment of candidates in the secondary screen, as these were 
selected for their effect in the initial screen. In contrast, Table 2 reveals a general decrease 
in the validation rates for cell area (both basal and with PE) and for ANF in the presence 
of PE.  
Also, from all genes that were found to be significant in the initial and secondary screen, 
about 50% showed inverse directionality, meaning that a significant increase in the initial 
screen was coupled to a significant decrease in the secondary screen or vice versa (Table 
2).
Assuring was the finding that the percentage of siRNAs passing quality control improved 
from the initial to the secondary screen (Table 2), indicating that the variability had 
decreased. Experimental variability in the initial screen is probably the underlying cause 
for our low level of reproducibility. This variability could be due to the fact that the initial 
screen was too large to be processed in a single batch. Therefore the experiments had 
to be performed over the course of several months, using cells from different isolations 
and cultured under similar, but inherently variable, conditions. All these factors add up 
to the increased error margin in the initial screen. Since, based on our prior experience, 
the secondary screen could be performed in one batch of cells and transfected in a 
single run, it obviously shows less variation. We therefore conclude that the secondary 
screen provides more reliable results compared to the initial screen. The candidates that 
pass both screens are therefore most likely to be the true regulators of cardiomyocyte 
hypertrophy.

All in all, our experimental approach yields an interesting list of hypertrophic regulators, 
but caution has to be taken in with its interpretation as the methodology has some 
limitations. Therefore, the list of novel hypertrophic regulators has to be carefully validated 
by additional studies. It would be interesting to study the phenotypes of cardiomyocyte-
specific knock-out mice for these genes. The in vivo validation of these in vitro findings 
would also provide insights about the validity of in vitro screens for complex diseases like 
cardiac hypertrophy.
As a final note, it might be interesting to validate some of the novel regulators for their use 
as early biomarkers for heart failure. Since heart failure is usually diagnosed in the end-
stage, and known signaling pathways have failed to provide early diagnostic markers, new 
pathways might reveal useful leads for biomarker discovery. 
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The therapeutic potential 
of miRNAs in cardiac fibrosis 
where do we stand?

Abstract
Recent developments in basic and clinical science have turned the spotlight to miRNAs 
for their potential therapeutic efficacy. Since their discovery in 1993 it has become clear 
that miRNAs act as posttranscriptional regulators of protein expression. Their clinical 
potential was further highlighted by the results of miRNA-based interventions in small 
laboratory animals. More importantly, their therapeutic effectiveness has been shown 
recently in phase 2a clinical studies in patients with hepatitis C virus (HCV) infection, 
where inhibition of miRNA-122 showed prolonged and dose-dependent viral suppression. 
A recent study surprisingly revealed the presence of plant-derived miRNAs in the blood 
of healthy humans. This finding opens up the possibility to explore miRNA-mediated 
therapeutics derived from (genetically modified) food. Having arrived at this point in 
our understanding of miRNAs, we provide an overview of current evidence and future 
potential of miRNA-based therapeutics, focusing on their application in cardiac fibrosis.
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Introduction
Heart function depends on cardiac contraction and relaxation, which is determined both by 
systolic and diastolic cardiomyocyte function and by extracellular matrix (ECM) elasticity. 
The ECM consists of collagens, elastins, fibronectins and basement membranes, providing 
both the structural backbone as well as a network for contractile force transmission [1-3]. 
Unlike a static framework, the ECM undergoes constant turnover through degradation 
and synthesis of its constituent proteins [4]. Matrix metalloproteases (MMPs) and tissue 
inhibitors of MMPs (TIMPs) balance the degradation of ECM components. Synthesis is 
facilitated by fibroblasts that produce and secrete the bulk of ECM components, a process 
that can be stimulated through the paracrine action of extracellular growth factors such 
as TGFβ and connective tissue growth factor (CTGF) [1,3,5]. These factors bind to cell-
surface receptors and activate an array of intracellular signalling cascades, of which the 
ERK-MAP-kinase, Ca2+-dependent signaling and SMAD pathways are among the major 
ones [5]. These signalling cascades eventually converge on a limited set of transcription 
factors comprising SMADs, AP-1, NFkB, EGR-1 and STATs that induce the expression of 
the pro-fibrotic genes encoding collagens, fibronectin and elastin [6,7]. The secretion of 
the growth factors TGFβ and CTGF, both by fibroblasts and cardiac myocytes increases in 
response to different forms of cardiac dysfunction [5].

Whereas normal ECM turnover represents a physiological process to maintain cardiac 
homeostasis, excessive ECM deposition, known as cardiac fibrosis, interferes with 
conduction and has been shown to increase myocardial stiffness. Excessive ECM 
deposition is observed upon pressure overload, cardiomyocyte loss due to ischemia and 
during normal ageing [1]. The causes of cardiac dysfunction are thus diverse, but can 
be classified as either external like chronic hypertension and aortic stenosis or intrinsic 
such as mutations in structural or metabolic genes. Excessive cardiac cell death as a 
consequence of myocardial infarction also represents a key factor in the development 
of cardiac dysfunction and hence cardiac fibrosis. This creates a particular situation in 
which ECM deposition on the one hand serves a biological role in damage containment, 
while on the other hand it impairs cardiac function, induces arrhythmia and aggravates 
the progression towards heart failure. Limiting excessive ECM deposition therefore 
represents an interesting therapeutic strategy to prevent fibrosis and maintain cardiac 
function in heart disease.

MiRNAs
MiRNAs constitute a class of ~22 base pair long RNA molecules that inhibit protein 
expression via either degradation of mRNA or interference with mRNA translation. 
Unlike general repressors of protein expression, miRNAs target specific mRNAs through 
complementary basepairing, predominantly within the 3’-UTR of a target mRNA 
[8,9]. Whereas the miRNA provides target specificity, the actual mRNA degradation or 
translational repression is induced by components of the RNA-induced silencing complex 
(RISC), such as proteins of the argonaute family and Tnrc6 [10].

More than 60% of the protein coding genes contain predicted miRNA binding sites 
[11,12], indicative for miRNA regulation of almost every cellular process. As it turns out 
miRNAs can target multiple proteins within a biological pathway, thereby potentiating 
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their final effect on this specific cellular process [13]. The cell- and tissue-restricted 
expression of many miRNAs and their mRNA targets highlights the specificity of these 
interactions. The observation that miRNAs are differentially expressed during disease 
provides additional evidence for their importance in cellular function, as do the many 
findings where interference with normal miRNA expression results in disease. These will 
be discussed later in this review with a focus on cardiac fibrosis.

Oligonucleotide-based miRNA therapeutics
MiRNA mimics and antisense-based technologies now provide the opportunity to study the 
possible causal role of miRNAs in disease aetiology. If so, the ability to alter miRNA levels 
in vivo has great potential for the development of miRNA-based therapeutic interventions. 
MiRNA levels can be modified artificially through administration of exogenous miRNA 
mimics and antimiRs. MiRNA mimics are double-stranded duplexes similar to precursor 
miRNAs. They provide a useful tool that functions well in vitro but unfortunately has some 
limitations regarding in vivo application. The drawbacks mainly result from the limited 
capacity of cells to take up double stranded RNA, and the need to incorporate the proper 
precursor strand of the duplex into the RISC to achieve functional activity [14]. The 
need for RISC incorporation also increases the likelihood of side-effects via interference 
with normal miRNA processing. This is clearly illustrated by the observation that RISC 
complexes from miRNA overexpressing transgenic mouse models become saturated with 
the overexpressed miRNA [15].

Downregulation of miRNAs can be achieved more conveniently by using antimiRs,  
an approach that has been clearly reviewed elsewhere [16]. In brief, these short 
complementary sequences can bind to the miRNA, thereby competing for interaction with 
endogenous targets and hence interfering with normal miRNA function. In order to be 
therapeutically applicable antimiRs need protection against nucleases that are present 
in the circulation, entry into target cells and a high binding affinity for the endogenous 
miRNA. Many of these factors can be conferred through chemical modification of the 
antimiR. Phosphorothioate modification of the sugar-phosphate backbone protects 
against nuclease degradation and facilitates plasma protein binding, thereby also 
reducing its renal clearance [16]. 2-O-methyl cholesterol conjugated antimiRs, known as 
antagomiRs, show increased stability and  enhanced cellular uptake, with a preference 
towards the liver [17]. Chemical modifications of the ribose sugar like 2’-O-methyl (2’-O-
Me), 2’-O-methoxyethyl (2’-MOE), 2’-fluoro (2’-F) and locked nucleic acid (LNA), provide 
nuclease protection and higher affinity for target mRNAs through increased duplex 
melting temperature [18]. This increased melting temperature also allows the length of 
the antimiR sequences to be shortened. That subsequently resulted in the development of 
tiny 8-mer LNA-based antimiRs that target the seed region and therefore confer the ability 
to down-regulate whole miRNA families. Although this family targeting might provide 
stronger effects on biological pathways, it also creates a higher risk of side-effects due 
to the broader expression pattern of an entire miRNA family compared to its individual 
members. Therefore, to obtain the most specific results for a given miRNA, we believe 
that the full-length antimiR has the highest therapeutic potential. Important with regards 
to off-target effects are in vitro luciferase experiments showing that translation of mRNA 
transcripts containing complementary sequences to the tiny antimiR is not affected by 
antimiR treatment [19]. Most of the approaches with miRNA-mimics and antimiRs have 
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already been successfully applied in vitro and in small laboratory animals. They have 
proven valuable tools for the study of miRNA function in the heart, and cardiac fibrosis in 
particular.

MiRNAs in cardiac fibrosis
Several miRNAs have been identified as regulators of cardiac fibrosis, and some of them 
even target multiple proteins in fibrotic pathways. In-depth reviews of the evidence for 
miRNA involvement in cardiac fibrosis are provided elsewhere [5,20,21]. For the purpose 
of this review we focus on describing only those miRNAs that affect cardiac fibrosis in 
vivo. Table 1 summarizes the effects of miRNA-based interventions on cardiac fibrosis. 
The distinction between direct and indirect effects differentiates between miRNAs that 
affect the fibrotic response directly by targeting ECM components or fibrotic signalling 
in the fibroblast, and miRNAs that induce fibrosis secondary due to cardiac dysfunction. 
The direct targeting likely offers the highest therapeutic potential for treatment of cardiac 
fibrosis. 

MiRNA-21
The discovery of the role of miRNA-21 in cardiac fibrosis is one of the most interesting 
examples regarding the potential of miRNA-based therapeutics. MiRNA-21 is ubiquitously 
expressed in many tissues as kidney, liver, lung and the heart. Within the heart it is 
expressed mainly in cardiac fibroblasts and at relatively low levels in cardiomyocytes [22]. 
MiRNA-21 was found to be strongly upregulated in the diseased, fibrotic myocardium. 
Inhibition of its effects through the use of antagomiRs was shown to prevent the 
development of cardiac fibrosis in β1-adrenergic receptor transgenic mice. SPRY1 was put 
forward as the responsible miRNA-21 target that normally represses ERK/MAP kinase 
signalling. During pathological conditions miRNA-21 becomes upregulated and further 
represses SPRY, thereby activating the ERK/MAP kinase signalling that leads to increased 
fibrosis combined with decreased levels of apoptosis. Moreover, antagomiR-21 treatment 
was found to be sufficient to block all these effects in vivo [22].

The precise role of miRNA-21 in cardiac fibrosis gets complicated when considering other 
findings where miRNA-21 knockout mice display a normal hypertrophic and fibrotic 
response upon stimulation by TAC, chronic calcineurin activation, AngII infusion and 

Table 1: Overview of in vivo effects on cardiac fibrosis by miRNA-based interventions

* Direct and indirect differentiates between miRNAs that affect the fibrotic response directly by targeting ECM 
components or fibrotic signalling in the fibroblast, and miRNAs that induce fibrosis secondary due to cardiac 
dysfunction
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myocardial infarction. Additionally, there was no effect of LNA-based tiny antimiR-21 
treatment on cardiac fibrosis both upon TAC and AngII infusion [23]. Subsequent follow-
up studies have however revealed the importance of antimiR chemistry, as the tiny LNAs 
are quickly cleared by renal filtration. Recent findings also underline the importance of 
timing and the exact model system that is used for antimiR experiments [24]. Other groups 
have further substantiated the evidence of miRNA-21’s role in cardiac fibrosis, both in 
vivo and in vitro [25-27]. In this regard, the finding that miRNA-21 regulates MMP2 via a 
PTEN dependent pathway supports the notion of miRNA-21 as a key player in the fibrotic 
response [28]. Combining these findings with the observation that miRNA-21 plays a role 
in kidney fibrosis [29] it can be concluded that this miRNA regulates fibrosis, although the 
effect of different model systems has to be further explored.

MiRNA-29
MiRNA-29 is highly expressed in lung, kidney, heart and many other tissues [13]. Target 
prediction analysis revealed a remarkably large number of fibrosis-related genes for the 
miRNA-29 family (29a, 29b and 29c), of which collagens (COL1A1, COL1A2, COL3A1), 
fibrillin-1 (FBN1) and elastin (ELN1) were identified as direct targets by in vitro luciferase 
assays. The targeting of so many ECM components by the miRNA-29 family underlines 
the potential of miRNAs to target entire cellular processes. Furthermore, this study 
shows that in vivo treatment of mice with cholesterol-based antimiR-29b resulted in 
increased collagen expression in liver and to a lesser extent the heart, an effect probably 
due to hepatic antimiR sequestration and hence predominant inhibition of liver mRNA 
transcripts. Unfortunately, this study did not investigate the levels of cardiac fibrosis on 
histological sections after in vivo antimiR-29 treatment of mice. Additional supporting 
evidence is provided by in vitro studies on cultured cardiac fibroblasts which show a 
modest decrease on collagen expression upon treatment with miRNA-29 mimics [13]. 
Studies in kidney and lung confirmed this correlation between miRNA-29 expression 
and fibrosis [30,31]. More direct in vivo evidence is provided by the observation that 
overexpression of miRNA-29 via transposon-mediated transfer decreased the amount 
of bleomycin-induced pulmonary fibrosis in mice [31]. These studies also confirmed the 
repressive effects on expression of collagens and fibronectin. Promising as this may be, 
caution should be taken to use miRNA-29 mimics as therapy for cardiac fibrosis since 
other studies observed increased cardiomyocyte apoptosis upon miRNA-29 treatment, a 
highly undesirable side-effect [32].

MiRNA-24
Initially identified as being down-regulated in a mouse model of myocardial infarction, 
the role of miRNA-24 in cardiac fibrosis is less well characterized. Cardiac miRNA-24 was 
found to be expressed in both endothelial cells, fibroblasts and cardiomyocytes, although 
not all reports agree on this distribution [33-35]. Inhibition of miRNA-24 by antagomiRs 
in mice has been reported to improve cardiac function after MI. It improves capillary 
network formation and inhibits endothelial cell apoptosis via increased expression of 
the endothelial transcription factor GATA2 and the serine/threonine kinase PAK4 that 
induces JNK- and MAP-signaling in endothelial cell [34]. Contrastingly, Wang et al found 
that cardiac function after MI also improved after intramyocardial lentiviral miRNA-24 
overexpression [33]. This improvement coincided with decreased collagen and 
fibronectin expression in addition to lower α-SMA (a myofibroblast marker) levels. in vitro 
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work confirmed the correlation between miRNA-24 levels and collagen expression and 
identified furin as the fibrosis-regulating miRNA-24 target [33]. Furin is a Ca2+-dependent 
protease that is involved in the processing of TGF-β1 and MMP1. Both the lentiviral and 
the antagomiR approaches are however not specific for any cardiac cell type and it is 
therefore difficult to distinguish effects on cardiomyocytes, fibroblasts and endothelial 
cells. Yet another study found a role for miRNA-24 in cardiomyocyte apoptosis, where 
local mimic-delivery improved cardiac function [35].

With these contrasting findings it becomes difficult to pinpoint the exact role of miRNA-24 
in cardiac fibrosis. This gets even further complicated by the fact that miRNA-24 is not 
only expressed in the heart but plays a role in the progression of cancer and keratinocyte 
differentiation [36,37]. While the in vivo lentiviral and antagomiR findings look promising, 
the identification of furin is solely based on correlating expression analysis with miRNA-24 
and collagens. The mechanistic explanation remains therefore far from conclusive and 
requires further investigation.  

MiRNA-22
A recent report describes studies which show that isoproterenol-induced cardiac fibrosis 
is exacerbated in miRNA-22 null mice compared to wildtype littermates [38]. Since 
miRNA-22 expression is not restricted to the heart, further studies were performed in 
conditional cardiac miRNA-22 knockout mice. These studies confirmed the initial finding 
in the full knockout that loss of cardiac miRNA-22 results in the accelerated development 
of fibrosis upon isoproterenol stimulation. Luciferase assays identified PPARα, Sirt1 and 
HDAC4 as direct targets of miRNA-22. Additional experiments indicated Sirt1 and HDAC4 
as the main effectors on cardiac hypertrophy, thereby making the development of cardiac 
fibrosis likely secondary to general cardiac dysfunction [38].  

MiRNA-133
The role of the muscle-specific miRNA-133 in cardiac fibrosis was initially established by 
in vitro experiments that identified CTGF as a direct target [39]. In vivo studies with αMHC 
miRNA-133a transgenic mice subsequently showed that the transgenes are protected 
against TAC-induced cardiac fibrosis. Besides this protective effect, cardiomyocyte 
apoptosis was also inhibited in the transgene [40], while in vivo antagomiR-133 treatment 
induced cardiomyocyte hypertrophy [41]. Furthermore, RNA-immunoprecipitations 
confirmed that CTGF mRNA directly binds to miRNA-133a loaded RISC complexes in 
the same transgenic mouse model [15]. Double knockout mice of miRNA-133a-1 and 
miRNA-133a-2 show dilated cardiomyopathy with extensive cardiac fibrosis, whereas the 
individual deletion of one miRNA-133 isoform does not lead to a phenotype. The effect of 
knocking out all miRNA-133 isoforms seems however to be twofold, as half of the mice 
die as neonates due to ventricular-septal defects and the surviving ones develop a dilated 
cardiomyopathy that progresses towards heart failure. This phenotype can be partially 
explained by increased cell proliferation and hypertrophic growth due to the lack of 
repression by miRNA-133 on the cyclin D2 and SRF respectively [42]. Unfortunately this 
study provides no information on CTGF expression, which might be partly responsible for 
the observed fibrotic response.
Evidence for the direct targeting of fibrosis by miRNA-133a is provided by the identification 
of COL1A1 as a direct target by luciferase assays. Subsequent in vivo studies in AngII 
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treated rats show that miRNA-133a expression correlates with COL1A1 expression and 
the level of cardiac fibrosis [43].

MiRNA-101
Acute myocardial infarction in rats leads to downregulation of miRNA-101a and 
-101b in the infarct zone, an area that subsequently develops massive fibrosis. in vitro 
treatment of cardiac fibroblasts with miRNA-101 mimics was found to inhibit AngII 
induced proliferation and expression of collagens, fibronectin, MMP2 and MMP9. C-fos 
was identified as a miR-101 target that mediates the proliferative effects through the 
induction of TGF-β expression. Moreover, adenoviral overexpression of miRNA-101a in 
vivo decreased the amount of MI-induced fibrosis, as well as mRNA levels of collagens, 
MMP2 and MMP9 [44]. The observed downregulation of miRNA-101 during myocardial 
infarction might therefore be causal in the development of cardiac fibrosis. MiRNA-101 
is however widely expressed in other tissues than the heart, ranging from lung to a wide 
range of carcinomas [45,46].

MiRNA-206
Another miRNA implicated in cardiac fibrosis is miRNA-206, a muscle-specific miRNA 
involved in skeletal muscle differentiation [47]. This miRNA is upregulated upon high 
mobility group box 1 protein (HMGB1) treatment of a murine MI model. HMGB1 acts 
as chromatin-modifying factor that allows transcriptional complexes to access the DNA 
and has been found to promote tissue repair and cardiac regeneration after myocardial 
infarction. Luciferase assays show direct miRNA-206 targeting of TIMP3, an inhibitor of 
MMPs. Increased miRNA-206 levels would therefore be expected to increase MMP activity 
and thereby decrease the amount of fibrosis. The study fails to show a direct effect in 
vivo, but HMGB1 treatment correlates with increased cardiac miRNA-206 expression and 
decreased cardiac fibrosis in the MI model [48]. Although the mechanism of action by 
which HMGB1 increases miRNA-206 expression remains unclear, the miRNA-206 effect 
on TIMP3 seems convincing.

MiRNA-132
Pericytes in the vasculature play a role in angiogenesis and show high expression levels 
of miRNA-132. The paracrine secretion of miRNA-132 by vascular pericytes transplanted 
from the saphenous vein to the heart was found to improve cardiac function in a mouse 
model of myocardial infarction [49]. in vitro experiments revealed increased endothelial 
tube formation and decreased myofibroblast differentiation upon culture in pericyte-
conditioned, miRNA-132 enriched medium. The effects are likely conferred via Ras-GTPase 
activating protein and methyl-CpG-binding protein 2. Regarding cardiac fibrosis, it was 
found that in vivo inhibition of miRNA-132 via transfection of transplanted pericytes with 
antimiR-132 decreased the capacity of these pericytes to improve cardiac contractility, 
angiogenesis and interstitial fibrosis [49]

MiRNA-214
MiRNA-214 is expressed in the heart, but it has much higher expression in lung and is also 
present in kidney, skeletal muscle and intestine. Deletion of miRNA-214 in mice revealed 
no abnormalities in cardiac function and morphology at baseline. Myocardial infarction 
through a permanent LAD ligation showed increased mortality of miRNA-214 knockout 
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mice. Transient ligation of the LAD however revealed increased fibrosis, possibly secondary 
to increases in cardiomyocyte apoptosis. Slc8a1 (NCX1) was identified through luciferase 
assays as a direct miRNA-214 target, probably causing the phenotype via impaired Ca2+-
handling. Additionally, Ppif and CamkIId, both regulators of Ca2+-homeostasis, were also 
identified as direct targets that were regulated in vivo at the protein level [50]. 

MiRNA-1
The muscle specific miRNA-1 has been shown to play a key role in the development 
TAC-induced heart failure and cardiac remodelling. AAV9-mediated overexpression of 
miRNA-1 under control of the CMV promoter was able to decrease cardiac hypertrophy 
and improve cardiac function. The levels of cardiac fibrosis were also strongly reduced 
in this model. The study confirmed direct targeting of NCX1 and additionally identified 
fibulin2 (Fbln2) as a new direct target of miRNA-1 [51]. Fbln2 is a secreted protein 
involved in ECM remodelling, and loss of Fbln2 was found to attenuate the progression of 
remodelling after MI [52]. 

MiRNAs as therapeutic targets
Given the number of miRNAs involved in cardiac fibrosis it becomes interesting to 
investigate their potential as therapeutic targets in humans. As evident from small animal 
studies, knockdown of miRNAs proves both a feasible and effective approach to decrease 
fibrosis and improve cardiac function [13,22,33,38,40,44,50]. Recent studies using LNA-
based antimiRs have shown that these compounds are also functional and well-tolerated 
in primates and humans.  AntimiR-122 has recently entered phase 2 clinical trials for 
treatment of hepatitis C infections and thereby provides the first example of the successful 
path from discovery to therapeutic application in humans.

MiRNA-122 and hepatitis C
The liver-specific miRNA-122 was found to regulate propagation of the hepatitis C virus 
(HCV) in the liver. HCV consists of a single RNA molecule that gets fully translated into 
one long polypeptide and subsequently cleaved into functional viral proteins. In contrast 
to the conventional function in mRNA degradation or translation inhibition, MiRNA-122 
binds to the 5’-UTR of the virus and prevents viral degradation and activation of the host 
immune response [53]. Therapeutic silencing of miRNA-122 is thus expected to decrease 
virus stability and improve the host immune response. Initial experiments using LNA-
based antimiR-122 (miravirsen, Santaris) on chimpanzees with a chronic HCV infection 
showed viral suppression [54], while subsequent phase 1 studies in healthy volunteers 
revealed no adverse effects of antimiRs. Phase 2a trials with HCV patients show the 
efficacy of antimiR-based therapy since viral RNA levels are decreased in a dose-dependent 
manner, while no adverse side-effects were observed. Additionally, the viral genome did 
not show any signs of selective pressure to change the sequence of the miRNA-122 sites 
during the 14 week follow-up after treatment [55]. The antimiR-122 approach is thereby 
approaching real-life clinical application. 

The anti-viral effects of antimiR-122 are likely to be independent of its effects on the 
biological function of miRNA-122 on liver metabolism and cholesterol homeostasis [56]. 
The observation of decreased cholesterol levels upon miravirsen treatment supports the 
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hypothesis that endogenous biological processes can be regulated by miRNA-based since 
miRNA-122 targets several genes involved in cholesterol homeostasis. This effect on an 
endogenous biological pathway might actually represent the truly interesting finding 
with regards to future clinical applications for antimiRs in general. 

With regard to side-effects of antimiR treatment, miravirsen treated patients showed a 
reduction of aminotransferase levels in the blood [55], which might be counter-indicative 
for the presence of liver damage reported in previous studies with phosphorothioate-
based antimiRs More concerning is the finding that miRNA-122 knockout mice exhibit 
increased progression of hepatic carcinoma [57]. This potential side-effect has not been 
observed in the clinical studies, although the 14 week follow-up period is too short for 
carcinomas to develop.

Targeting strategies
For any therapy to be effective it has to target the proper tissue and cell type. One advantage 
that contributes largely to the success of antimiR-122 is the confined expression of this 
miRNA to the liver. Systemic knockdown is therefore less likely to cause side effects, a 
factor that certainly contributes to the success of miravirsen. Not every miRNA has 
however such a specific expression pattern, as illustrated by most of the miRNAs involved 
in cardiac fibrosis. Directed targeting strategies for specific cells and tissues could 
therefore greatly improve the potential of miRNA-based therapeutics. Many ingenious 
approaches are being developed in experimental small laboratory animals, and although 
human data remains scarce it is worthwhile to discuss the most promising targeting and 
delivery strategies.

The application of adeno-associated-virus (AAV) mediated genetic transfer in small rodent 
animals and sheep proves to be feasible, adding some degree of tissue-specific targeting 
by the availability of different viral serotypes [58,59]. Additional tissue specificity can be 
achieved by using a tissue specific promoter to drive cardiac expression. The field got a big 
impulse from the first clinical trials in which recombinant-AAV1 achieved overexpression 
of SERCA2 in the heart. The initial results of the phase 1 CUPID trial revealed no major 
adverse effects in patients with heart failure [60,61]. AAV can therefore also be used to 
express antimiR sequences or precursor miRNA in the heart. Additionally, experiments 
with genetically engineered AAV9 underline the feasibility of improving cardiac targeting, 
thereby attaining higher specificity [62]. 

Ultrasound echography proves another interesting field for novel delivery strategies. 
Microbubbles can be applied as contrast agent to greatly improve the ultrasound 
imaging of blood flow. Interestingly, these tiny gas bubbles can be forced to collapse 
upon specific ultrasound stimulation. The possibility of loading these microbubbles with 
pharmacological agents cleared the way for their application in therapeutic drug delivery 
[63,64]. Systemic delivery of drug-loaded microbubbles can now be combined with local 
release through ultrasound induced microbubble collapse [65]. By applying the ultrasound 
to the heart, the bubbles will release their content locally. When loaded with antimiRs, 
this local release may improve targeting of the heart. Although some specificity will be 
lost through systemic diffusion of released antimiRs the targeting efficiency is expected 
to remain much higher compared to systemic administration, simultaneously decreasing 
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the risk of side-effects. We excitingly look forward to the first study that applies antimiR-
loaded microbubbles in vivo.

Another similar though challenging approach to achieve cell type specific miRNA 
uptake may be available through the use of microvesicles. Microvesicles or exosomes 
are cell-derived vesicles that carry proteins, mRNAs and miRNAs in the blood. Whereas 
microbubbles depend on external stimulation by ultrasound for release of their content, 
protein-coated microvesicles may facilitate their own uptake through receptor interactions 
[66]. Cells naturally contain mechanisms for receptor-induced endocytosis, and vesicles 
coated with the proper receptor substrates provide a means to deliver mimics and 
antimiRs to other cell types and tissues. This might be an important approach especially 
regarding miRNA mimics that encounter difficulties in their cellular uptake. Restricted 
tissue distribution of these receptors even provides a means for specific targeting. in vitro 
proof of principle has been provided by the functional transfer of mRNA by microvesicles 
from the cardiomyocyte-like HL-1 cells to fibroblasts [67]. Since the antimiR has to be 
eventually delivered to the cardiac fibroblast or myocyte, crossing the endothelial barrier 
in vivo constitutes a major barrier to this approach. Biogenesis also poses a challenge on 
the use of microvesicles, since it requires miRNA or antimiR overexpressing packaging 
cells.

Another study adds exciting perspectives to targeting and delivery strategies. Deep-
sequencing of human blood samples in a Chinese population detected several non-
human miRNAs. Further analysis showed that one of the most abundant miRNAs was 
the rice-derived miRNA-168a. Studies with rice-fed mice showed that the miRNAs were 
actually taken up via the digestive tract [68]. The presence of plant-derived miRNAs in 
the human circulatory system therefore shows the ability of miRNAs to cross the gastro-
intestinal barrier. The therapeutic implications of this finding with regard to systemic 
miRNA delivery are very promising. A recent publication however contests these findings 
as miRNA-21-/- mice fed a miRNA-21 supplemented diet showed no increase in plasma 
levels of this miRNA [69]. It therefore remains to be determined to what extend food-
derived miRNAs actually enter the circulation. Dosage and the specific miRNA might turn 
out to be important determinants for this route of delivery.

With the exception of AAVs the actual supportive evidence for directed targeting in humans 
remains limited. Small rodent models have however provided useful and promising 
insights in the feasibility of several diverse strategies. Additional research will provide 
the answer to which approach holds the biggest therapeutic potential.

Perspectives and limitations
As the experiments with animal models and the findings of miRNA-122 in relation to 
HCV illustrate, miRNAs regulate cardiac fibrosis and can act as targets for therapeutic 
intervention. Before proceeding to discuss the potential of miRNA-based therapies, it is 
worth to mention the most important characteristics of an effective therapeutic strategy 
to treat cardiac fibrosis. Inhibition or prevention of the fibrotic response constitutes the 
main goal, and unwanted side-effects represent the major limiting factors for clinical 
application. Pharmacokinetic properties like uptake, excretion, stability and tissue 
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distribution are also important determinants that affect therapeutic application. 

It is no coincidence that antimiR-122 was the first to reach clinical trials. The initial 
experiments and clinical studies with miRNA-122 in relation to HCV clearly illustrate 
the therapeutic potential of miRNA-based interventions. This miRNA however has two 
features that contribute to its success that are absent from the set of miRNAs involved in 
cardiac fibrosis and thereby complicate their applicability for miRNA-based interventions. 
First, off-target effects by antimiR-122 treatment are less likely to occur due to its tissue-
restricted expression in the liver. Second, the high viral expression levels are also likely 
to be more susceptible to changes in miRNA-122 levels compared to endogenous mRNA 
targets.

Unlike miRNA-122, most miRNAs involved in cardiac fibrosis show a broad spectrum 
of cell and tissue expression. Possible exceptions are the muscle-specific miRNA-133, 
-206 and -1 which besides the heart are also expressed in skeletal muscle. Since a broad 
expression pattern increases the risk for off-target effects, a good therapeutic target 
benefits from restricted expression, making miRNA-133, -206 and -1 good candidates for 
further development.

Whether the anti-fibrotic effect results from increased or decreased miRNA levels 
represents another factor of importance in therapeutic targeting. At this moment, miRNA 
knockdown by using antimiRs seems to be the most feasible therapeutic approach. 
Most tested antimiR interventions however increase cardiac fibrosis, with the possible 
exception of miRNA-21. Other antimiR interventions even yield opposing results, as 
illustrated by miRNA-24. Since most fibrosis-regulating miRNAs seem to decrease the 
level of cardiac fibrosis upon overexpression, this approach holds the biggest promise 
for miRNA-based therapies. Overexpression comes however with a set of limitations that 
have to be overcome before therapeutic applications can be developed. One of the major 
issues with miRNA mimics is that they have to be incorporated into the RISC complex. 
Besides difficulties with cellular uptake, a high level of overexpression therefore also 
results in RISC saturation, which interferes with endogenous miRNA function [70]. 
Unwanted off-target effects pose another limitation to the use of miRNA mimics. Whereas 
antimiRs in the worst case only affect other tissues that express a given miRNA, systemic 
administration of mimics will affect any cell that expresses its mRNA targets. With each 
miRNA having multiple potential mRNA targets, systemic delivery of miRNA mimics will 
probably not be applicable for therapy. Directed targeting remains however an interesting 
option. 

Although microvesicle-mediated delivery still has to prove its feasibility and microbubble-
mediated approaches do not solve the problem of efficient cellular uptake, AAV-mediated 
transfer of precursor miRNAs has good potential for local delivery, especially when 
combined increased cardiac targeting and the use of cardiac specific promoters. The finding 
of a useful promoter poses a challenge by itself, since in contrast with cardiomyocytes 
there is a lack of cardiac fibroblast specific promoters. Future experiments have to confirm 
the application of AAV as miRNA carriers for human targeting, but the technology seems 
promising.
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Another issue arises from one basic but important principle: we only know what we have 
been looking for. The sheer number of predicted targets for any given miRNA hints to 
the multitude of potential functions, of which only a limited number has been explored 
properly. In the case of miRNAs affecting cardiac fibrosis, most of them have been initially 
identified as regulators of fibrosis in the heart or another organ. Follow-up studies are 
therefore likely to focus on fibrosis in other tissues, confirming its postulated role. This 
however overlooks many other potential functions of these miRNAs, creating a bias in 
our knowledge that requires additional investigation or dealing with unforeseen findings 
during the progression towards clinical application. This is illustrated by the miRNA-122 
example where several studies found effects on cell proliferation [57]. In short term 
studies these effects can easily be overlooked, as the detection of tumour growth requires 
a longer follow-up period. Many other miRNAs discussed in relation with cardiac fibrosis 
have been shown to affect apoptosis, cell proliferation and other cellular processes that 
might be involved in cancer progression, which requires longer follow-up periods, and 
careful investigation to reveal their effects. 

Improved targeting strategies have the potential to overcome many of the issues raised 
above. Especially the clinical trials with AAV are very promising. When combined with 
minimal off-target effects, the adverse side-effects of miRNA-based therapies can be 
overcome. This opens the way for the development of new approaches to disease treatment 
and cardiac fibrosis in particular. Not all in vitro and in vivo findings show consistent 
patterns and the discrepancy in observations regarding miRNA-21 and -24 reveals an 
important prerequisite regarding therapeutic application: the eventual effect depends 
on a delicate interplay between the chemistry of the therapeutic miRNA, the underlying 
disease and many other unknown factors. It is however the charting of these unknowns 
that leads to new breakthroughs, and the first results on miRNA-based therapeutics are 
promising. Taking into account that out of more than thousand miRNAs only a very limited 
subset has been characterized for their role in cardiac fibrosis, we currently might have 
been discussing only the very tip of a therapeutically interesting iceberg.
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Decreased miRNA-30c expression 
does not affect cardiac remodelling
Abstract
MiRNA-30c is highly expressed in the heart and deregulated during cardiac disease. 
Previously, this miRNA has been implicated in the regulation of cardiac fibrosis, 
cardiomyocyte hypertrophy and proliferation. Most of these findings were based on in 
vitro experiments and little is known about the in vivo function of miRNA-30c. Therefore 
we studied the in vivo effect of miRNA-30c down-regulation in the heart, both in a 
cardiomyocyte-specific transgenic sponge model and in two mouse models with systemic 
antimiR-30c treatment.
Our findings indicate that decreased miRNA-30c expression does not have an impact on 
cardiac function, either under normal or isoproterenol- and TAC-induced cardiac stress. 
We did find effects on cardiac hypertrophy and CTGF expression in some experimental 
settings, but the biological relevance of these effects remains to be established since they 
were not observed under all experimental conditions. Based on the present studies we 
conclude that although miRNA-30c is one of the most highly expressed miRNAs in the 
heart, its down-regulation has only a limited impact on cardiac function. Our findings 
also illustrate the importance of validating hypotheses in alternative experimental model 
systems.
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Introduction
MiRNAs constitute a class of post-transcriptional regulators of gene expression, which 
places them central in the regulation of many cellular processes. They act through 
complementary base-pairing to the 3’-UTR of an mRNA target, thereby interfering with 
its translation into protein. In the heart, miRNAs have been shown to regulate diverse 
biological functions like cardiomyocyte hypertrophy (1), cardiac fibrosis (2) apoptosis and 
angiogenesis (3). Expression studies identified several miRNAs that become differentially 
expressed during cardiac disease (4, 5). Among these deregulated miRNAs are members 
of the miRNA-30 family. Members of the miRNA-30 family have been previously implicated 
in the regulation of fibrosis (6, 7), cardiomyocyte hypertrophy (8), proliferation (9), 
apoptosis (10) and mitochondrial fission (11). Due to their cardiac expression and 
potential to regulate important pathways in cardiac function, they represent interesting 
miRNAs for additional investigations for their role in cardiac (patho-) physiology.
The miRNA-30 family consists of 5 members with a conserved seed sequence and are 
named miRNA-30a to miRNA-30e. Besides the conserved seed sequence they are 
highly homologous to each other, with only a few sequence differences between the 
family members.  Compared to miRNA-30c, miRNA-30b and miRNA-30e are the most 
homologous (Figure 1A). Little is known about the regulatory mechanisms that induce 
miRNA-30c expression, but the miRNA is differentially expressed during cardiac disease. 
We previously identified miRNA-30c to become downregulated during the pressure 
overload-induced progression towards heart failure (7). Additionally, we revealed its 
potential to inhibit cardiac fibrosis in vitro, via the targeting of connective tissue growth 
factor (CTGF) (7). In this chapter, we investigated whether down-regulation of miRNA-30c 
in vivo would affect fibrosis or other biological processes in the heart. For this purpose, we 
developed two mouse models in which miRNA-30c expression is inhibited.

Several approaches, like overexpression of miRNA sponges or systemic administration 
of antimiRs, can induce in vivo downregulation of miRNA expression. The principle of 
the miRNA sponge is not new and has already been applied in vitro and in vivo (12). 
MiRNA sponges are mRNA transcripts that contain multiple binding sites for the miRNA 
of interest. When these sponges are expressed in cells, they sequester miRNAs, thereby 
competing with endogenous miRNA targets for the binding of the miRNA (Figure 1B).  A 
miRNA sponge can be subcloned into an expression vector and integrated in the genome 
for stable transgenic expression in vivo. The use of cell-type specific promoters can thereby 
enhance tissue specificity, a feature that cannot be achieved by systemic administration 
of antimiRs. Previous studies have already established the ability of miRNA sponges 
to decrease miRNA expression while increasing the expression of their target mRNAs 
(12). The first successful application of this approach in vivo in animals studied the 
role of miRNA-8 during neuro-muscular junction formation in Drosophila (13). MiRNA 
sponges thus represent an interesting approach to study the role of miRNAs in vivo and 
our transgenic miRNA-30c sponge model represents one of the first attempts to decrease 
miRNA expression through the use of miRNA sponges in mammals.
Another approach to decrease miRNA expression in vivo makes use of antimiRs or related 
small oligonucleotide chemistries (14, 15). These short complementary sequences bind 
with high affinity to the miRNA of interest and thereby prevent the normal interaction 
with its endogenous mRNA targets. Several chemical modifications are being used to 
protect antimiRs against degradation by RNAses and improve their binding affinity 
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(16). Systemic administration of antimiRs however lacks tissue-specificity, so observed 
effects can either be a direct effect on the tissue of interest or result secondarily to the 
deregulation of systemic processes. However, the antimiR approach has previously been 
successfully applied to repress miRNA activity in the heart (17-21).

In order to investigate the role of miRNA-30c in pathologic disease progression we 
studied the effect of decreased miRNA-30c expression both under basal conditions and 
in the presence of increased cardiac workload induced via either isoproterenol treatment 
or transverse aortic constriction (TAC). Isoproterenol acts as a non-selective β-adrenergic 
agonist that increases heart rate and systolic blood pressure combined with decreased 
diastolic blood pressure. The increased systolic pressure arises from the increase in heart 
rate and cardiac contractile force while the decreased diastolic pressure is due to its 
vasodilatory action on peripheral blood vessels (22). TAC is a surgical model for pressure-
overload induced cardiac hypertrophy and heart failure. By partially constricting the aorta, 
the external workload on the heart is increased, which initially leads to compensated 
hypertrophy and over time, when the response becomes maladaptive, leads to heart 
failure (23).

In this chapter we describe our findings on experimentally decreased miRNA-30c 
expression in both a systemic (antimiRs) and cardiomyocyte-specific (transgenic) model. 
Both interventions do not affect cardiac function. We found an increased hypertrophic 
response to isoproterenol treatment and increased CTGF levels at baseline, but these 
findings could not be validated in every model we used. The exact in vivo function of miRNA-
30c therefore remains to be established, but either systemic or local downregulation does 
not impair cardiac remodeling in our experimental setup.

 
Materials and methods
Animal experiments 
All animal experiments have been approved by the ethical committee on animal 
experimentation of the AMC.

Generation of transgenic eGFP-miRNA-30c-sponge mice
Six perfectly complementary miRNA-30c binding sites were cloned into a αMHC expression 
plasmid (pBSII-SK+ containing the murine αMHC promoter region; GenBank acc. U71441) 
with SalI. The plasmid backbone was removed by digestion with SstII, generating a ~6.5 
kb fragment containing the αMHC promoter region, eGFP, the 6 sponge-sites and the 
human growth hormone polyA sequence. Transgenic FVB mice were generated by pro-
nuclear oocyte injection. Offspring was tested for miRNA-30c expression and founders 
were crossed back into a C57Bl/6JOlaHSD background.

AntimiR injections 
eight week old C57BL/6JOlaHsd (Harlan) mice were injected twice subcutaneously 
with 5 mg/kg antimiRs (Ribotask) at day 0 and day 7. AntimiR chemistry contained 
locked nucleic acid (LNA) bases and 2’-O-methyl RNA bases in a ratio 1:2, where all 
nucleotides contained the phosphorothioate modification. The antimiRs were perfectly 
complementary to the complete mature miRNA-30c sequence or to a negative control 
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sequence (Table 1). For the antimiR-TAC experiments, mice were subjected to TAC surgery 
as described below at day 3 or 4. Mice were subjected to echocardiography and sacrificed 
4 weeks after TAC surgery.
In the antimiR-isoproterenol experiment an osmotic minipump was placed subcutaneously 
after the second antimiR injection, releasing isoproterenol at a constant rate of 17,5 mg/
day/kg bodyweight. Mice were subjected to echocardiography and sacrificed after 5 
weeks of isoproterenol treatment.

Transverse aorta constriction surgery
To induce left ventricular overload we surgically performed transverse aorta constriction 
(TAC) in 8 week old male antimiR-injected mice. Mice were sedated with 4% isoflurane 
and intubated for mechanical ventilation with a gas mixture of O2 and 2.5% isoflurane to 
maintain anaesthesia and placed on a heating pad to maintain body temperature at 37°C. 
Buprenorphine (0.05 mg/kg) was injected subcutaneously for postsurgical analgesia. 
Thoracotomy was performed through the first intercostal space just lateral of the sternum. 
The aortic arch was constricted (6-0 silk suture) together with a 27G (Ø 0.42 mm) needle 
between the truncus brachiocephalicus and the arteria carotis communis sinistra. 
Immediately after constriction the needle was removed to restore blood flow. The sham 
surgery was performed identically, but without the aortic ligation. The administration of 
buprenorphine (0.05 mg/kg s.c.) was repeated the first 2 days after TAC, when deemed 
necessary based on the recovery of the mouse. Mice were sacrificed after 4 weeks of TAC.

Echocardiography
LV function and dimensions were measured by transthoracic two-dimensional 
echocardiography using a Vevo 770 Ultrasound (Visual Sonics) equipped with a 30-
MHz linear array transducer. Mice were sedated on 4% isoflurane and anesthesia was 
maintained by a mixture of O2 and 2.5% isoflurane. M-mode tracings were obtained at 
the height of the papillary muscle in parasternal short axis view and used to measure LV 
internal diameter at end-systole and end-diastole. Fractional shortening was calculated 
from these internal diameters using the following formula: ((LV end-diastolic diameter - 
LV end-systolic diameter) / LV end-diastolic diameter) x 100%

 5

Table 1: Primer & probe sequences
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Tissue collection
Immediately after sacrificing the mice, hearts were injected with 1 mol/L KCl to induce 
relaxation of cardiac myocytes, fluid was removed from the lumen and hearts were 
weighed.  The upper half of the heart was fixated in 4% paraformaldehyde for histological 
analysis. The lower half was divided in 2 parts, cut through the septum and LV free wall 
and snap-frozen in liquid nitrogen for RNA and protein analysis. 

RNA analysis 
Except for the family member specific qPCRs, where RNA was isolated using the mirVana 
miRNA isolation kit according to manufacturer’s protocol, all RNA was isolated using 
TRIzol (Invitrogen) according to manufacturer’s protocol. 

Northern Blot
Probes for miRNA-30c and U6 were labelled using the miRNA StarFire Kit (Integrated DNA 
Technologies) and purified on Illustra ProbeQuant G50 Micro-columns (GE Healthcare) 
according to the manufacturer’s protocol. 3 µg total RNA (TRIzol isolated) was separated 
on a 16% acrylamide gel, transferred to Hybond N+ membranes and UV-crosslinked 
(0.200 J/cm2). Radioactively labeled probes (α32P-dATP) were hybridized for 30’ at 39ºC 
in hybridization buffer (7% SDS, 200 mM Na2HPO4, pH 7.2), subsequently washed at 
42ºC with 2x SSPE buffer (0.36 mol/L NaCl, 200 mmol/L NaH2PO4, 20 mmol/L EDTA, 
0.1% DEPC, 0.1% SDS, pH 7.4) and exposed to Phospho-image film overnight.

cDNA preparation and qPCR with the mirVana kit
The mirVana kit was used to measure expression of the individual miRNA-30 family 
members. MiRNA-specific cDNA was generated of 400 ng of total RNA using the iScript 
cDNA synthesis kit (Bio-Rad) and the mirVana quantitative RT-PCR primer sets (Ambion) 
according to manufacturer’s protocol. This cDNA was amplified using the mirVana 
quantitative RT-PCR primer sets (Ambion) and lightcycler 480 SYBR green master I 
(Roche) in a lightcycler 480 system II using the following program: 95°C for 3 minutes 
and 40 cycli of 95ºC for 15 seconds and 60°C for 45 seconds. 

Other quantitative Real Time PCR (qPCR)
After RNA isolation, 200 ng RNA was treated with DNAse I (Invitrogen 18068-015). For 
mRNA quantification cDNA was synthesised using Superscript II reverse transcriptase 
(Invitrogen 18064-071) and diluted 4 times in nuclease free water. Quantitative real 
time PCR was performed on a Lightcycler 480 (Roche) using SYBR green (Roche 
04887352001). The miScript kit was used to determine miRNA levels. For this purpose, 
we generated total cDNA of 200 ng total RNA using the miScript reverse transcription kit 
(Qiagen) according to the manufacturer’s protocol. Real-time PCR was performed using 
the lightcycler 480 High Resolution Melting Master (Roche). The reaction was performed 
according to manufacturer’s protocol in a mixture with 2.5 mmol/L MgCl2 and with 8-fold 
diluted cDNA. The cDNA was amplified in a lightcycler 480 system II using the following 
program: 95°C for 10 minutes and 40 cycli of 95ºC for 45 seconds, annealing temperature 
for 45 seconds, and 72°C for 45 seconds, where the annealing temperature was 55°C for 
miRNA amplification and 60°C for mRNA amplification. Primer sequences are listed in 
Table 1. Quantification was performed using LinReg PCR analysis software (24, 25).
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Histological analysis 
Mouse hearts were fixed overnight in 4% paraformaldehyde, transferred to 70% ethanol 
until embedding, and embedded in paraffin using standard techniques. Sections of 5 µm 
thickness were stained with hematoxylin and azophloxin by dewaxing, hydration, 10 min 
incubation with hematoxylin, 10 min rinsing with running tap water, 2 min rinsing with 
bidistilled water, 3 min incubation with azophloxin, 1 min differentiation in bidistilled 
water, dehydration, and mounting with entellan (Merck). To determine the collagen content 
in mouse hearts, we stained sections of 5 µm thickness with picrosirius red. Therefore 
sections were dewaxed, hydrated, incubated for 60 min in picrosirius red solution, 2 min 
washed under continuously moving in 0.01 N HCl, dehydrated, nad mounted in entellan 
(Merck). Pictures of these sections were taken with a light microscope (Axiophot) at 20x 
magnification, 10 pictures in the LV free wall, 10 in the septum, and 5 in the papillary 
muscles. Perivascular fibrosis was manually omitted from the image analysis. The Sirius 
red positive areas in each picture were automatically calculated as a percentage of the 
total tissue area using an in house made quantification macro in ImagePro 6.2. 

Luciferase assays
Luciferase assays were performed as described previously (7). Briefly, we transiently 
transfected (GeneJammer, Stratagene) β-galactosidase control plasmid (50 ng) with 
control, miRNA-30c-perfect or miRNA-30c-bulged luciferase-sponge construct (25 ng) 
and pCDH1-miRNA-30c overexpressing construct (25 ng) into 40-50% confluent COS1 
cells, grown in a 24-well plate. At 48 hr post transfection, cells were lysed and assayed 
for luciferase activity. β-galactosidase was assayed to normalize luciferase results for cell 
densities and transfection efficiency.

Statistics
All statistical testing was performed using unpaired two-sided Students T-test. p-values ≤ 
0.05 were considered significant. Error bars represent standard error of the mean (SEM).

Results
MiRNA-30c sponge design
The miRNA-30 family consists of five miRNAs (miRNA-30a-e) with a conserved seed 
sequence (Figure 1A). Of these, miRNA-30b shares the highest sequence homology with 
miRNA-30c. Under normal conditions these miRNAs bind to their respective mRNA targets 
and impair translation into functional protein. The introduction of miRNA-sponges into 
a cell results in competition with endogenous target mRNAs for miRNA binding, thereby 
releasing the inhibitory effect of the miRNA on its targets as schematically represented 
in Figure 1B. To test the efficiency of miRNA-30c inhibition on different sponge designs 
we created two constructs (Figure 1C). Six perfect complementary sequences of mature 
miRNA-30c or six ‘bulged’ complementary sequences, which contain mismatches in 
position 9-12 of miRNA-30, were subcloned downstream of a luciferase cassette. The 
bulged sequences presumably form a more stable interaction with the miRNA of interest, 
including miRNAs complexed with Ago2 (12, 26). We transfected these luciferase-
miRNA-30 sponge plasmids along with miRNA-30c or scrambled miRNA in COS-7 cells 
and performed luciferase assays. The experiments reveal a stronger inhibitory effect of 
miRNA-30c on the perfect sponge sequence as compared to the bulged sequence (Figure 
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1D). Therefore, for the in vivo experiments described below, we generated a sponge 
construct containing 6 perfect complementary binding sites to miRNA-30c.

Generation of miRNA-30c sponge transgenic mice
For cardiomyocyte-specific overexpression of the miRNA-30c sponge we injected 
murine oocytes with an eGFP construct, driven by the αMHC-promoter and coupled to 
6 perfectly complementary miRNA-30c binding sites and the human growth hormone 
poly-A signal (Figure 2A). We generated two founder lines which both gave offspring in 
normal Mendelian ratios. We observed no altered mortality of transgenic mice compared 
to wildtype littermates (data not shown). All experiments described in this chapter are 
performed in one founder line, from now on denoted eGFP-miRNA-30c sponge.
To confirm cardiac downregulation of miRNA-30c in these eGFP-miRNA-30c sponge mice, 
we performed northern blotting (Figure 2B). This revealed a decrease in mature miRNA-
30c expression. Quantification by qPCR revealed a ~60% decrease in the mature miRNA-
30c levels (Figure 2C). Since miRNA-30c belongs to a family of 5 miRNAs we tested 
the effect of sponge-expression on the other family members. This showed decreased 
expression of other family members in accordance to their homology with miRNA-30c. 
Not surprisingly, the most homologous miRNA-30b and -30e were significantly, but to a 
lesser extent, downregulated by ~30% and ~20% respectively (Figure 2D). 

eGFP-miRNA-30c sponge mice do not have a cardiac phenotype
The eGFP-miRNA-30c sponge mice have similar heart weight (corrected for tibia length) 

Figure 1: miRNA-30 family and in vitro testing of the miRNA-30c sponge construct. (A) The miRNA-30 family 
consists of 5 members with a shared seed sequence. Compared to miRNA-30c, miRNA-30b has the highest 
sequence homology. (B) Under normal conditions the miRNA binds to its target and impairs translation. In 
the presence of a sponge construct, the miRNA binds to the sponge, therefore competing with the endogenous 
targets (CDS: coding sequence, eGFP: enhanced green fluorescent protein). (C) Comparison between perfect 
and bulged binding sites on miRNA conformation. (D) In vitro luciferase assay shows the higher translational 
inhibition of the perfect binding site, compared to the bulged (N=3). 
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compared to wild-type littermates at 8 weeks of age (Figure 3A). The similar expression 
level for atrial natriuretic factor (ANF), a marker of cardiac dysfunction and hypertrophy, 
indicates the absence of gross abnormalities in miRNA-30c sponge mice (Figure 3B). 
Additionally, the uncorrected heart weight, lung weight, body weight and tibia length does 
not differ between transgenes and wildtype littermates (Figure 3C and D). 
The function of miRNAs is often more easily evaluated under conditions of pathological 
stress and in disease (27). Therefore, we stressed the hearts of the eGFP-miRNA-30c 
sponge mice and wildtype littermates by subjecting them to 5 weeks isoproterenol 
treatment (Figure 4A). Quantification by qPCR confirmed the ~50% decreased 
expression of miRNA-30c in this group of eGFP-miRNA-30c sponge mice (Figure 4B). 
Phenotypic analysis revealed comparable heart weights in the eGFP-miRNA-30 sponge 
mice compared to their wild-type littermates (Figure 4C). Interestingly, with this dose of 
isoproterenol we only observed a very small and non-significant increase in heart weight 
(Figure 4C), which is inconsistent with the 37% increase in cardiac mass that others found 
after as little as 7 days at even lower dosage of 5 mg/kg/day (28). Echocardiographic 
evaluation of cardiac function could not reveal any differences in left ventricular internal 
diameters (LVID) both during systole and diastole, between the genotypes and after 
isoproterenol treatment (Figure 4D). Nevertheless, gene expression analysis did reveal 
slightly altered ANF and CTGF expression after isoproterenol treatment, suggesting the 
β-adrenergic stimulation by isoproterenol had a suboptimal biological effect in the heart. 
No differences were however observed between the miRNA-30c sponge and wild-type 
hearts (Figure 4E). 

Figure 2: Design and efficacy of the miRNA-30c sponge. (A) Schematic overview of the eGFP-miRNA-30c-
sponge construct used for transgenesis. Expression is driven by the αMHC promoter and the construct contains 
eGFP, 6 perfect miRNA-30c binding sites and a human growth hormone polyA-signal. (B) Northern blot probed 
for miRNA-30c shows decreased expression in the hearts of eGFP-miRNA-30c sponge transgenic mice (n=3). 
(C) Relative miRNA-30c expression (U6-corrected) in left ventricular tissue as quantified by qPCR (n=3). (D) 
Quantification of relative miRNA-30 family member expression (U6-corrected) in wildtype and miRNA-30c 
sponge littermates (n=2). * denotes a p-value < 0.05 and error bars represent standard error of the mean.
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Figure 3: Baseline characteristics of eGFP-miRNA-30c sponge mice. (A) Heart weights corrected for tibia 
length are similar in wildtype and transgenic littermates. (B) Relative ANF expression (GAPDH-corrected) in 
left ventricular tissue as quantified by qPCR (n=3). (C) Body weight and tibia length of wildtype and transgenic 
littermates (n=3). (D) Heart weight and lung weight for wildtype and transgenic littermates (n=3). * denotes a 
p-value < 0.05 and error bars represent standard error of the mean.

Figure 4: Isoproterenol treatment in miRNA-30c-sponge mice. (A) Schematic overview of the experimental 
setup. Mice were treated for 5 weeks with isoproterenol or PBS through the constant release by subcutaneous 
implanted osmotic minipumps. (B) Quantification of miRNA-30c expression (U6-corrected) in left ventricular 
tissue (n=6). (C) Heart weight corrected for tibia length (n=6). (D) Echocardiography of left ventricular internal 
diameters during systole and diastole (n=6). (E) ANF and CTGF mRNA expression as quantified by qPCR 
(GAPDH-corrected) (n=6). * denotes a p-value < 0.05 and error bars represent standard error of the mean.
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LNA based antimiR experiments
AntimiRs provide another approach to achieve the in vivo downregulation of miRNA 
expression. We therefore injected 8 week old wildtype mice twice with 5 mg/kg control 
antimiR or antimiR-30c and evaluated miRNA-30c expression levels after 5 weeks 
of control or isoproterenol treatment (Figure 5A). Northern blot analysis revealed a 
decrease in miRNA-30c levels in the antimiR-30c treated mice compared to control 
(Figure 5B). Quantification of the different family members by qPCR revealed ~90% 
decrease in cardiac miRNA-30c expression. Expression of the other family members 
decreased according to sequence homology (Figure 5C), in line with the observations in 
the eGFP-miRNA-30c sponge mice (Figure 2D). In this regard, we found a ~80% decrease 
in miRNA-30b expression. Together these findings show the efficacy of antimiR induced 
miRNA-30c downregulation in vivo. 

AntimiR-30c treatment augments isoproterenol-induced cardiac hypertrophy and CTGF 
expression
To further investigate the role of miRNA-30c in the heart we studied the effect of miRNA-
30c downregulation after antimiR treatment under basal conditions and in the presence 
of increased isoproterenol-induced cardiac workload.
Wildtype mice were injected twice with antimiRs prior to 5 weeks of isoproterenol 
treatment (Figure 5A). In the control antimiR group, isoproterenol treatment resulted 
in a 20% increase in heart weight. Interestingly, antimiR-30c treatment resulted in an 
exaggerated hypertrophic response, as tibia length-corrected heart weight in this group 
increased 40% in response to isoproterenol (Figure 6A). This increase was caused by an 

Figure 5: Efficacy of antimiR-induced miRNA-30c knockdown. (A) Schematic overview of the experimental 
setup. (B) Northern blot for miRNA-30c and U6 in wildtype, miRNA-30c transgenic over-expression (positive 
control (29)) and miRNA-30c antimiR-treated mice (n=2). (C) Quantification of miRNA-30 family member 
expression (U6-corrected) in left ventricular tissue (n=5). * denotes a p-value < 0.05 and error bars represent 
standard error of the mean.
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actual increase of heart weight, as tibia length did not change (Figure 6B-C). Mice treated 
with isoproterenol also showed a slight increase in lung weight and overall body weight, 
which were significant in combination with antimiR-treatment (Figure 6B-C). Moreover, 
we observed that ANF, a molecular marker of hypertrophy and heart failure was induced 
to a greater extent in the antimiR-30c treated mice (Figure 6D). Gene expression analysis 
of CTGF revealed significantly increased mRNA expression after antimiR-30c treatment 
with trends to further increases upon isoproterenol treatment (Figure 6D). Expression 
of genes encoding extracellular matrix components like collagen (COL1A1 and COL3A1) 
were induced upon isoproterenol treatment, but were not affected by antimiR-30c (Figure 
6E). 

AntimiR-30c treatment has no effect on the heart after TAC  
To study the effect of miRNA-30c knockdown in a model of pressure overload-induced 
cardiac hypertrophy, we performed similar experiments in mice subjected to TAC surgery 
(Figure 7A). In this experiment, antimiR-30c treatment resulted in the knockdown of 
miRNA-30c levels of ~85% (data not shown), comparable to the antimiR-isoproterenol 
experiment (Figure 5C). TAC caused a ~35% increase in heart weight, but there was 

Figure 6: antimiR-isoproterenol experiment. (A) Heart weight corrected for tibia length (n=5). (B) Heart weight 
and lung weight for wildtype and transgenic littermates (n=5). (C) Body weight and tibia length of wildtype and 
transgenic littermates (n=5). (D) ANF and CTGF mRNA expression (GAPDH-corrected) as quantified by qPCR 
(n=5). (E) Fibrotic genes COL1A1, COL3A1 and fibronectin mRNA expression (GAPDH-corrected) as quantified 
by qPCR (n=5).  * denotes a p-value < 0.05 and error bars represent standard error of the mean.
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no additional effect of the decreased miRNA-30c expression as we observed in the 
isoproterenol study (Figure 7B). TAC induced an increase of the LVID, most prominently 
during systole (Figure 7C), in combination with decreased fractional shortening and 
ejection fraction (Figure 7D). However, no differences were observed between antimiR-
30c and control antimiR groups. 
TAC induced ANF expression ~10-fold (Figure 8A), and pro-fibrotic mRNA transcripts 
such as CTGF, COL1A1, COL3A1 and fibronectin were upregulated 3- to 5-fold (Figure 
8B-C). We could not observe an additional effect of decreased miRNA-30c levels on the 
expression of these genes, neither at baseline nor in response to TAC (Figure 8A-C). In 
line, decreased miRNA-30c levels had no significant effect on the amount of fibrosis in 
any region of the heart, as measured by quantification of Sirius Red staining (Figure 8D), 
while TAC induced cardiac fibrosis at least 2-fold for all the cardiac regions (Figure 8D).
 

Discussion
Based on the previously reported deregulation of miRNA-30c in the progression towards 
heart failure we set out to study the effects of decreasing its cardiac expression in vivo. 
We studied the cardiac effects of decreased miRNA-30c levels at baseline and under 
conditions of isoproterenol- or TAC-induced stress. Our findings show that loss of miRNA-
30c levels, either in the cardiomyocyte or systemically, does not lead to an overt cardiac 
phenotype. The main results obtained from our two mouse models are discussed below.

Cardiomyocyte-specific miRNA-30c downregulation through expression of a miRNA-30c-
sponge results in strongly decreased miRNA expression (~60% loss) but has no effect on 
heart weight, cardiac function and gene expression for all the parameters we studied. Also 
under conditions of isoproterenol-induced cardiac stress there was no effect of decreased 
miRNA-30c expression. This might indicate that the level of remaining miRNA-30c (or 
other miRNA-30 family members) is sufficient to maintain normal cardiac remodelling 
and function. Alternatively, since miRNA-30c is also expressed in cardiac fibroblasts we 
might have overlooked the contributions of this cell type to the development of cardiac 
dysfunction (7, 29). Especially with regards to the regulation of cardiac fibrosis, the 
fibroblasts play an important role.

Systemic downregulation of miRNA-30c via antimiR treatment provides a tool to study the 
effect of decreased miRNA-30c expression in all cardiac cell types, including the fibroblast. 
The level of knockdown achieved with antimiRs is higher compared to the sponge (~90% 
vs ~60% knockdown respectively). It therefore provides a more powerful tool to study 
miRNA function, but that comes with the added possibility of systemic side-effects. Our 
antimiR-isoproterenol experiment revealed that decreased miRNA-30c levels induce 
increased CTGF expression at baseline as well as increased isoproterenol-induced cardiac 
hypertrophy. The effect on CTGF is in line with the previous observations that CTGF is a 
direct miRNA-30c target in vitro (7). The increased heart weight upon cardiac stress in 
the antimiR-30c group indicates that miRNA-30c may act as a repressor of cardiomyocyte 
hypertrophy, which represents an interesting but contrasting finding with regards to 
the previous identification of miRNA-30c as a prohypertrophic miRNA (8). In that study 
Jentzsch et al. showed that overexpression of miRNA-30c in cell culture strongly induces 
cardiomyocyte hypertrophy.
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Figure 7: antimiR-TAC experiment. (A) Schematic overview of the experiment. Mice were treated with antimiRs 
and subjected to thoracic aortic constriction. (B) Heart weight and lung weight for wildtype and miRNA-30c 
sponge mice (n>4). (C) Echocardiography of left ventricular internal diameters during systole and diastole 
(n>4). (D) Evaluation of cardiac function by echocardiography for fractional shortening and left ventricular 
ejection fraction (n>4). * denotes a p-value < 0.05 and error bars represent standard error of the mean.

Figure 8: Cardiac fibrosis in the antimiR-TAC experiment. (A) Quantification of mRNA levels of ANF by qPCR 
(n>4). (A) Quantification of mRNA levels of CTGF by qPCR (n>4). (C) Quantification of mRNA levels of the 
extracellular matrix genes COL1A1, COL3A1 and fibronectin by qPCR (n>4). (D) Quantification of fibrosis based 
on Sirius Red positive cardiac area (n>4). * denotes a p-value < 0.05 and error bars represent standard error of 
the mean.
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Increased CTGF levels and anti-hypertrophic properties of miRNA-30c were however not 
observed in our independent antimiR-TAC experiment. In this study, loss of miRNA-30c 
caused no effect on TAC-induced cardiac remodelling in the form of changed heart weight, 
LV dilatation, fractional shortening, fibrosis or the expression of stress markers. Regarding 
the cardiac phenotype we can thus conclude that decreased miRNA-30c expression does 
not interfere with cardiac function in the normal and pressure overloaded heart.

To our knowledge, this is the first report of a transgenic miRNA-sponge model in mice. 
The efficacy of miRNA-sponges has already been established in vitro and in plants and 
Drosophila. Here we show that cardiomyocyte-specific expression of a miRNA-30c sponge 
construct results in decreased expression of miRNA-30c and its most homologous family 
members in the heart. In line with initial studies (12) we found decreased miRNA-30c 
expression by northern blot analysis, and these findings could also be confirmed by qPCR.
Similarly, antimiR-30c treatment results in a downregulation of miRNA-30c and its 
family members in accordance to their sequence homology. The decrease in miRNA-30c 
expression that was induced with antimiR treatment was greater than with the sponge. 
Several factors might be responsible for this stronger effect. First, the intracellular 
availability of the antimiR might be higher than the expression level of the sponge. Second, 
the chemical modifications of the antimiRs might improve their binding-affinity for the 
miRNA. Third, the antimiR is administered systemically and therefore affects miRNA-30c 
expression in all cardiac cells, while the sponge is only expressed in the cardiomyocytes. 
Especially this last option should be considered as miRNA-30c is also highly expressed in 
cardiac fibroblasts, a cell type in which the sponge was not expressed.

With the identification of CTGF as an in vitro target of miRNA-30c we expected to find 
increased CTGF levels in our in vivo models. CTGF levels remained however unchanged 
between wildtype and miRNA-30c sponge mice, both under basal conditions and upon 
isoproterenol treatment. On the other hand, antimiR-30c treatment induced a 2.2-fold 
increase in basal CTGF level in the isoproterenol experiment. Given the fact that antimiRs 
act systemically and additionally target the cardiac fibroblasts, it is not surprising that we 
did not observe an effect in the miRNA-30c sponge mice as CTGF is mainly expressed in 
the cardiac fibroblast. The effect on CTGF could however not be observed in mice from the 
same strain in our TAC experiments.
In the antimiR-TAC experiment, miRNA-30c downregulation did not significantly affect 
baseline and TAC-induced cardiac fibrosis. There were however consistent trends towards 
increased levels of TAC-induced fibrosis (Figure 8D). Decreased miRNA-30c expression 
did however not affect expression of fibrotic genes like COL1A1, COL3A1 and fibronectin. 
Based on these observations we conclude that decreased miRNA-30c expression only has 
a mild, if any, effect on cardiac fibrosis.

Our findings also underline the importance of validating observations in independent 
experimental settings. Both the effect on CTGF expression and heart weight that we 
observed in the antimiR-isoproterenol experiment could not be observed either in the 
eGFP-miRNA-30c-sponge transgene or the antimiR-TAC experiments. Of course there are 
many valid explanations for this discrepancy, like differences in timing, strain background, 
level of miRNA-30c knockdown etc. However, all these explanations fail to overcome the 
requirement of robust findings in experimental animal models for the eventual translation 
to human disease. 
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Taken together, downregulation of cardiac miRNA-30c expression has no detrimental 
effect on cardiac function as evaluated by echocardiography under any of the studied 
conditions. If this provides the conclusive answer to the role of miRNA-30c remains to 
be determined as we could not fully inhibit miRNA-30c expression. The remaining levels 
might be sufficient to perform its normal regulatory role in the heart. The role of other 
miRNA-30 family members also remains to be determined as they all have the same 
potential mRNA targets, although their affinity for specific targets might differ. In line with 
the observations that miRNA-30c becomes differentially regulated during cardiac disease, 
it is also worthwhile to investigate if the downregulation is a primary cause of disease 
or secondary to general cardiac dysfunction. Additional research employing improved 
knock-down or miRNA-30c specific knock-out mice is therefore required to elucidate the 
exact role of miRNA-30c in cardiac function in vivo. 
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Cardiomyocyte-specific miRNA30c 
over-expression causes dilated 
cardiomyopathy 
Abstract
MicroRNAs (miRNAs) regulate many aspects of cellular function and their deregulation 
has been implicated in heart disease. MiRNA-30c is differentially expressed in the heart 
during the progression towards heart failure and in vitro studies hint to its importance 
in cellular physiology. As little is known about the in vivo function of miRNA-30c in 
the heart, we generated transgenic mice that specifically overexpress miRNA-30c in 
cardiomyocytes. We show that these mice display no abnormalities until about 6 weeks 
of age, but subsequently develop a severely dilated cardiomyopathy. Gene expression 
analysis of the miRNA-30c transgenic hearts before onset of the phenotype indicated 
disturbed mitochondrial function. This was further evident by the downregulation of 
mitochondrial oxidative phosphorylation (OXPHOS) complexes III and IV at the protein 
level. Taken together these data indicate impaired mitochondrial function due to OXPHOS 
protein depletion as a potential cause for the observed dilated cardiomyopathic phenotype 
in miRNA-30c transgenic mice. We thus establish an in vivo role for miRNA-30c in cardiac 
physiology, particularly in mitochondrial function.
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Introduction
Since the initial discovery, it has become evident that miRNAs have a profound impact on 
cellular function [1–4]. MiRNAs function by decreasing transcript stability or inhibiting 
translation of their target mRNAs into protein through hybridisation with complementary 
sequences [5]. This results in decreased protein expression of the miRNA target, which 
makes miRNAs important regulators of protein synthesis, placing them at a central 
position in the maintaininance of cellular and tissue homeostasis. 
Several miRNAs have already been implicated in cardiac disease. For example, miRNA-29 
regulates the expression of pro-fibrotic genes and is differentially expressed after 
myocardial infarction in mice [6], while experimentally overexpressed miRNA-133a 
protects against pressure overload-induced cardiac remodelling [7]. MiRNA-34a has 
been identified to control cardiac ageing via its direct targeting of a regulator of protein 
phosphatase 1 (i.e. PNUTS), thereby inducing cardiomyocyte apoptosis and telomere 
shortening [8]. Regarding mitochondrial function, the miRNA-199a-214 cluster was 
found to impair mitochondrial fatty acid oxidation via downregulation of PPARδ [9]. 
MiRNA-106b induces mitochondrial dysfunction in C2C12 myotubes through targeting of 
mitofusin-2 [10]. Interestingly, nuclear encoded miRNA-181c has been shown to decrease 
the mitochondrial encoded mt-COX1 gene expression [11], illustrating the intricate 
interactions of miRNAs and the genome.

MiRNA-30c belongs to the miRNA-30 family, which consists of five members that are 
ubiquitously expressed, all of which are among the most highly expressed miRNAs in 
the heart. Since the seed region is identical between members of the miRNA-30 family, it 
can be expected that there is a substantial overlap in the targets that they regulate. As a 
consequence, functional redundancy is expected between the miRNA-30 family members. 
In cultured cells, miRNA-30c is found in cardiomyocytes as well as in fibroblasts [12]. 
in vitro, miRNA-30c has been implicated in the regulation of distinct cellular processes, 
ranging from cardiac fibrosis and cardiomyocyte hypertrophy to mitochondrial function, 
apoptosis, and cell proliferation. Therefore, deregulation of this miRNA is expected to 
have profound effects on cardiac function. However, little is known on the role of the 
miRNA-30 family in the heart in vivo. Uncovering the exact role of miR30 in vivo is highly 
relevant as miRNA-30c was identified as the top candidate for inducing cardiomyocyte 
hypertrophy in an unbiased miRNA mimic screen in neonatal rat cardiomyocytes [13]. In 
addition, in vitro studies from our laboratory have implicated miRNA-30c as a regulator 
of cardiac fibrosis by its direct targeting of connective tissue growth factor (CTGF) [12], a 
finding that until now has not been verified in vivo [14]. Another direct in vitro target of 
miRNA-30c that regulates cardiac fibrosis is the plasminogen-activator-inhibitor-1 (PAI-
1), a serine protease inhibitor that prevents the activation of matrix metalloproteases 
[15,16]. Members of the miRNA-30 family also affect mitochondrial fission and apoptosis 
in cultured neonatal cardiomyocytes, an effect attributed to miRNA-30c targeting of 
p53 [17]. Assays with cancer cell lines show the inhibitory action of miRNA-30c on cell 
proliferation, possibly mediated via direct targeting of metastasis-associated gene-1 
(MTA1) [18]. In addition, in zebrafish, miRNA-30 overexpression with mimic sequences 
leads to excessive blood vessel sprouting, showing the ability of this miRNA to induce 
angiogenesis in vivo. This angiogenic effect is mediated by DLL4, a membrane-bound 
ligand that inhibits angiogenesis via an effect on Notch-signalling [19]. Furthermore, the 
finding that miRNA-30c influences the effects of angiotensin-II implies its involvement 
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in regulation of cardiac function during states of chronic pressure overload [20]. Finally, 
miRNA-30c has been implicated in the regulation of lipid metabolism via its effects on 
microsomal triglyceride transfer protein (MTP) in the liver. In this regard, elevated miRNA-
30c levels were found to have therapeutic potential for the treatment of hyperlipidemia 
[21].

Several studies revealed a downregulation of miRNA-30c in the mouse heart during 
pressure overload-induced heart failure [12,22]. In human heart disease, where the 
underlying aetiology is more heterogeneous than in experimental models of heart failure, 
the deregulation of miRNA-30c is less consistent. Whereas some studies show decreased 
expression of miRNA-30c in dilated cardiomyopathy (DCM), others have found trends 
towards an upregulation in this disease state [12,23,24]. Taken together, there are many 
studies that implicate miRNA-30c in cardiac disease: it is regulated in disease in vivo and 
several important functions have been ascribed to it in vitro. However, its in vivo effects on 
the heart have not yet been clearly established.

Therefore, we set out to further investigate the role of miRNA-30c in cardiac physiology. 
Here, we describe the results of our in vivo studies in miRNA-30c transgenic mice. 
We show that cardiomyocyte-specific miRNA-30c overexpression results in a dilated 
cardiomyopathy. Before the onset of the phenotype, we found signs of mitochondrial 
dysfunction, with a depletion of oxidative phosphorylation complex proteins. In 
conclusion, our study shows that elevated miRNA-30c expression interferes with normal 
cardiac function, at least partially via its involvement in regulating mitochondrial function 
in cardiomyocytes in vivo. 
 

Material and Methods
Animal experiments and generation of miRNA-30c transgenic mice
All animal studies were approved by the Institutional Animal Care and Use Committee 
of the University of Amsterdam (approval no DCA101423) and in accordance with the 
guidelines of this institution and the Directive 2010/63/EU of the European Parliament, 
and carried out in compliance with the Dutch government guidelines. For transgenesis, 
the murine pre-miRNA-30c-1 from chromosome 4 (GenBank acc. NT_039264.6; bases 
20893658-20893266) was cloned into the αMHC expression plasmid (pBSII-SK+ 
containing the murine αMHC promoter region; GenBank acc. U71441) with SalI. The 
plasmid backbone was removed by digestion with SstII, generating a ~6.5 kb fragment 
containing the αMHC promoter region, pre-mmu-miRNA-30c-1 genomic insert and the 
human growth hormone polyA sequence. Transgenic FVB mice were generated by pro-
nuclear oocyte injection. Offspring was tested for miRNA-30c expression and 2 founders 
were crossed back into a C57Bl/6JOlaHSD background. Data were obtained from line 
B unless mentioned otherwise. For sacrifice, mice were anaesthetized with a CO2/O2 
mixture and subsequently killed by cervical dislocation.

In situ hybridization
For in situ hybridization staining we used 7 μm thick paraffin sections. These were 
dewaxed, rehydrated and 5’ equilibrated in phosphate-buffered saline (PBS). Sections 
were 15’ incubated with 1-Methylimidazole buffer (1% v/v 1-Methylimidazol pH 8.0, 0.3 
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M NaCl), 30’ incubated in EDC (0.16 M 1-ethyl-3-(3-dimethylaminopropyl carbodiimide) 
in 1-Methylimidazole buffer), washed in PBS, proteinase-K treated for 5’ at 37ºC, washed 
with PBS, 15’ incubated in 1-Methylimidazole buffer, 30’ incubated in EDC, washed 
in PBS, 10’ fixed in 4% parafix, washed in PBS, 20’ incubated in 3% H2O2 in PBS, and 
washed in PBS. Then sections were prehybridized for 30’ in hybridization mix (10 mM 
Hepes pH 7.5, 600 mM NaCl, 50% v/v Formamide, 1 mM EDTA, 0.1% w/v Ficoll 400, 0.1% 
polyvinylpyrolidon, 0.1% BSA, 500 ug/ml Haring sperm DNA) at 60ºC, 1.5 hr hybridized 
in 5’ pre-boiled hybridization mix with 500 nM LNA probes (Ribotask; sequences are 
shown in supporting information Table III) at 60ºC and then washed at 60ºC in 2x SSC (0.3 
M NaCl, 30 mM Trisodium Citrate), 0.5x SSC and 0.2x SSC successively. Detection of the 
bound probes was performed by 30’ blocking with 2% w/v blocking powder (Roche) in 
PBS-T, 45’ incubation with anti-FITC-HRP (Roche) 1:4 in blocking solution, washing with 
PBS-T, 5’ Tyramide Signal amplification (TSA, PerkinElmer, NEL741), washing in PBS-T, 
45’ incubation with anti-FITC-AP 1:200 in blocking solution, washing in PBS-T, washing in 
NTM solution (100 mM Tris pH 9.5, 100 mM NaCl, 50 mM MgCl2), incubation in NBT/BCIP 
(Roche) 1:50 in NTM solution, washing in bi-distilled water, 15’ incubation in nuclear red 
solution, washing in distilled water followed by dehydration of the slides and mounting 
with Entellan. Images were acquired with a 20X objective with a light microscope (Zeiss 
Axiophot).

Northern Blot
Probes for miRNA-30c and U6 (loading control) were labelled using the miRNA StarFire 
Kit (Integrated DNA Technologies) and purified on Illustra ProbeQuant G50 Micro-
columns (GE Healthcare) according to the manufacturer’s protocol. 3 µg total RNA (TRIzol 
isolated) was separated on a 16% acrylamide gel, transferred to Hybond N+ membranes 
and UV-crosslinked (0.200 J/cm2). Labeled probes were hybridized for 30’ at 39ºC in 
hybridization buffer (7% SDS, 200 mM Na2HPO4, pH 7.2), subsequently washed at 42ºC 
with 2x SSPE buffer (0.36 M NaCl, 200 mM NaH2PO4, 20 mM EDTA, 0.1% DEPC, 0.1% SDS, 
pH 7.4) and exposed to Phospho-image film overnight.

Echocardiography
Left ventricular function and dimensions were determined by transthoracic 2D 
echocardiography using a Vevo 770 Ultrasound (Visual Sonics) equipped with a 30-
MHz linear array transducer. Mice were sedated on 4% isoflurane and anesthesia was 
maintained by a mixture of O2 and 2.5% isoflurane. M-mode tracings in parasternal short 
axis view at the height of the papillary muscle were used to measure LV internal diameter 
at end-systole and end-diastole. Fractional shortening was calculated from these internal 
diameters using the following equation: ((LV end-diastolic diameter - LV end-systolic 
diameter) / LV end-diastolic diameter) x 100%.

Quantitative Real Time PCR (qPCR)
For qPCR, RNA was isolated from tissue or cells using TRIzol (Invitrogen 15596-026) 
according to the manufacturer’s protocol. Subsequently, 200 ng RNA was treated with 
DNAse I (Invitrogen 18068-015). cDNA was synthesised using Superscript II reverse 
transcriptase (Invitrogen 18064-071) and diluted 4 times with milliQ water. Quantitative 
real time PCR was performed on a Lightcycler 480 (Roche) using SYBR green (Roche 
04887352001). For miRNA quantification cDNA was synthesized with the miScript 
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reverse transcription kit (Qiagen 218061), diluted 8 times with milliQ and qPCR was 
performed with High Resolution Melting Master (Roche) on a Lightcycler 480 according 
to the manufacturers’ protocols. To validate miRNA-30c expression levels we also 
performed qPCR with the Taqman primer assay according to the manufacturers’ protocol. 
Primer sequences are listed in supporting information Table SIII. Analysis of qPCR data 
was performed using LinRegPCR analysis software [25,26].

Histology and fibrosis analysis
Hearts were dissected and immediately fixated overnight in 4% paraformaldehyde 
solution, washed with 70% ethanol, dehydrated and embedded in paraffin. Tissue sections 
were cut at 7 µM and deparaffinized prior to staining using xylene and a decreasing alcohol 
series. Sections were stained with Mayer’s Haematoxylin for 8’, followed by flushing with 
tap water for 8’; Azophloxin stain was incubated for 3’, followed by washing for 1’ with 
water.
For PicroSirius Red staining, sections are incubated with 0.1% Sirius Red in picric acid 
for 60’, followed by 2’ in 0.01 N HCl. Dehydration was performed in an increasing alcohol- 
xylene series and slides were mounted with Entellan (Merck). Images were acquired with 
a Leica DM6000 microscope. Interstitial fibrosis quantification was performed using a 
customized macro in ImagePro Plus 6.20. After randomization of the images, epicardial 
and perivascular fibrosis was excluded from analysis. Fibrotic area is expressed as 
percentage of total tissue area and based on the pooled area of 20 randomized images 
per heart. 

Cell counting and volume analysis
Cardiac tissue sections were immunohistochemically stained for cardiac troponin I 
(Chemicon MAB1691) and Nkx2.5 (Santa Cruz sc-14033). Nuclear staining was performed 
with DAPI. Images were acquired with a Leica DM6000 microscope and stitched to create 
full cardiac cross-sections. A manual threshold was applied to determine the cTnI positive 
area. Within this area Nkx2.5 positive nuclei were automatically detected [27]. Total 
cardiac cross-sectional area was calculated based on the cTnI positive area and mean 
cardiomyocyte volume was derived from the total cardiac area and the number of Nkx2.5-
positive nuclei. Data are based on analysis of 7 wildtype and 7 miRNA-30c transgenic 
hearts.

Microarray and pathway analysis 
Microarrays were performed by ServiceXS (Leiden, The Netherlands) on an Affymetrix 
Genetitan mouse 430 Plus 2.0 platform according to the manufacturer’s protocol. RNA 
from wildtype mice and transgenic littermates of 4 (N=3) and 20 (N=2) weeks old was 
isolated from left ventricular tissue using TRIzol (Invitrogen 15596-026) and treated 
with DNAse I (Invitrogen 18068-015) according to the manufacturer’s protocol. RNA 
quality was tested with the bioanalyzer (Agilent) and all samples had a RNA integrity 
number of 7 or higher. The expression data from the arrays was analyzed using the affylm 
graphic user interface for Bioconductor in R. Pathway analysis on significantly down- and 
upregulated genes (p-value < 0.05) was performed with the web-based DAVID functional 
annotation tool version 6.7 [28,29].
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Protein analysis
Protein was extracted from LV tissue in RIPA buffer (50 mM Tris-HCl pH8.0, 150 mM 
NaCl, 1% Igepal CA-630, 0.5% Sodium deoxycholate, 0.1% sodium dodecyl sulfate) with 
addition of protease inhibitor cocktail (Roche) and 1 mM Sodium Orthovanadate. Protein 
concentrations were measured using the BCA protein assay kit (Pierce) according to 
manufacturer’s protocol.
For western blots, protein was diluted in a sample buffer (17.5% glycerol, 6% SDS, 250 
mM Tris-HCl pH 6.7, 10% β-mercapto-ethanol) and denaturated 5’ at 95ºC (GAPDH) or 
50ºC (OXPHOS). 60 μg of protein was loaded and separated on a 15% acrylamide gel and 
transferred to a methanol activated polyvinylidene fluoride (PVDF) membrane (Millipore). 
This membrane was blocked 1 hr in 5% protifar in TBST and incubated with the first 
antibodies overnight at 4ºC (OXPHOS cocktail 1:1000 (Abcam ab110413); GAPDH 1:5000 
(Bioconnect RDI-TRK5G4-6C5)). The following day membranes were washed in TBST and 
at least 2 hr incubated in the secondary antibody at RT (1:5000, HRP-linked). Bands were 
detected using the ECL prime western blotting detection reagent (Amersham) and images 
acquired using the ImageQuant LAS4000 (GE Healthcare). 

Electron microscopy
Cardiac tissue was isolated and immediately prefixed in 1% glutaraldehyde, 4% 
paraformaldehyde in 0.1 M sodium cacodylate. Left ventricular samples were excised and 
postfixed with a solution of 1% OsO4 in cacodylate buffer. Subsequently the specimens 
were dehydrated in an alcohol series and embedded into Epon. Ultrathin sections were 
collected on formvar-coated grids and counterstained with uranil acetate and lead citrate. 
Images were acquired at a magnification of 6000x for overviews and 20500x for further 
analysis with a FEI technai 12 transmission electron microscope.
Double-blinded image analysis was performed with QWIN using an algorithm for 
manual mitochondrial annotation. Cross-sectional mitochondrial area was determined 
by annotation of the double-layered mitochondrial boundaries. Image border-touching 
objects were excluded from analysis. Average individual profile areas were obtained by 
dividing the total mitochondrial area by the number of individual double-layered objects. 
Quantitative data are based on the analysis of 18 randomized images per heart, 3 hearts 
per group.

Mitochondrial abundance and citrate synthase activity
Mitochondrial DNA (mtDNA) abundance was quantified as previously described [30]. In 
short, total DNA was extracted from mouse heart tissue lysates, using the QIAamp DSP 
DNA Mini Kit (Qiagen). Quantitative PCR was performed with mitochondrial DNA- and 
nuclear DNA-specific primers for COX2 and UCP2 respectively (supporting information 
Table SIII), on a Roche Lightcycler 480 using Roche SYBR-green mastermix. 
Citrate synthase activity was measured in mouse heart tissue lysates as previously 
described [31].

Statistics
All statistical testing was performed using unpaired two-sided Student’s T-test unless 
mentioned otherwise. Effects on LVID,d and LVID,s were analysed by 2-way ANOVA for 
repeated measures. P-values ≤ 0.05 were considered statistically significant. Error bars 
represent standard error of the mean (s.e.m.).
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Results
MiRNA-30c is expressed in cardiomyocytes and non-myocytes
To examine the cell types expressing miRNA-30c in the heart in vivo, we performed in 
situ hybridization on hearts of wildtype mice using a Fam-labeled LNA probe against 
miRNA-30c (Figure 1a). This staining revealed expression of miRNA-30c in the nuclei of 
both cardiomyocytes (black arrowheads) and non-cardiomyocytes (grey arrowheads). 
Hybridization with the control probe displayed no signal. In addition, we found a diffuse 
pattern of miRNA-30c expression in the cytoplasm of cardiomyocytes which was not 
observed in sections treated with the control probe. The nuclear staining likely identifies 
pre-miRNA-30c while the cytoplasmic staining detects mature miRNA-30c. The expression 
of miRNA-30c in both cardiomyocytes and non-cardiomyocytes confirms previously 
reported in vitro studies [12, 13], which show expression in cultured neonatal myocytes 
and fibroblasts of the rat heart.

MiRNA-30c transgenic mice develop severely dilated cardiomyopathy
To explore the function of miRNA-30c in vivo, we generated cardiomyocyte-specific 
miRNA-30c transgenic mice by pro-nuclear oocyte injections of a αMHC-pre-miRNA-30c 
expression construct (Figure 1b). Two founder lines (denoted A and B) were established 
and both delivered offspring in normal Mendelian ratios. Northern blot analysis of line A 
shows a substantial increase in pre- and mature miRNA-30c levels (Figure 1c). MiRNA-30c 
specific qPCR quantification revealed a ~6- and ~9-fold overexpression in left ventricular 

Figure 1: MiRNA-30c expression in the heart and the generation of αMHC-miRNA-30c transgenic mice (miRNA-
30c TG). (a) MiRNA-30c in situ hybridization on adult wildtype hearts shows expression in the nuclei of both 
cardiomyocytes (black arrowheads) and interstitial cells (grey arrowheads). The cytoplasm is also miRNA-
30c positive. (b) Schematic overview of the miRNA-30c overexpression construct used for the generation of 
transgenic mice. (c) Northern blot for miRNA-30c in wildtype and transgenic littermates in line B at 8 weeks of 
age. U6 was used as a loading control and shows similar loading. (d) Quantification of miRNA-30c overexpression 
by qPCR in both transgenic lines at 4 weeks of age (N≥6). (e) MiRNA-30c expression in left en right ventricular 
tissue of line B at 4 weeks of age (N=6). Error bars represent s.e.m. and * denotes a p-value ≤ 0.05
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tissue of line A and B, respectively (Figure 1d). There was no significant difference in 
the level of overexpression between left and right ventricles (Figure 1e). We additionally 
evaluated the stability of transgenic overexpression in time and found left ventricular 
miRNA-30c levels to be stable both with increasing age and over at least seven generations 
(supporting Figure S1a). Since high overexpression levels of miRNA-30c might interfere 
with the maturation process of other miRNAs, we evaluated the expression levels of a set 
of other cardiac miRNAs (known to be expressed by cardiomyocytes, cardiac fibroblasts 
or endothelial cells). Although it did not reach significance, we found a decrease in their 
expression in the miRNA-30c transgenic mice (supporting information Figure S1b).

Having generated a stable and specific miRNA-30 overexpression model we phenotypically 
compared wildtype and transgenic hearts. The miRNA-30c transgenic mice of line A and 
B show no gross phenotypic abnormalities at 4 weeks of age, with line A lacking a clear 
phenotype until 20 weeks of age (supporting information Figure S2). In this regard, 
wildtype and transgenic littermates have similar heart weight, body weight and tibia 
length (supporting information Figure S2a-c). In addition, cardiac function as determined 
by echocardiography is preserved up till 20 weeks in line A (supporting information Figure 
S2d). Similarly, mice from the higher miRNA-30c expressing line B show no abnormalities 
at 4 weeks of age, neither in heart weight, body weight nor in cardiac function (supporting 
information Figure S2a-c, e).

Despite similar cardiac function at 4 weeks of age in both line A and B, miRNA-30c 
transgenic mice show increased mortality. As shown in Figure 2a, mortality of transgenic 
mice of line A and B reaches 50% at an age of 37 and 21 weeks, respectively, correlating 
with their relative miRNA-30c overexpression levels. Autopsy revealed cardiac dilation 
in combination with an enlarged right atrium (Figure 2b). Although all transgenic mice 
developed cardiac dilatation, the extent of the dilatation was variable from mouse to 
mouse in both transgenic lines. Evaluation of cardiac function by echocardiography at 6 
weeks of age in line B showed that left ventricular internal diameter were increased in 
systole and diastole in miRNA-30c transgenic mice (Figure 2c and supporting information 
Figure S3). Cardiac function was decreased as evident from a reduction of the ejection 
fraction from 70% to 54%, and a 30% decrease in fractional shortening (Figure 2d). 
Surprisingly, heart weights at 6 weeks of age did not significantly differ between wildtype 
and miRNA-30c transgenic mice (Figure 2e, supporting information Figure 2b). Cardiac 
ANF expression, a marker of stress, increased with age, illustrating the progressive nature 
of the cardiac dysfunction (Figure 2f).
Histological analysis of cardiac tissue from failing hearts shows extensive thinning of 
the ventricular walls, especially in the right ventricle. The right atrium is also enlarged 
(Figure 3a). At this stage, stretches of interstitial fibrosis can be observed in the ventricles 
and the atria (Figure 3a, right panel).

MiRNA-30c transgenic hearts show no histological abnormalities before onset of the 
phenotype
In order to investigate the underlying mechanism of the DCM phenotype we studied the 
hearts before onset of the dilated phenotype. Gross cardiac morphology was not altered 
in miRNA-30c transgenes (Figure 3b). In this regard, we evaluated interstitial fibrosis 
of the hearts before development of the dilated cardiomyopathy by quantifying Sirius 
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Figure 2: MiRNA-30c transgenic mice develop severely dilated cardiomyopathy. (a) Kaplan-Meier survival 
curve for both transgenic lines. We observed no mortality in wildtype littermates. 50% mortality was reached 
at 37 and 21 weeks for line A and B, respectively. (b) Transgenic mice of both lines develop dilated hearts with 
enlarged right atria during the end-stage of disease progression. In line A this occurs after an age of 12 weeks, 
while in line B the first signs of dilation are noted at 6 weeks of age. .(c and d) Cardiac function as determined 
by echocardiography in line B at 6 weeks of age (N=3). LVID;d/TL denotes LV internal diameter during diastole, 
corrected for tibia length. LVID;s/TL denotes LV internal diameter during systole, corrected for tibia length. 
Differences between LVID;d/TL and LVID;s/TL were analysed by 2-way ANOVA for repeated measures (diagonal 
line indicates significant interaction effect). (e) Heart weight corrected for tibia length shows no significant 
difference between wildtype and miRNA-30c TG at 6 weeks of age in line B (N=3). (f) ANF mRNA expression as 
evaluated by qPCR (N≥3) shows a significant increase in transgenic mice in line B. Error bars represent s.e.m. 
and * denotes a p-value ≤ 0.05



103

Figure 3: Histological analysis of miRNA-30c transgenic mice. (a) Hematoxylin-Azophloxin (HA) and sirius red 
staining of end-stage failing heart showing ventricular dilation and enlarged right atria in combination with 
interstitial fibrosis during the final stage of disease in line A. (b) Representative images of cardiac sections 
stained with Sirius Red show no difference in interstitial fibrosis between wildtype and transgenic mice, at 12 
weeks of age in line A. (c) Quantification of interstitial fibrosis for wildtype and miRNA-30c TG mice (N≥5, 20 
images per heart). (d) CTGF mRNA expression, corrected for GAPDH, at several ages in line B as evaluated by 
qPCR (N≥3). (e) Quantification of the cardiac area, Nkx2.5-positive nuclei and cell volumes at 4 weeks of age in 
line B. Quantification is based on stitched images of whole cardiac sections as shown in panel of B (N≥5). Error 
bars represent s.e.m. and * denotes a p-value ≤ 0.05
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quantified CTGF mRNA levels by qPCR in hearts of 1, 6 and 10 week old transgenic mice 
and found a small non-significant down-regulation in 1 week old hearts, but no changes 
at 6 or 10 weeks, when compared to wildtype littermates (Figure 3d). Since miRNA-30c 
was reported to induce cardiomyocyte hypertrophy in vitro, we quantified cardiomyocyte 
volume on histological sections stained with cTnI and Nkx2.5 and revealed no changes in 
cardiomyocyte size, an indication for the absence of cardiomyocyte hypertrophy in vivo 
(Figure 3e). We therefore conclude that the DCM is not secondary to the development of 
hypertrophy or fibrosis or cardiomyocyte hypertrophy.

MiRNA-30c transgenic mice display mitochondrial abnormalities
In order to gain insight into the molecular mechanism of the miRNA-30c-induced dilated 
cardiomyopathy we performed cardiac gene expression profiling by microarrays. We 
analyzed 4 week old wildtype and miRNA-30c transgenic hearts from line A before onset 
of the DCM phenotype (supporting information Table SI). At 4 weeks of age we found 
3010 significantly differentially expressed transcripts of which 1437 were downregulated 
ranging from 0.19- to 0.98-fold and 1573 were upregulated from 1.03 to 14.0-fold. In 
silico pathway analysis using DAVID functional annotation tools showed enrichment 
of significantly downregulated genes belonging to oxidative metabolic pathways such 
as the tri-carboxylic acid (TCA)-cycle and mitochondrial OXPHOS complexes (Table I). 
Other downregulated pathways include genes involved in cardiac muscle contraction, 
dilated cardiomyopathy and MAPK signalling (Table I). Upregulated transcripts belong 
to genes involved in lysosomal, tight junction and insulin signalling pathways (Table I). 
Striking with regard to the observed changes in oxidative metabolic gene expression is 
the downregulation of 20 mitochondrial ribosomal proteins (MRPL and MRPS genes, 
supporting information Table SII). These transcripts encode subunits of the mitochondrial 
ribosome, an organelle dedicated to the translation of genes from the mitochondrial 
genome [32]. Moreover, we did not find several previously identified miRNA-30c targets 

Table 1: Differentially regulated 
pathways at 4 weeks of age. Significantly 
down- and upregulated pathways based 
on the microarray expression data of 
left ventricular tissue in line A. Count 
represents the number of differentially 
expressed genes and Genes is the total 
number of genes in the given pathway.

red stained sections of 12 weeks 
old wildtype and miRNA-30c 
transgenic mice of line A. We could 
not detect significant differences 
in cardiac fibrosis (Figure 3b and 
c). 
Since our laboratory previously 
identified CTGF as a target gene 
of miRNA-30c, we checked 
whether the 9-fold miRNA-30c 
overexpression in cardiomyocytes 
(Figure 1d) is sufficient to inhibit 
CTGF expression. Therefore, we 
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to be regulated. In this regard, CTGF expression was decreased by 35% in the transgenic 
hearts at 4 weeks of age in line A but did not reach statistical significance with a p-value of 
0.065. Similarly, DLL4 showed a non-significant decrease of 17% for only one out of two 
probes. Trp53 (p53 protein), SerpinE1 (PAI-1), MTA1, and MTTP (MTP) were not found 
to be differentially expressed.
Since the microarray analysis hinted to impaired mitochondrial function we further 
analysed mitochondrial protein expression and morphology. We initially performed 
western blot assays on wildtype and transgenic hearts to quantify the protein expression 
levels of mitochondrial oxidative phophorylation complexes. We used the MitoProfile 
total OXPHOS antibody cocktail to detect complex I-20 (NDUFB8), complex II-30 (SDHB), 
complex III-core 2 (UQCRC3), complex IV-1 (MTCO1) and complex CV-alpha (ATP5A). 
This analysis revealed a ~30% reduction in expression of the mitochondrial OXPHOS 
complexes before the onset of the phenotype in 4 week old mice of line B (Figure 4a-b). 
The loss appeared to be progressive as 10 week old transgenic mice of this line showed an 
even further downregulation (Figure 4c). Particularly interesting in the light of decreased 
mitochondrial ribosomal gene expression, and therefore impaired mitochondrial-derived 
mRNA translation, is the decrease of the complex IV protein MTCO1, as this protein is 
solely translated on the mitochondrial ribosomes. In addition, we found HSP60 protein, 
a mitochondrial protein chaperone, to be downregulated at 10 weeks of age in miRNA-
30c transgenic mice when compared to wildtype mice (Figure 4c). In accordance with 
the downregulation at the protein level, the microarray analysis confirms that mRNA 

Figure 4: MiRNA-30c transgenic mice have a mitochondrial phenotype. (a) Western blot of mitochondrial 
OXPHOS proteins from wildtype and transgenic littermates, before the onset of the phenotype, at 4 weeks of age 
in line B. (b) Quantification of western blots of mitochondrial OXPHOS proteins of panel A (N=6). (c) Western 
blot of mitochondrial OXPHOS proteins in line B at 10 weeks of age, after DCM starts to develop. (d) Overview 
images of electron microscopy from wildtype (left) and miRNA-30c TG mice (right) of line B. Mitochondria are 
indicated with a black arrowhead. (e) Quantification of mitochondrial area (N=3, 18 images per heart) at 4 
weeks of age. (f) Quantification of mitochondrial to genomic DNA ratio by qPCR (N=4) at 4 weeks of age in line 
B. (g) Mitochondrial citrate synthase activity at 4 weeks of age (N=4) in line B. Error bars represent s.e.m. and * 
denotes a p-value ≤ 0.05
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expression levels of HSP60 (HSPD1) and the complex I subunit (NDUFB8) are progressively 
downregulated, with trends for complex II (SDHB) and complex III (UQCRC2) (supporting 
information Table SI, available online).
Since miRNA-30c has previously been implicated in the regulation of mitochondrial fission 
in neonatal cardiomyocytes in vitro, we performed electron microscopy on adult cardiac 
ventricular tissue before onset of the phenotype (Figure 4d). We could not observe any 
morphological changes indicative of impaired mitochondrial fission, as the average cross-
sectional mitochondrial area was similar in wildtype and transgenes (Figure 4e). 
To exclude that the changes in OXPHOS protein levels are caused by changes in the number 
of mitochondria, we employed two standard techniques to measure mitochondrial 
abundance. Quantification of the ratio between mitochondrial COX2 DNA and nuclear 
UCP2 DNA revealed no clear change in mitochondrial abundance between wildtype and 
transgenic hearts (Figure 4f). Similarly, at a functional level, activity of the TCA cycle 
enzyme citrate synthase was not altered in transgenic animals (Figure 4g). Both the stable 
DNA ratio and comparable citrate synthase activity are indicative of normal mitochondrial 
abundance in the transgenic hearts.
 

Discussion
Since decreased cardiac miRNA-30c expression is observed in several models of overload-
induced heart failure [12] but functional studies on miRNA-30c have only been done 
in vitro, we performed experiments to study its role in cardiac function in vivo. As the 
miRNA-30 family has five members, of which several have genomic duplications, a genetic 
knock-out approach is highly impractical. The systemic administration of antimiRs 
would likely result in indirect effects due to the ubiquitous expression of miRNA-30c. 
We therefore generated a miRNA-30c transgenic mouse model to investigate the in 
vivo effect of cardiomyocyte-specific overexpression. With this model, we show that 
cardiomyocyte-specific overexpression of miRNA-30c in two founder lines leads to 
dilated cardiomyopathy, with the onset of the cardiomyopathy correlating to the level of 
miRNA-30c overexpression. As mitochondrial genes were deregulated in our microarray 
before the onset of the phenotype we studied mitochondrial dysfunction as a possible 
underlying cause of the cardiomyopathy. 

Mitochondria represent the power plant of a cell, since they are the source of most of 
the cellular ATP. They are especially abundant in metabolic active cells like myocytes. 
Mitochondrial oxidative respiration is a tightly regulated process that mainly takes 
place at the OXPHOS complexes [33]. It is not surprising that mitochondrial function is 
altered during acquired heart disease. During diabetic cardiomyopathy the utilization of 
cellular substrates shifts towards fatty acids, while glucose becomes the preferred energy 
substrate during the progression towards heart failure [33]. Mitochondrial morphology 
also changes during heart failure, as TAC-induced heart failure in rats results in decreased 
mitochondrial surface area [34]. Additionally, mutations in mitochondrial-encoded 
OXPHOS genes like Cytb, COI, COII and COIII all result in the development of a dilated 
cardiomyopathy [35,36]. These observations underscore the importance of correct 
mitochondrial function in maintaining cardiac function.
The assembly of OXPHOS complexes requires both proper expression and cellular 
translocation of its constituent proteins [37,38]. This process is complicated by the 
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fact that some proteins derive from the nuclear genome, while others are encoded 
in the mitochondrial genome itself. Any imbalance in transcription, translation or 
mitochondrial import disturbs the normal assembly of OXPHOS complexes and interferes 
with mitochondrial function [39]. 

We show decreased mRNA expression of oxidative metabolism genes in miRNA-30c 
transgenic mice before the onset of the DCM phenotype. The overall ~30% down-
regulation of all five OXPHOS complexes at the protein level hints to an impaired oxidative 
capacity of the cardiomyocytes. The observation of decreased HSP60 protein, a chaperone 
in mitochondrial maintenance, and mitochondrial ribosomal subunit mRNA expression 
indicates potentially impaired mitochondrial homeostasis. Severe down-regulation of the 
mitochondrial-encoded complex IV protein MTCO1 in the later stage of DCM (10 week 
old miRNA-30c transgenic mice) underscores the decreased translation of mitochondrial 
encoded genes. Based on the ratio of mitochondrial to nuclear DNA and citrate synthase 
activity, we conclude, however, that mitochondrial abundance is not affected in miRNA-
30c transgenics. We could not detect changes in mitochondrial area as quantified by 
electron microscopy. However, the net decrease of OXPHOS protein expression implies 
an impairment of mitochondrial function, a state that decreases the oxidative capacity 
of the cell and has been reported to cause DCM. It will be interesting for future studies to 
investigate the functional consequences of this decrease in OXPHOS protein expression 
on mitochondrial function and to explore whether there is an increase in oxidative stress 
upon miRNA-30c overexpression.
Since we observed no changes in overall mitochondrial morphology in our in vivo model, 
our results contradict the in vitro studies reported by Li et al. who found impaired 
mitochondrial fission in cultured neonatal cardiomyocytes when overexpressing 
miRNA-30 [17]. The proposed mechanism of mitochondrial fission in vitro revolves 
around the miRNA-30c target p53, via its effect on Drp1. However, we did not find p53 
to be downregulated in our in vivo microarray dataset, and mitochondrial area was 
identical between wildtype and transgenic mice, suggesting there were no changes in 
mitochondrial fission.

Mitochondrial function represents only one of the cellular processes that can be regulated 
by miRNA-30c. Other biological processes such as fibrosis and cardiac hypertrophy could 
be potentially affected by miRNA-30c. In fact, miRNA-30c was initially identified as a 
regulator of fibrosis in cultured fibroblasts, by directly targeting CTGF [12,40]. However, 
when we assessed CTGF mRNA levels at several time points in the miRNA-30c transgenic 
hearts, we could only find a slight but non-significant decrease at 1 week of age (Figure 
3d). Quantification of interstitial fibrosis also revealed no differences before onset of the 
phenotype between wildtype and miRNA-30c transgenic mice. The fibrosis observed in 
the end-stage of the disease is likely secondary to the general cardiac dysfunction [41]. 
The absence of an initial effect on interstitial fibrosis, contrary to what would be expected 
based on in vitro findings from our group [12], might well result from our choice for a 
cardiomyocyte-specific targeting strategy. Since fibroblasts are the main effector cells of 
cardiac fibrosis, ECM deposition can proceed normally in cardiomyocyte-specific miRNA-
30c transgenes.
In addition, previously reported in vitro studies with cultured neonatal rat cardiomyocytes 
revealed the potential of miRNA-30c to induce cardiomyocyte hypertrophy [13]. Our 
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transgenic mice however lack a hypertrophic phenotype before onset of DCM as we found 
the heart weights to be stable and detected no differences in cardiomyocyte volume before 
onset of the phenotype. Although the hearts eventually increase in size (Figure 2a-b), this 
represents the DCM, likely caused by mitochondrial dysfunction. Additionally, we found 
no signs of altered cardiomyocyte proliferation or apoptosis as there is no difference in 
the density of Nkx2.5 positive nuclei between wildtype and miRNA-30c transgenic mice 
before onset of cardiac dilation.

The lack of a clear morphological cardiomyocyte phenotype before onset of cardiac 
dilation, combined with our findings on mitochondrial protein expression suggests that 
mitochondrial dysfunction may be the primary underlying cause of the observed dilated 
cardiomyopathy. One may argue that the observed phenotype might have resulted from 
a-specific effects due to miRNA overexpression. It is conceivable that the 6- to 9-fold 
overexpression of a highly expressed miRNA might deplete enzymes of the miRNA 
biogenesis pathway such as Drosha and Dicer. Therefore, we tested the expression of a 
subset of mature miRNAs but found no significant changes between wildtype and miRNA-
30c transgenic mice, indicating that the overexpression of pre-miRNA-30c does not 
influence the maturation process of endogenous miRNAs. Also, the RISC complex may 
have become saturated with mature miRNA-30c as has been observed in the previously 
reported miRNA-133 transgenic mice [42], thereby altering general miRNA biogenesis. 
However, since miRNA-133a transgenic mice show no sign of cardiac dilation while 
having a 13-fold induction of mature miRNA levels, with baseline expression levels as 
high as miRNA-30c [7], we conclude that the observed phenotype does not result from 
mere overexpression of any miRNA. Therefore, our findings support the hypothesis that 
the dilated cardiomyopathy phenotype is specifically caused by repression of miRNA-30c 
target genes.
Due to the multitude of predicted miRNA targets it is however unlikely that there is only 
one miRNA-30c target explaining the DCM phenotype. This also becomes clear from the 
many additional deregulated pathways we found in our gene-expression analysis. Among 
the miRNA-30c predicted target genes, we noted PPARγ-coactivator-α and β (PGC1 α 
and β), which are potentially very interesting targets since they are key regulators of 
mitochondrial biogenesis. Despite comprehensive experimentation, we were unable to 
detect any effect of miRNA-30c on mRNA and protein expression of PGC1 α and β. Also in 
vitro luciferase reporter assays could not reveal any direct interaction between the 3’-UTR 
and miRNA-30c mimics (data not shown).

In conclusion, we identified miRNA-30c as a regulator of cardiac physiology, in part via 
the regulation of mitochondrial function in cardiomyocytes. Our findings clearly establish 
the importance of proper miRNA-30c expression in maintaining normal cardiac function. 
With the identification of mitochondrial function as an in vivo process targeted by miRNA-
30c we open up the path for additional studies into the role of miRNA-30c and its targets 
in cardiac biology and mitochondrial function. 
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Supporting information Figure S1: Stable expression of miRNAs in miRNA-30c transgenic mice. (a) miRNA-
30c expression as evaluated by qPCR in different generations and at different time points in miRNA-30c TG lines 
A and B (N≥3). Data are U6-corrected and relative to wildtype. (b) Expression of other mature miRNAs in the 
hearts of 10 week old mice from line B as evaluated by qPCR (N≥4). Error bars represent s.e.m. and * denotes a 
p-value ≤ 0.05.

Supporting information Figure S2: No phenotype at baseline in miRNA-30c transgenic mice. (a) Heart weight 
(corrected for tibia length) is normal in transgenic line A at 4 and 20 weeks and in line B at 4 weeks, compared to 
wild-type littermates (N≥6). (b) Body weight at 4 and 20 weeks for line A and 4 weeks for line B (N≥6). (c) Tibia 
length at 4 and 20 weeks for line A and 4 weeks for line B (N≥6). (d) Left ventricular internal diameters during 
systole and diastole as quantified by echocardiography in line A at 20 weeks (N≥5). (e) Left ventricular internal 
diameters during systole and diastole as quantified by echocardiography in line B at 4 weeks (N=6). Error bars 
represent s.e.m. and * denotes a p-value ≤ 0.05.
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Supporting information Figure S3: Representative 
M-mode echocardio-graphy traces of wildtype and 
miRNA-30c transgenic mice. These images represent 
the underlying data for figure 2c-d and reveal cardiac 
dysfunction at 6 weeks of age.

Supporting information Figure S4: Overview 
of input for cardiac nuclear count and volume 
calculation (Figure 3E). This composite image shows 
the three different stainings to determine the total 
amount of nuclei (DAPI), the cardiomyocyte nuclei 
(Nkx2.5), and the cardiac area (cTNI). Cardiomyocyte 
nuclei appear purple due to the overlay of DAPI and 
Nkx2.5.

Supporting information Table SII: Extensive 
downregulation of subunits of the mitochondrial ribosome. 
General downregulation of mitochondrial ribosomal 
subunits in the miRNA-30c TG mice. MRPL = mitochondrial 
ribosomal protein large; MRPS = mitochondrial ribosomal 
protein small. FC = Fold Change compared to wildtype 
littermates.
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Supporting information Table SIII: Probe and primer sequences for in situ hybridization, qPCR analysis and 
northern blot.
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Discussion
The research presented in this thesis focuses on the identification of novel regulators of 
cardiomyocyte hypertrophy, as well as the role of miRNA-30c in cardiac biology. We set out 
to find new factors that hopefully turn out to be good candidates for the early diagnosis 
and eventual treatment of heart failure. The present work indeed identified several 
new potential regulators of cardiomyocyte hypertrophy, but as with every experiment 
the findings raised more questions than they could answer. The goal of this discussion 
is to place our findings in a broader context. Here I would also like to consider some of 
the challenges of experimental molecular biology, and the scientific process in general. 
Awareness and acknowledgement of these challenges will hopefully contribute to a more 
robust scientific method and improve the translation of in vitro findings to the in vivo 
complexity of living organisms. 

Studying hypertrophy in cultured cardiomyocytes
In the first part of this thesis we describe the optimization and results of a siRNA screen 
for the identification of novel regulators of cardiomyocyte hypertrophy (Chapters 2 and 
3). Our experimental approach used primary cardiomyocytes from neonatal rats (NRCM) 
as a model system. NRCM represent the most widely used in vitro model in cardiac 
hypertrophy research (1-3). As NRCM feature spontaneous contractility they stand as 
close to the in vivo cardiomyocyte as any available in vitro model. While there are several 
other cardiomyocyte cell lines none of them has gained widespread use in hypertrophy 
research, even though spontaneous contractility can be induced in cell lines like HL-1 
(4). Still, HL-1 cells are far from stable and the phenotype depends on passage number 
of the line (personal observation). Combined with the large body of knowledge that has 
accumulated, the NRCM therefore remains the favoured model system in hypertrophy 
research.
This does not mean that NRCMs are the most robust model system to work with. The 
delicacy of working with cultured NRCM is illustrated for example by the fact that cell 
density affects cell survival in primary cultures (2). This probably results from the 
necessity for cell-cell contact, a condition that represents the in vivo situation which is 
obviously lacking at low density cultures in vitro. It is however even more complex, as the 
hypertrophic response of NRCMs is also affected by culture density (2). In addition, it has 
been shown that the interactions between cardiac fibroblasts and cardiomyocytes enhance 
the hypertrophic response in vitro (5). Since fibroblasts can never be completely removed 
from primary cultures it is important to standardize the culture purity consistently. In 
our model we achieved an average cardiomyocyte purity of ~95%, although the range in 
individual isolations started from ~85% (Chapter 2).
Although we were aware that these factors could affect cardiomyocyte hypertrophy in 
vitro, we discovered that other experimental conditions also represent main determinants 
of the observed hypertrophic response (Chapter 2). For instance, the composition 
of culture medium was identified as an important modifier of cell size at baseline and 
even more so during prolonged culture (Chapter 2, Figure 2A). Also the culture purity 
was greatly affected by medium composition (Chapter 2, Figure 2C). It was therefore not 
surprising that the observed hypertrophic response of cardiomyocytes greatly varied 
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between cultures in rich or basal culture medium (Chapter 2, Figure 3A-B).
The main factor that induced hypertrophic growth was probably the presence of bovine 
serum albumin in the rich medium. Albumin is a constituent of the blood that carries 
lipids and growth factors. Although purified fractions are available, its exact composition 
remains undefined and variable. In our subsequent experiments with NRCMs we therefore 
refrained from the use of albumin, instead using a more defined basal culture medium.
Since cardiac hypertrophy usually results from chronic cardiac stress we decided to 
perform our experiments in the absence and presence of a hypertrophic stimulus. We 
identified the β1-adrenergic agonist phenylephrine as the most consistent and reliable 
hypertrophic stimulus for our in vitro model (Chapter 2, Figures 3A and 4). Phenylephrine 
induces both an increase in cell size and induces ANF expression, two suitable parameters 
to quantify in a large-scale screen. Phenylephrine binds to the β1-adrenergic receptors, a 
class of G-protein coupled receptors, and mediates its effect mainly via activation of Gαq 
and phospholipase C. Phospholipase C activation in turn induces hypertrophic growth 
and ANF expression via the indirect activation of transcriptional regulators (6).

Screening for regulators of cardiomyocyte hypertrophy
After considering the potential confounding factors, we selected the optimal culturing 
conditions for our high-content siRNA screen for novel regulators of cardiomyocyte 
hypertrophy (Chapter 3). We are not the first group to perform high-content screening on 
cultured NRCMs, and others have followed similar approaches to quantify the hypertrophic 
response of NRCMs (7, 8). Jentzsch et al. for example investigated the effects of miRNA 
over-expression in NRCM and, interestingly especially with regards to the second part 
of this thesis, identified miRNA-30c as a regulator of cardiomyocyte hypertrophy (8). 
We decided to quantify hypertrophy based on cardiomyocyte area, similarly to the other 
groups. In addition, we managed to quantify ANF expression at the protein level, thereby 
adding an independent parameter that illustrates the transcriptional activation of the 
hypertrophic gene program (9-11).
In order to study the function of individual genes on the hypertrophic response we 
used RNA interference i.e. the siRNA-mediated knockdown of protein expression. The 
effect of siRNAs resembles the effects of miRNAs on mRNA transcripts: a siRNA binds 
via complementary base-pairing to an mRNA transcript and targets it for degradation, 
thereby decreasing the amount of protein that is formed in the cell (12). We showed the 
feasibility of siRNA-mediated knockdown in cardiomyocytes in vitro (Chapter 2, Figure 
5), and proof-of-principle was delivered with our experiments KLF15. KLF15 acts as a 
transcriptional inhibitor of cardiomyocyte hypertrophy, and knockdown of this gene 
caused an increase in cardiomyocyte size and ANF expression, both in rat and mouse 
neonatal cardiomyocytes (13).

In Chapter 3 we described the results of the large-scale siRNA screen in which we tested 
the effect of knockdown of ~2000 individual genes on cardiomyocyte hypertrophy 
and ANF expression. After two successive rounds of screening we ended up with a set 
of 34 candidate regulators of the hypertrophic response that consistently showed the 
same results. This represents 1,7% of the tested genes being identified as candidates. 
The candidate list contains genes that have already been linked to cardiac hypertrophy, 
among which the transcriptional regulator NFATc4, as well as several interesting leads 
that require further validation (Chapter 3).
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A candidate is however not a validated regulator, and extensive follow-up studies are 
required to confirm which of the candidates represent true regulators of the hypertrophic 
response. This could be done via additional in vitro studies, in which the function of the 
gene is further investigated in controlled experiments. In vivo experiments with small 
animal models to investigate the effect of either cardiomyocyte-specific over-expression 
or knockout of the gene of interest would also provide useful information about the 
function of our candidate genes. Another approach would be the screening of human 
heart failure populations. If the candidate genes are mutated in populations with an 
unknown underlying cause for the disease this might be an additional indication of their 
involvement in heart failure.

There are several confounding factors in translating our in vitro findings to the in vivo 
pathology of heart failure. Cell area and ANF expression for example are not fully specific 
for cardiomyocyte hypertrophy. Cardiomyocyte area, especially in cell culture, is partially 
determined by osmotic effects. This means that the osmolarity of the intracellular 
environment in relation to the culture medium represents a key determinant of the 
observed cell area. Due to the absence of homeostasis in in vitro cell culture, osmotic 
effects might present a confounding factor in the identification of genuine regulators of 
cardiomyocyte hypertrophy. Similarly, ANF expression is definitely not only activated in 
response to hypertrophic signalling. In vivo ANF expression is activated upon cardiac 
pressure overload, a response that might be partly regulated by osmotic effects that cause 
cardiomyocyte stretch at the cellular level (14). ANF is also expressed in cardiomyocytes 
during embryogenesis, but its expression is down-regulated immediately after birth. This 
down-regulation coincides with the time of isolation of NRCMs and the mechanisms at 
play might still affect ANF expression during subsequent culture (15).
Secondly it has to be appreciated that a cultured neonatal cardiomyocyte is not a substitute 
for a fully differentiated adult cardiomyocyte, let alone one that is integrated in the 
working heart of a living organism. This was already illustrated above for ANF expression, 
but there are more factors involved. For instance, the intact heart predominantly uses 
fatty acids as its energy source (16). Fatty acids are however absent in most culture 
media, including the one in our model, and cultured cells are therefore fully dependent 
on the oxidation of glucose. This has several consequences for the metabolic state of the 
cultured NRCMs, especially since it is known that energy substrate use is altered during 
disease progression in diabetes and heart failure (16). 
Our list of candidates does contains several genes, among which NFATc4, that have already 
been linked to cardiac hypertrophy, but the list of known regulators that are absent from 
our candidates list is even longer. There are several explanations for this discrepancy, 
of which some factors have already been discussed. The experimental setup does add 
several additional limitations that directly affect the outcome of the screen. The timing of 
knockdown and hypertrophic stimulation, which are determined by the maximum time 
that NRCM can be kept in culture, affects the degree in which the gene of interested is 
down-regulated. The actual kinetics of siRNA-mediated protein knockdown, which are 
unique for each individual gene, therefore play an important role in the final results 
(17). Proteins with a long half-life might not be sufficiently down-regulated in the time-
span of our experiment. The single dose of phenylephrine also does not represent the 
chronic activation that is present in vivo. Moreover, regulators that are not affected by β1-
adrenergic signalling are unlikely to show up in the results of our screen, unless they play 
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an important role under unstimulated conditions.
A final consideration is the discussion about the extent to which cardiomyocyte 
hypertrophy represents a beneficial response that maintains cardiac output, or a primary 
cause in the progression towards heart failure. The initial induction of hypertrophy is 
considered beneficial, as it preserves cardiac output. This hypertrophic growth usually 
represents a secondary response to an underlying cause which, if not properly treated, 
induces chronic stimulation of pro-hypertrophic signalling. It is the chronic nature of 
this stimulation that might induce mal-adaptive cardiac remodelling. Instead of viewing 
cardiac hypertrophy and heart failure as separate entities we should appreciate their 
interrelationship along the progression towards disease.

MicroRNAs and heart failure
Chapter 4 serves as an introduction to miRNA-based therapeutics, and focuses on their 
potential in the treatment of cardiac fibrosis (18). With all the excitement that a new class 
of regulatory mechanisms brings there have been many claims about the therapeutic 
potential of miRNAs. Indeed, there have been some very convincing findings and the most 
promising studies, in this case about miRNA-122 as a treatment for hepatitis C infection, 
have made it till the stage of clinical trials (19). Also in the field of heart failure research, 
investigations into the functions of miRNAs have yielded many breakthroughs, as briefly 
recapitulated in Chapter 4.

In this thesis we described our findings into the role of miRNA-30c in heart failure. This 
specific miRNA was first identified as a potential regulator of heart failure by in vitro 
studies in our lab (20). We therefore decided to further investigate its function in vivo, 
either by cardiomyocyte specific over-expression or down-regulation (Chapters 5 and 6).
It was found that miRNA-30c was down-regulated in several models of heart failure and 
hypertrophy (20). Therefore we initially investigated the in vivo effect of miRNA-30c down-
regulation in several mouse models, both cardiomyocyte-specific as well as systemically. 
Our experiments confirmed the efficacy of miRNA-sponges, as we could down-regulate 
miRNA-30c expression through the use of miRNA-sponges, both in vitro (Chapter 5, Figure 
1D) and in vivo (Chapter 5, Figure 2B-D). Our studies thereby provide one of the first 
successful attempts to apply the concept of miRNA sponges in mice, although it has been 
previously shown to function in mammalian cells and even in living organisms as the fruit 
fly Drosophila (21, 22). Unfortunately the cardiomyocyte-specific down-regulation did 
not result in an in vivo phenotype under basal or chronically stressed conditions (Chapter 
5, Figures 3 and 4). We therefore studied the effect of systemic down-regulation of miRNA-
30c via the use of antimiRs. We were able to decrease cardiac miRNA-30c expression 
by more than 90% (Chapter 5, Figure 5B and C), but again this did not result in a gross 
hypertrophic phenotype under basal conditions. We did however find that connective 
tissue growth factor (CTGF) expression increased. This fits with the previous hypothesis 
that CTGF is a direct target of miRNA-30c (20). Under chronically isoproterenol-stressed 
conditions we found that miRNA-30c down-regulation gave a slight increase in cardiac 
hypertrophy (Chapter 5, Figure 6A and B). To get a more thorough view of the possible 
function of miRNA-30c in relation to heart failure, mice were subjected to transverse aortic 
constriction (TAC). This experimental intervention chronically increases the pressure 
on the heart and eventually leads to heart failure (23). Also in this model we could not 
establish a clear phenotype of miRNA-30c down-regulation, neither on cardiac function 
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nor fibrosis (Chapter 5, Figure 7 and 8). We could also not reproduce the observation of 
antimiR-30c-induced CTGF up-regulation at baseline (Chapter 5, Figure 8B). There were 
also no clear indications for a role for miRNA-30c in cardiac fibrosis, a process potentially 
regulated by this miRNA (Chapter 5, Figure 8C-D) (20).
Subsequently the focus of our studies shifted to cardiomyocyte-specific overexpression 
of miRNA-30c in mice, as we found that this causes an extreme dilated cardiomyopathy 
(24). The model itself worked properly, as we achieved miRNA-30c over-expression in 
the heart (Chapter 6, Figure 1). The miRNA-30c transgenic mice subsequently developed 
progressive cardiac dilation with impaired function, although this model also did not 
reveal any effects on cardiac fibrosis (Chapter 6, Figure 2 and 3). We did find indications of 
mitochondrial dysfunction, with a decreased expression of mRNA transcripts and proteins 
in the oxidative phosphorylation complexes, which preceded the onset of the phenotype 
(Chapter 6, Figure 4). Since mitochondrial dysfunction is observed during the progression 
towards heart failure in humans we might have uncovered one of the mechanisms by 
which miRNA-30c causes the dilated phenotype (25-27). This is especially interesting 
since miRNA-30c has already been found to regulate mitochondrial function in in vitro 
experiments (28). We were however unable to discover a direct miRNA-30c target that 
could explain the mitochondrial defects and dilated cardiomyopathy in our mouse model.

Our findings illustrate some of the complexity of miRNA biology, especially in regard to in 
vivo experiments. In the following section I therefore would like to discuss several in vivo 
factors that affect experimental outcomes.
First we take a closer look at the role of miRNA-30c in the regulation of CTGF expression. 
in vitro experiments indicated that CTGF mRNA levels in cultured cells decrease upon 
over-expression of miRNA-30c (20). The same publication shows decreased miRNA-
30c levels under conditions of increased CTGF expression and fibrosis. This clearly 
warrants sufficient evidence for further investigation as we did in Chapter 5 and 6. In 
our in vivo models we could however not validate these previous findings, as both 
over-expression and down-regulation did not affect the expression levels of CTGF, or 
the induction of cardiac fibrosis consistently. One of the factors at play might be the 
cardiomyocyte-specificity of our models, since both miRNA-30c and CTGF are expressed 
in cardiomyocytes as well as cardiac fibroblasts. This is supported by the observation 
that systemic miRNA-30c repression via antimiRs revealed trends towards increased 
cardiac fibrosis upon TAC-treatment (Chapter 5, Figure 8D). The effects were however 
not sufficient to reach statistical significance in our models, and therefore we cannot draw 
final conclusions about the role of miRNA-30c in CTGF expression and cardiac fibrosis 
in vivo. In this case there are several limitations of the in vivo approach that prevent us 
from drawing final conclusions. Organs like the heart contain many different cell types 
with specific functions. The quantification of mRNA or protein at the organ-level therefore 
represents the total expression from a mixed cell population. This might mask or dilute 
important contributions of specific cell populations, especially when the gene of interest 
is expressed in several populations. Expressional changes at the organ level might be 
attributed to different cell populations than where the change actually originates. An 
additional layer of complexity is added as changes in one cell type actually induce changes 
in other cell types. Increased miRNA-30c expression in cardiomyocytes might actually 
decrease CTGF expression in fibroblast, either directly or indirectly, as it has been found 
that miRNAs can act beyond the cell type where they originate (29).
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The miRNA-30c over-expression model illustrates another potential caveat of the use of 
over-expression models. Over-expression always brings the risk of causing undesired 
side-effects. In the case of pre-miRNA-30c over-expression the maturation pathway for 
miRNAs might become saturated by the overload of miRNA-30c. Supplemental Figure 1B 
of Chapter 6 shows trends towards decreased expression of four other miRNAs, although 
this does not reach statistical significance. The decreases might still reflect a real effect, 
and if the set of four miRNAs represents a general decrease for all other miRNAs this might 
wrongly attribute the observed phenotype to miRNA-30c. The field of miRNA research 
would greatly benefit from a comprehensive investigation of these secondary effects, 
as saturation of the RISC-complex has been observed in other miRNA over-expression 
models (30).
A final point to discuss relates to the drawing of conclusions about cause and effect. In 
our miRNA-30c over-expression model we found that mice with increased miRNA-30c 
expression show mitochondrial dysfunction and eventually develop an extreme dilated 
cardiomyopathy and die. Based on evidence from the literature, all these factors have 
already been linked with each other and we could be tempted in drawing the conclusion 
that miRNA-30c over-expression induces mitochondrial dysfunction, which causes severe 
cardiac dysfunction with a dilated phenotype that eventually increases their mortality. We 
were however unable to directly link any of these factors, not even the increased mortality 
to the severe cardiac dilation.

Overall conclusions
The work that has been described in this thesis has presented us with some new insights 
into the mechanisms that underlie the developments of cardiac hypertrophy and heart 
failure. We have identified 34 regulators of cardiomyocyte hypertrophy of which several 
are interesting leads for follow-up experiments. Also with regards to miRNA-30c we 
have been able provide a better understanding of its function. Although we could not 
establish a clear link in relation to cardiac fibrosis, which was our initial hypothesis, we 
did find evidence for its potential involvement in the regulation of energy metabolism. 
Our inability to identify direct targets of miRNA-30c that mediate these effects prevents 
us however from drawing firm conclusions.
Additional research and follow-up on our candidate genes is required in order to gain a 
better understanding of the mechanisms involved in the development of heart failure. It 
is however in little steps that progress is made, and these little steps will eventually add 
up to a journey of increasing knowledge.

Perspectives on experimental biology
The journey of increasing knowledge is far from linear, and there are many diversions 
along the way. In the process of working on this thesis, several insights have led me to 
some thoughts about the methodology of experimental biology in practice, although my 
experience is mainly limited to the health sciences. Most of these ideas are far from novel, 
but at least they were new to me, and I would like to use the final part of this thesis to 
highlight some of them.

Surely the scientist will do everything in his or her capacity to answer questions as 
objective and unbiased as possible. Still there is the constant threat of unwillingly and 
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unconsciously introducing bias that might cause erroneous conclusions to be drawn. 
Assuming that there are no bad intentions at play, this still might greatly bias experimental 
outcomes and the resulting knowledge. Here I would like to discuss several of these biases 
with the hope that (renewed) awareness of their existence might improve the translation 
of experimental findings into actual applications.

The first potential bias is introduced during the optimizing phase of experimental 
conditions. Every experiment is performed with a certain question, and usually an 
expected outcome, in mind. Chances are that the experimental setup is designed in such a 
way that the expected result becomes inevitable.
This bias might be most clearly illustrated by the experiments on culture medium 
composition and cardiomyocyte hypertrophy as described in Chapter 2. How are 
proper culture conditions determined? It is impossible to fully recreate physiological 
conditions in an in vitro setting. Of course the cells have to survive, but there is a thin 
line between starvation and healthy survival. The culture conditions that were used to 
detect cardiomyocyte hypertrophy required a very basal medium composition, but does 
this mean that the cells are actually being starved? Would the hypertrophic response in 
vitro merely represent the return to a healthy state? Dealing with the selection of proper 
experimental conditions is very difficult and time-consuming. Moreover, an optimization 
procedure is often regarded as successful once the expected results are obtained.

A second factor is historical bias, where the biological relevance of signalling pathways 
becomes biased by the perceived importance of that given pathway in scientific literature. 
There are several interesting examples, of which the calcineurin-NFAT pathway serves 
as a good case-study. As clearly illustrated by its name NFAT (nuclear factor of activated 
T-cells) was initially identified as a transcription factor in white blood cells (31). Its role 
in cardiac function was established much later with the identification of calcineurin as 
an inducer of cardiomyocyte hypertrophy (32). This was one of the major breakthroughs 
in the study of the regulatory mechanisms of the hypertrophic response, and it came at 
a time when heart failure was being recognized as a major health issue (33). Calcineurin 
and its regulatory pathways attracted a lot of attention and stimulated many new research 
lines, making calcineurin-NFAT signalling one of the best-studied hypertrophic pathways. 
As a consequence, the number of regulators of calcineurin-NFAT signalling has steadily 
increased, a fact that contributes to the perceived importance of this pathway (34-38).
There is however one fact that is often overlooked: just because a factor attracts 
significant attention does not mean it is the most important in functional terms. Being 
first in any circumstance definitely brings advantages in daily life, but it has no relevance 
in the attribution of biological meaning. It might actually act as a source of bias, where one 
pathway attracts an uneven share of attention by the research community. This creates a 
perception of being the most important factor in a biological process, while this is mainly 
the consequence of the timing of its discovery. Still, it is only the future that holds the 
answer to this hypothetical question regarding the relative importance of calcineurin-
NFAT signalling in the induction of heart failure.

A third bias is introduced by the use of controlled experiments to investigate disease 
mechanisms. Controlled environments provide us with the great opportunity to 
investigate the effect of specific interventions. The controlled conditions are however 
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by definition artificial. One of the major drawbacks of in vitro experiments is the lack of 
feedback mechanisms that are present in a living organism. An example is the potential 
effect of factors like pH and osmosis on cardiomyocyte hypertrophy. In vivo, both pH and 
osmolarity are very well controlled via complex interactions within and between organ 
systems. In vitro conditions lack all the homeostatic mechanisms that keep these basic 
parameters within a physiological range. The lack of homeostasis thus creates a potential 
discrepancy between in vitro findings about a certain process and its actual function in a 
fully integrated biological entity.

A fourth factor is the evaluation of experiments within a predefined context. The studies 
on miRNA-30c initially focused on its relation with cardiac fibrosis and heart failure. Since 
miRNA-30c had been identified as a regulator of CTGF expression in vitro, it was obvious 
to focus on this process in our in vivo experiments. From the onset we were mainly 
interpreting our findings in the view of cardiac fibrosis, thereby missing the dysregulation 
of mitochondrial genes that was obviously present in the microarray analysis. Only after 
we had failed to establish any link with cardiac fibrosis and CTGF expression we started 
to investigate alternatives and subsequently came across the mitochondrial connection. 
Starting from a pre-defined context might therefore delay or impair scientific insights and 
decreases the chances for serendipity, which plays an important role in scientific progress. 

This brings us to another potential bias that revolves around the perception of cause 
and effect. In order to make sense of the world we probably evolved a sense of the 
concepts cause and effect. Although this is a great concept to use, it simplifies complex 
relationships into simple actions and reactions. Cause and effect helps us to make the 
world comprehensible, but the resulting simplifications might also lead us to overlook 
underlying factors and draw incorrect conclusions about the mechanisms at play.
The point of cause and effect has already been illustrated in the discussion of miRNA-30c 
over-expression in relation to the increased mortality due to dilated cardiomyopathy.

One over-arching factor that influences all the above is the notion that personal knowledge 
is limited, in contrast to the knowledge gathered by society as a whole. Currently the 
world counts arguably more professional scientists than have ever been around before 
in all of human history. In combination with the improved accessibility of scientific 
literature via the internet this creates a tremendous wealth of information that grows at 
a quicker pace than the human mind can comprehend. This vast source of accumulated 
knowledge offers both opportunities and challenges, as it is impossible to get a grip of it 
all. The diversity of experimental setups and model systems has generated so much data 
that evidence for almost any interaction can be found in literature. Moreover, the amount 
of available knowledge forces an increase towards specialization that inherently causes 
fragmentation. The key to improved understanding of disease mechanisms might however 
lie in the synthesis of knowledge that is already present in distinct fields of research. It 
is a challenge for scientists to find a proper way in dealing with all this accumulating 
knowledge.
One factor that surely acts on this level is the evolution of knowledge, where true insights 
will eventually be filtered out from the others. This is a slow process and the biases 
that have been discussed above all act to slow this filtering down. It is therefore more 
important than ever before to stay true to the scientific method.  
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Final conclusion
It is clear from this discussion that the study of disease mechanisms at the molecular level 
is challenging. Model systems, experimental designs and previous knowledge all bring 
opportunity and bias to a quest for insights that is already shrouded by uncertainty. The 
strength of the empirical approach lies however in its appreciation of trial and error. Since 
the likelihood of falsification of any hypothesis is unknown a priori, it is striking that 
confirmation is strongly overrepresented in the scientific literature. While an optimistic 
approach to science is definitely a key factor for success, it also favours the more lenient 
interpretation of data in case a hypothesis is verified compared to when it is rejected. The 
gathering of knowledge in general and scientific progress in particular could therefore 
benefit from a greater appreciation of uncertainty and prudence in drawing conclusions. 
On this quest we probably have to deal with only one certainty: it is impossible to define 
the unknown.

References
1. Louch WE, Sheehan KA, Wolska BM. Methods in cardiomyocyte isolation, culture, and gene transfer. 
Journal of molecular and cellular cardiology. 2011;51(3):288-98.
2. Clark WA, Decker ML, Behnke-Barclay M, Janes DM, Decker RS. Cell contact as an independent factor 
modulating cardiac myocyte hypertrophy and survival in long-term primary culture. Journal of molecular and 
cellular cardiology. 1998;30(1):139-55.
3. Nguyen PD, Hsiao ST, Sivakumaran P, Lim SY, Dilley RJ. Enrichment of neonatal rat cardiomyocytes in 
primary culture facilitates long-term maintenance of contractility in vitro. American journal of physiology Cell 
physiology. 2012;303(12):C1220-8.
4. Claycomb WC, Lanson NA, Jr., Stallworth BS, Egeland DB, Delcarpio JB, Bahinski A, et al. HL-1 cells: 
a cardiac muscle cell line that contracts and retains phenotypic characteristics of the adult cardiomyocyte. 
Proceedings of the National Academy of Sciences of the United States of America. 1998;95(6):2979-84.
5. Fredj S, Bescond J, Louault C, Potreau D. Interactions between cardiac cells enhance cardiomyocyte 
hypertrophy and increase fibroblast proliferation. Journal of cellular physiology. 2005;202(3):891-9.
6. LaMorte VJ, Thorburn J, Absher D, Spiegel A, Brown JH, Chien KR, et al. Gq- and ras-dependent 
pathways mediate hypertrophy of neonatal rat ventricular myocytes following alpha 1-adrenergic stimulation. 
The Journal of biological chemistry. 1994;269(18):13490-6.
7. Bass GT, Ryall KA, Katikapalli A, Taylor BE, Dang ST, Acton ST, et al. Automated image analysis identifies 
signaling pathways regulating distinct signatures of cardiac myocyte hypertrophy. Journal of molecular and 
cellular cardiology. 2012;52(5):923-30.
8. Jentzsch C, Leierseder S, Loyer X, Flohrschutz I, Sassi Y, Hartmann D, et al. A phenotypic screen to 
identify hypertrophy-modulating microRNAs in primary cardiomyocytes. Journal of molecular and cellular 
cardiology. 2012;52(1):13-20.
9. Dorn GW, 2nd, Robbins J, Sugden PH. Phenotyping hypertrophy: eschew obfuscation. Circulation 
research. 2003;92(11):1171-5.
10. Frey N, Olson EN. Cardiac hypertrophy: the good, the bad, and the ugly. Annual review of physiology. 
2003;65:45-79.
11. Molkentin JD, Dorn GW, 2nd. Cytoplasmic signaling pathways that regulate cardiac hypertrophy. 
Annual review of physiology. 2001;63:391-426.
12. Fire A, Xu S, Montgomery MK, Kostas SA, Driver SE, Mello CC. Potent and specific genetic interference 
by double-stranded RNA in Caenorhabditis elegans. Nature. 1998;391(6669):806-11.
13. Leenders JJ, Wijnen WJ, Hiller M, van der Made I, Lentink V, van Leeuwen RE, et al. Regulation of 
cardiac gene expression by KLF15, a repressor of myocardin activity. The Journal of biological chemistry. 
2010;285(35):27449-56.
14. Ogawa T, Linz W, Stevenson M, Bruneau BG, Kuroski de Bold ML, Chen JH, et al. Evidence for load-
dependent and load-independent determinants of cardiac natriuretic peptide production. Circulation. 
1996;93(11):2059-67.
15. Sergeeva IA, Christoffels VM. Regulation of expression of atrial and brain natriuretic peptide, 
biomarkers for heart development and disease. Biochimica et biophysica acta. 2013;1832(12):2403-13.
16. Stanley WC, Recchia FA, Lopaschuk GD. Myocardial substrate metabolism in the normal and failing 



125

heart. Physiological reviews. 2005;85(3):1093-129.
17. Bartlett DW, Davis ME. Insights into the kinetics of siRNA-mediated gene silencing from live-cell and 
live-animal bioluminescent imaging. Nucleic acids research. 2006;34(1):322-33.
18. Wijnen WJ, Pinto YM, Creemers EE. The therapeutic potential of miRNAs in cardiac fibrosis: where do 
we stand? Journal of cardiovascular translational research. 2013;6(6):899-908.
19. Janssen HL, Reesink HW, Lawitz EJ, Zeuzem S, Rodriguez-Torres M, Patel K, et al. Treatment of HCV 
infection by targeting microRNA. The New England journal of medicine. 2013;368(18):1685-94.
20. Duisters RF, Tijsen AJ, Schroen B, Leenders JJ, Lentink V, van der Made I, et al. miR-133 and miR-30 
regulate connective tissue growth factor: implications for a role of microRNAs in myocardial matrix remodeling. 
Circulation research. 2009;104(2):170-8, 6p following 8.
21. Ebert MS, Neilson JR, Sharp PA. MicroRNA sponges: competitive inhibitors of small RNAs in 
mammalian cells. Nature methods. 2007;4(9):721-6.
22. Loya CM, Lu CS, Van Vactor D, Fulga TA. Transgenic microRNA inhibition with spatiotemporal 
specificity in intact organisms. Nature methods. 2009;6(12):897-903.
23. van Deel ED, de Boer M, Kuster DW, Boontje NM, Holemans P, Sipido KR, et al. Exercise training does 
not improve cardiac function in compensated or decompensated left ventricular hypertrophy induced by aortic 
stenosis. Journal of molecular and cellular cardiology. 2011;50(6):1017-25.
24. Wijnen WJ, van der Made I, van den Oever S, Hiller M, de Boer BA, Picavet DI, et al. Cardiomyocyte-
specific miRNA-30c over-expression causes dilated cardiomyopathy. PloS one. 2014;9(5):e96290.
25. Chen L, Knowlton AA. Mitochondrial dynamics in heart failure. Congestive heart failure. 
2011;17(6):257-61.
26. Marin-Garcia J, Goldenthal MJ. Understanding the impact of mitochondrial defects in cardiovascular 
disease: a review. Journal of cardiac failure. 2002;8(5):347-61.
27. Rimbaud S, Garnier A, Ventura-Clapier R. Mitochondrial biogenesis in cardiac pathophysiology. 
Pharmacological reports : PR. 2009;61(1):131-8.
28. Li J, Donath S, Li Y, Qin D, Prabhakar BS, Li P. miR-30 regulates mitochondrial fission through targeting 
p53 and the dynamin-related protein-1 pathway. PLoS genetics. 2010;6(1):e1000795.
29. Zhang L, Hou D, Chen X, Li D, Zhu L, Zhang Y, et al. Exogenous plant MIR168a specifically targets 
mammalian LDLRAP1: evidence of cross-kingdom regulation by microRNA. Cell research. 2012;22(1):107-26.
30. Matkovich SJ, Van Booven DJ, Eschenbacher WH, Dorn GW, 2nd. RISC RNA sequencing for context-
specific identification of in vivo microRNA targets. Circulation research. 2011;108(1):18-26.
31. Shaw JP, Utz PJ, Durand DB, Toole JJ, Emmel EA, Crabtree GR. Identification of a putative regulator of 
early T cell activation genes. Science. 1988;241(4862):202-5.
32. Molkentin JD, Lu JR, Antos CL, Markham B, Richardson J, Robbins J, et al. A calcineurin-dependent 
transcriptional pathway for cardiac hypertrophy. Cell. 1998;93(2):215-28.
33. van Berkel TJC, Beukeman A, van der Houwen-Marti N, Simoons ML. 50 jaar hart- en vaatonderzoek, 
met patienten in het hart: Nederlandse Hartstichting; 2014.
34. De Windt LJ, Lim HW, Taigen T, Wencker D, Condorelli G, Dorn GW, 2nd, et al. Calcineurin-mediated 
hypertrophy protects cardiomyocytes from apoptosis in vitro and in vivo: An apoptosis-independent model of 
dilated heart failure. Circulation research. 2000;86(3):255-63.
35. Molkentin JD. Calcineurin-NFAT signaling regulates the cardiac hypertrophic response in coordination 
with the MAPKs. Cardiovascular research. 2004;63(3):467-75.
36. Sanna B, Brandt EB, Kaiser RA, Pfluger P, Witt SA, Kimball TR, et al. Modulatory calcineurin-interacting 
proteins 1 and 2 function as calcineurin facilitators in vivo. Proceedings of the National Academy of Sciences of 
the United States of America. 2006;103(19):7327-32.
37. Maejima Y, Usui S, Zhai P, Takamura M, Kaneko S, Zablocki D, et al. Muscle-specific RING finger 1 
negatively regulates pathological cardiac hypertrophy through downregulation of calcineurin A. Circulation 
Heart failure. 2014;7(3):479-90.
38. Chang SW, Tsao YP, Lin CY, Chen SL. NRIP, a novel calmodulin binding protein, activates calcineurin to 
dephosphorylate human papillomavirus E2 protein. Journal of virology. 2011;85(13):6750-63.

 7



126



127

&
Addendum

Summary
Samenvatting

Riassunto
Dankwoord

Curriculum Vitae
List of publications



128

Summary
Heart failure, and the cardiac hypertrophy with which it is often associated, is putting an 
increasing burden on our healthcare system, and its prevalence is rising. Unfortunately 
the only available treatments are mainly targeting the symptoms, not the underlying 
cause of disease. Investigation of the molecular mechanisms that induce hypertrophy 
might provide new therapeutic targets or markers for the early diagnosis of the disease, 
thereby improving treatment.
The studies described in this thesis aim to identify novel regulators of the hypertrophic 
response of the heart. We took a dual approach: on the one hand we performed a large 
scale in vitro siRNA screen to identify novel regulators of cardiomyocyte hypertrophy. On 
the other hand we studied the in vivo role of miRNA-30c, a miRNA that has been linked to 
the development of cardiac fibrosis and heart failure.

Chapter 1 serves as an introduction to the research that is described in this thesis. It places 
the molecular principles in the proper context. The chapter focuses on the causes of heart 
failure and what is currently known about them. In addition it introduces microRNAs, a 
relatively recent discovered mechanism that regulates gene expression.

Chapter 2 of this thesis describes the optimization for the siRNA screen. We used cultured 
neonatal rat cardiomyocytes as a model system to study hypertrophic growth. The chapter 
shows the optimization of the culture conditions and the selection of the appropriate 
pharmacological stimulus to induce cardiomyocyte hypertrophy in vitro. We identified 
a basal culture medium and the adrenergic agonist phenylephrine as the most reliable 
and consistent treatment to further investigate the hypertrophic response of cultured 
cardiomyocytes.
We also optimized siRNA transfection conditions to decrease the expression of individual 
genes in order to assess their biological role via loss-of-function screening. Proof-
of-principle was obtained with KLF15, a gene that has been previously identified as a 
repressor of cardiomyocyte hypertrophy. In our setting we found that knockdown of 
KLF15 expression induced cardiomyocyte hypertrophy.

In Chapter 3 we applied the knowledge from Chapter 2 in a high-throughput siRNA screen 
to identify novel regulators of cardiomyocyte hypertrophy. A total of 1984 genes were 
evaluated and after two successive rounds of screening we ended up with a list of 34 
candidate genes. This list includes several genes that have already been linked to cardiac 
hypertrophy before, as well as the known regulator NFATc4. The role of these and other 
genes has to be validated in follow-up experiments.

The second part of this thesis focuses on a relatively new layer of transcriptional 
regulation: miRNAs. Within the 20 years since their discovery, they have attracted a lot 
of attention and there is a lot of speculation about their therapeutic potential. Chapter 4 
takes a closer look at the miRNAs and the possibilities they offer for therapy, with a special 
focus on cardiac fibrosis. Although there are several contradicting findings, the field offers 
a lot of growth potential, and the first clinical trials show promising results.
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Previously, our lab identified miRNA-30c as a potential regulator of cardiac fibrosis 
and CTGF expression, mainly based on in vitro experiments. Since this miRNA was 
downregulated in several models of cardiac hypertrophy and heart failure we set out 
to investigate its function in vivo in Chapter 5. In three different mouse models we 
downregulated miRNA-30c expression either in the heart or systemically. We could 
however not find a clear cardiac phenotype. With regards to the observed downregulation 
of miRNA-30c in the heart failure models we can therefore not conclude that decreased 
miRNA-30c expression causes heart failure.

To further investigate the function of miRNA-30c in the heart we also generated a 
cardiomyocyte-specific overexpression model that is described in Chapter 6. These mice 
develop a dilated cardiomyopathy with extremely enlarged right atria. Investigation of 
the underlying molecular mechanisms revealed mitochondrial dysfunction as a potential 
cause of the phenotype. We were however unable to identify the direct miRNA-30c targets 
involved in mediating these effects. Also with regards to cardiac fibrosis we could not find 
a protective effect of the elevated miRNA-30c levels.

The research described in this thesis has brought us closer to a better understanding 
of the role of miRNA-30c in the heart. It also identified 34 regulators of cardiomyocyte 
hypertrophy, a list that includes some genes that have not been previously linked to this 
disease. Further validation through follow-up experiments will hopefully establish them 
as early biomarkers or potential therapeutic targets.

 &
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Samenvatting
Hartfalen, en de hypertrofie van het hart die daar vaak mee samen gaat, plaatst een steeds 
grotere druk op ons gezondheidszorg systeem, en de prevalentie neemt alleen maar toe. 
Helaas richten de meeste behandelingen zich, noodgedwongen, op symptoombestrijding 
in plaats van de onderliggende ziekteprocessen. Het onderzoeken van de moleculaire 
mechanismes die ten grondslag liggen aan hypertrofie kan leiden tot de identificatie van 
nieuwe aanknopingspunten voor betere therapie of vroegere diagnose. Hierdoor kan de 
behandeling van hartfalen verbeterd kan worden.
Het onderzoek dat beschreven wordt in dit proefschrift streeft er naar om nieuwe 
regulatoren van de hypertrofe respons van het hart te identificeren. We volgen een 
tweeledige aanpak: enerzijds hebben we een grootschalige in vitro siRNA screen 
uitgevoerd met als doel het identificeren van nieuwe regulatoren van de hypertrofe 
respons van hartspiercellen. Anderzijds bestudeerden we de functie van miRNA-30c, een 
micro-RNA die voorheen gelinkt is met het ontstaan van fibrose in het hart en hartfalen.

Hoofdstuk 1 dient als introductie tot het in dit proefschrift beschreven onderzoek en 
plaatst de moleculaire biologie in de noodzakelijke kaders. Er wordt ingegaan op de 
oorzaken van hartfalen en wat daar tot op heden over bekend is. Daarnaast worden ook 
de microRNAs, een relatief recent ontdekt mechanisme van genregulatie, geintroduceerd.

Hoofdstuk 2 van dit proefschrift beschrijft het optimalisatie proces van de siRNA screen. 
We hebben gebruik gemaakt van gekweekte neonatale hartspiercellen als een model 
voor het bestuderen van de hypertrofe respons. Het hoofdstuk toont de optimalisatie 
van de kweekcondities en de selectie van farmacologische stimuli voor het induceren 
van hypertrofie in vitro. We vonden dat basale kweekcondities en de adrenerge agonist 
phenylephrine de meest betrouwbare en reproduceerbare condities boden om de 
hypertrofe respons van hartspiercellen verder te bestuderen.
We hebben ook de condities voor optimale siRNA transfectie geoptimaliseerd, zodat we 
de expressie van individuele genen konden verlagen om hun functie te bestuderen in een 
loss-of-function screen. We illustreren de haalbaarheid van dit concept aan de hand van 
KLF15, een gen dat geidentificeerd is als een repressor van hypertrofie in de hartspiercel. 
Met ons model bevestigen we dat het verlagen van KLF15 expressie inderdaad leidt tot 
hypertrofie van gekweekte hartspiercellen.

In hoofdstuk 3 passen we de opgedane kennis uit hoofdstuk 2 toe op een grootschalige 
loss-of-function siRNA screen voor nieuwe regulatoren van hypertrofie in hartspiercellen. 
In totaal hebben we 1984 genen bestudeerd en na twee opeenvolgende screenings-
rondes bleef een lijst van 34 kandidaat-genen over. Deze lijst bevat een aantal genen dat 
eerder al geimpliceerd is in de hypertrofe respons van hartspiercellen, alsook NFATc4, 
een bekende regulator van hypertrofie van het hart. De rol van deze en de overige genen 
zal gevalideerd moeten worden in vervolg experimenten.
 
Het tweede deel van dit proefschrift legt de nadruk op een relatieve nieuwe laag van 
transcriptionele regulatie: microRNAs. In de 20 jaar sinds hun ontdekking hebben ze veel 
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aandacht gekregen en er wordt druk gespeculeerd over hun toepasbaarheid in klinische 
behandelingen. Hoofdstuk 4 neemt miRNAs onder de loep en behandelt de mogelijkheden 
die ze bieden in het kader van nieuwe therapieen, in het bijzonder met het oog op fibrose 
van het hart. Hoewel er een aantal tegenstrijdige vindingen gedaan zijn biedt het veld een 
behoorlijk groeipotentiaal, en de eerste klinische studies tonen veelbelovende resultaten.

Eerder werd miRNA-30c, met name op basis van in vitro experimenten, in ons lab 
geidentificeerd als een mogelijke regulator van fibrose van het hart en CTGF expressie. 
Omdat deze miRNA verlaagd tot expressie komt in verschillende modellen van hypertrofie 
en hartfalen besloten we om de functie in vivo te bestuderen. In hoofdstuk 5 beschrijven 
we drie verschillende muis-modellen waarin we miRNA-30c expressie verlagen, zowel 
specifiek in het hart als ook systemisch in het hele lichaam. We konden echter geen 
duidelijk effect vaststellen. We kunnen op basis van de gebruikte modellen dus niet 
concluderen dat de geobserveerde verlaagde miRNA-30c expressie een oorzaak is van 
het ontstaan van hartfalen. 

Om de functie van miRNA-30c in het hart verder te bestuderen maakten we ook het 
hartspiercel-specifieke over-expressie muismodel dat beschreven wordt in hoofdstuk 6. 
Deze muizen ontwikkelen een gedilateerde cardiomyopathie met een extreme vergroting 
van het rechter atrium. Onderzoek naar de onderliggende mechanismen wijst naar 
mitochondriele dysfunctie als een potentiele oorzaak van dit fenotype. We konden echter 
geen mediator van dit effect, die direct door miRNA-30c gereguleerd wordt, identificeren. 
Ook met het oog op de mogelijke regulatie van fibrose van het hart konden we geen 
beschermend effect van verhoogde miRNA-30c expressie aantonen.

Het onderzoek dat in dit proefschrift beschreven wordt heeft ons dichter bij een beter 
begrip van de rol van miRNA-30c in het hart gebracht. We hebben daarnaast ook 34 
potentiele regulatoren van de hypertrofe respons in hartspiercellen geidentificieerd, 
een lijst die ook genen omvat die nog niet eerder aan deze ziekte zijn gelinkt. Verdere 
validatie met vervolgexperimenten zal deze hopelijk identificeren als vroege biomarkers 
of potentiale aanknopingspunten voor therapie.
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Riassunto
L’insufficienza cardiaca, insieme all’ipertrofia a cui è spesso associata, continua ad 
aggravare sul nostro sistema sanitario, e la sua prevalenza è in costante aumento. Allo 
stato attuale gli unici trattamenti disponibile per l’insufficienza cardiaca mirano a 
curare i sintomi, e non le vere cause di questa condizione. Per questo motivo, lo studio 
dei meccanismi molecolari che inducono l’ipertrofia cardiaca può aiutare ad identificare 
nuovi target terapeutici per una diagnosi precoce dell’insufficienza cardiaca e per il suo 
trattamento. 
L’obiettivo degli studi descritti in questa tesi è pertanto quello di individuare nuovi 
regolatori della risposta ipertrofica nel cuore. Per raggiungere tale obiettivo abbiamo 
sfruttato due approcci. Da un lato abbiamo performato uno screening in vitro basato 
su siRNA allo scopo di identificare nuovi regolatori dell’ipertrofia nei cardiomiociti, le 
cellule che compongono il tessuto muscolare del cuore. Dall’altro lato, abbiamo studiato 
il ruolo in vivo del miRNA-30c, un miRNA che è stasto associato allo sviluppo della fibrosi 
e dell’insufficienza cardiaca.

Il capitolo 2 di questa tesi descrive l’ottimizzazione dello screening basato su siRNA 
condotta su cardiomiociti di ratto in coltura. Abbiamo descritto le fasi di ottimizzazione 
delle condizioni di coltura e la caratterizzazione del migliore stimolo farmacologico per 
indurre crescita ipertrofica in vitro in queste cellule. Basati sui nostri risultati abbiamo 
identificato un terreno di coltura semplice e lo stimolo adrenergico felinefrina come i 
miglior trattamenti per approfondire lo studio della risposta ipertrofica dei cardiomiociti 
in coltura. Abbiamo inoltre ottimizzato le condizioni di transfezione dei siRNA per studiare 
l’espressione di specifici geni mediante la loro down-regolazione. Come controllo dello 
screening abbiamo usato il gene KLF15, precedentemente identificato come repressore 
della crescita ipertrofica. Nel nostro modelli abbiamo identificato che la riduzione 
dell’espressione di KLF15 porta all’induzione di ipertrofia nei cardiomiociti. 

Nel capitolo 3 abbiamo applicato le informazioni descritte nel capitolo 2 per condurre uno 
screening ad alta processività (high-throughput) basato su siRNA, ed identificare nuovi 
regolatori dell’ipertrofia nei cardimiociti. Sono stati analizzati 1984 geni in totale e, dopo 
due successivi cicli di screening, identificati 34 potenziali geni coinvolti nell’ipertrofia 
cardiaca. Questi comprendono una selezione di geni già associati a questa condizione, ed 
in noto regolatore NFATc4. Ulteriori esperimenti dovranno validare il ruolo di questi ed 
altri geni.

La seconda parte di questa tesi è focalizzata sui miRNA. Dagli ultimi 20 anni dalla loro 
scoperta i miRNA hanno attratto molta attenzione nella ricerca scientifica. Molto si è 
speculato sul loro possibile uso in campo terapeutico. Sebbene ci siano state scoperte 
contradditore i primi clinical trial risultano promettenti. Il capitolo 4 si focalizza sulla 
funzione dei miRNA e sul loro potenziale ruolo nella terapia della fibrosi cardiaca. 

A seguito di esperimenti principalmente in vitro, il nostro laboratorio ha precedentemente 
identificato il miRNA-30c come potenziale regolatore della fibrosi cardiaca e 
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dell’espressione di CTGF (Connective Tissue Growth Factor). In base alle osservazioni che 
il miRNA-30c è down-regolato in diversi modelli di ipertrofia ed insufficienza cardiaca, nel 
capitolo 5 abbiamo studiato il suo ruolo in vivo. Abbiamo ridotto l’espressione del miRNA-
30c in tre diversi modelli murine specificamente nel cuore o sistematicamente. Tuttavia, 
non abbiamo potuto identificare un chiaro fenotipo cardiaco. In base a questi risultati, 
non possiamo concludere che la ridotta espressione del miRNA-30c causi insufficienza 
cardiaca. 

Per studiare più approfonditamente il ruolo del miRNA-30c nel cuore abbiamo anche 
generato un che modello murino che permette di over-esprimere questo miRNA nei 
cardiomiociti, come descritto nel capitolo 6. In questa condizione i topi sviluppano una 
cardimiopatia dilatativa con atri cardiaci estremamente allargati. I nostri studi hanno 
identificato una disfunzione mitocondriale come possibile causa di questo fenotipo, 
sebbene non siamo stati in grado di identificare un target diretto del miRNA-30c che medi 
tale effetto. Anche per quanto riguarda la fibrosia cardiaca non abbiamo trovato un effetto 
protettivo dovuto agli elevati livelli del miRNA-30c.

In conclusione, la ricerca descritta in questa tesi aumenta la nostra comprensione del ruolo 
del miRNA-30c nel cuore. Ha anche identificato 34 potenziali regolatori dell’ipertrofia 
cardiaca, una lista che include geni non ancora associati a questa condizione. Ulteriori 
esperimenti aiuteranno a validare tali regolatori come come potenziali biomarker precoci 
e target terapeutici per il trattamento dell’insufficienza cardiaca. 

 &
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Dankwoord
Promoveren doe je niet alleen, en het hier beschreven werk is dan ook zeker niet alleen 
mijn eigen verdienste. Zonder mensen tekort te willen doen is het onmogelijk om iedereen 
hier persoonlijk te bedanken, maar jullie bijdrage wordt daarom niet minder gewaardeerd. 
Toch zijn er een aantal mensen waaraan ik mijn dank in het bijzonder verschuldigd ben.

Beste Yigal, je hebt je ooit laten ontvallen dat je een proefschrift het beste schrijft bij 
haardvuur onder het genot van een glaasje wijn. Ik heb me daarin echter beperkt tot 
het dankwoord. Ik bewonder de manier waarop je ingewikkelde zaken altijd weet te 
vereenvoudigen tot de kern. Je hebt een gave wat betreft het motiveren van mensen, en 
je relativeringsvermogen heeft dit boekje meer dan eens een duwtje in de rug gegeven. Ik 
ben zeer dankbaar voor het gegeven vertrouwen, en blij dat we deze rit uiteindelijk samen 
hebben uitgezeten.
Esther, jij was als co-promotor  verantwoordelijk voor mijn directe begeleiding, en dat heb 
je mogen weten. Ik heb het je niet gemakkelijk gemaakt, maar ik heb ontzettend veel van 
je geleerd. Ik ben je dankbaar voor de ruimte die ik gekregen heb, zeker in de periodes dat 
het allemaal wat moeizamer ging. Diepe dalen en hoge pieken, maar aan het eind van de 
rit zijn het de mooie uitzichten die we blijven herinneren. Dank daarvoor!

Een woord van dank ook aan de leden van mijn promotie-commissie voor het beoordelen 
van het manuscript en hun deelname aan de openbare verdediging.
Ook de co-auteurs van mijn hoofdstukken en artikelen hebben hun stempel op het 
eindresultaat gedrukt, en jullie inbreng, discussies en opmerkingen hebben het werk er 
altijd op vooruit doen gaan. Karl, Elizabeth en Andrew, thanks for your invaluable help.

Ik ben vereerd met twee geweldige paranimfen aan mijn zijde.
Inge, jij bent werkelijk van alle markten thuis: luisterend oor, motivator, trouble-shooter, 
experimenten-redder. Er zijn weinig mensen die zo onzelfzuchtig voor anderen klaar 
staan als jij. Soms hard, soms direct, maar altijd rechtvaardig en met een hart van goud.
Jasper, het is heerlijk om met iemand te kunnen praten die niet “in het wereldje” zit. We 
zaten gelukkig niet alleen muzikaal gezien op dezelfde golflengte, en een “relativerend” 
nachtje doortrekken heeft regelmatig wonderen gedaan voor mijn onderzoek. Het was 
bovenal een geweldige ervaring om onze muzikale dromen samen na te jagen.

In het dagelijks werk op het lab had ik het geluk omringd te zijn door geweldige collegas. 
Het was een verademing om binnen het hartfaalcentrum zoveel expertise op het gebied 
van het hart samen te kunnen delen. De nieuwe invalshoeken en kritische opmerkingen 
die geboden werden tijdens en buiten de werkbesprekingen kwamen het onderzoek altijd 
ten goede: ontzettend bedankt en ik wens iedereen heel veel succes in de toekomst!
Een aantal collegas heeft een bijzondere bijdrage geleverd aan dit proefschrift. Zonder 
de anderen te kort te doen wil ik hen toch specifiek bedanken. Inge, Stephanie en 
Monika: jullie bijdrage aan de “experimentjes” kan niet onderschat worden en het was 
een genot om samen te werken. Jullie hebben mijn organisatorisch vermogen regelmatig 
op de proef gesteld, maar dat was gelukkig geheel wederzijds. Ontzettend bedankt voor 
jullie harde inzet! Anke, ik ken weinigen die zo gedreven zijn in hun onderzoek, en ik 
heb me regelmatig verwonderd over hoe lang je zo door zou kunnen gaan (ja, dat is een 
compliment). Wanneer gaan we tostis bakken in de lightcycler? Joost, jij hebt me ingewijd 
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in de wereld van de gekweekte hartspiercel en was een voorbeeld om door te blijven 
zetten als het even tegen zat. Malou, nog zo een harde werkster en een onuitputtelijke 
bron van positieve energie. Succes met het afronden van je promotie! Sameer, de wereld 
ligt aan onze voeten zolang we niet verzanden in het maken van een keuze! Annalisa, 
sono onorato che mi hai battuto in volata finale :)! Se hai bisogno di un posto dove stare a 
Zurigo, sei sempre la benvenuta. Marc, een helpende hand en een goed glas whisky of wijn 
doen wonderen. Wim, soms zijn een paar juiste woorden alles wat er nodig is. Vincent en 
Jan: jullie wisten de vinger regelmatig op de zere plek te leggen en hielden me scherp. 
Ileana, condividere l’ufficio con te e’ stata una bella esperienza, soprattutto per il mio 
vocabolario di Italiano ;)! Corrie en Jaco, dank voor jullie hulp en inzet bij de histologische 
analyses. Ten slotte ook een special woord van dank aan de medewerkers van het ARIA, 
zonder jullie inzet en betrokkenheid zouden de studies een stuk moeizamer verlopen zijn.

Ook buiten het lab zijn er een aantal mensen die ik in het bijzonder wil bedanken voor 
hun vriendschap. Guillaume, jouw wijsheid en ervaring hebben me regelmatig geholpen 
met het nemen van lastige beslissingen. Jasper, Peter, Ben, Paul, Erik en Dick, en ook 
Tom, Roel, Rick, Mike, Remco en Linda, onze muzikale avonturen hebben voor de nodige 
hoogtepunten en komische anekdotes gezorgd. Ik kijk er naar uit om het podium weer 
eens met jullie te delen. Javi, where do you get all this energy? It was great to share the 
house with you. Arry, Niels, de Rock Supplies en the Jig, bedankt voor de nodige inspiratie. 

Alles staat of valt met een goede fundering, en mijn thuisfront vormt de veilige haven 
waar ik altijd op terug kan vallen. 
Lieve familie, jullie vormen het stevige fundament waarop gebouwd kan worden. 
Niet alleen een zorgeloze jeugd en de mooie dingen des levens, maar ook de hardere 
levenslessen hebben we samen mogen, en moeten ervaren. Het is de kunst om uit al deze 
ervaringen de juiste lessen te trekken en er als mens hopelijk beter van te worden. Dank 
voor jullie onvoorwaardelijke steun.
Famiglia Balzarolo, grazie per la vostra ospitalita e supporto. Sono onorato di essere 
circondato dalla vostra allegria e positivita. I vostri consigli mi aiutano sempre ad 
affrontare le cose con grinta. Adesso finalmente e arrivato il momento per festeggiare, e 
per bere un „guting de vin“.
Lieve oma, ik weet hoe belangrijk je het vond dat ik dit boekje af zou ronden, en het doet 
pijn dat we het niet meer samen kunnen vieren.
Mike en Cris, het is mooi om te zien hoe jullie als grote “kleine broertjes” jullie weg vinden. 
Ik ben ontzettend trots op jullie prestaties, zowel sportief als in jullie werk. Mike, voor mij 
hoef je daarvoor geen Ironman te zijn, maar ik hoop van harte dat het je gaat lukken! Cris, 
heel veel succes met jouw promotie-traject, het is een goede maar harde leerschool.
Lieve pap en mam, jullie zijn een geweldig voorbeeld en ik mag me gelukkig prijzen 
dat jullie me altijd gesteund hebben in het najagen van mijn dromen. Het leergierige en 
onderzoekende hebben jullie van jongs af aan gestimuleerd en dit boekje zou er zonder 
jullie vertrouwen nooit geweest zijn. “Het glimlachen niet helemaal te verleren” hebben 
jullie op een fantastische manier in de praktijk gebracht en ik ben dankbaar voor alle 
mogelijkheden die jullie ons geschonken hebben.
Cara Melania, grazie per supportarmi in tutto e sopportarmi. You always make me smile 
and I am very grateful for your advice and patience. Without your help I would probably 
still be struggling with the figures. You do so much more than just returning the favor of 
helping me to finish my thesis. Ti ringrazio tanto!  
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